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ABSTRACT

We use molecular dynamics simulations to delineate crack propagation speed as a function of the crack
length and the axial prestrain in a single layer graphene sheet. A covalent bond between two carbon
atoms is assumed to break when the bond length has been stretched by 100%. For a pristine single layer
graphene sheet the maximum axial force is attained at a nominal axial strain of 15.5%. A pristine
graphene sheet is first deformed in tension in the armchair direction to the desired value of the axial
strain, and then one or two cracks are simultaneously inserted in it at central locations by breaking
the bonds. Five such problems have been studied with four different values of the axial prestrain up to
15.3%. For each problem, crack-tip speeds are found to reach steady state values as the crack elongates.
The steady state crack speed increases with an increase in the axial nominal prestrain. The crack
propagation is found to be stable in the sense that the value of the J-integral increases with an increase
in the crack length. For the same normalized crack length the value of the J-integral increases with an

increase in the nominal axial prestrain.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Single layer graphene sheets (SLGSs) and nano-composites with
graphene sheets as reinforcements have in general superior
mechanical [1], thermal [2], and electronic [3] properties than
many other monolithic and composite materials, and have poten-
tial applications in nano-electronic devices [4,5]. Needless to say,
the fracture of graphene plays a significant role in designing
graphene based materials and structures. Several authors [6,7]
have used linear elastic fracture mechanics approach to investigate
crack initiation and propagation in SLGSs even though the mechan-
ical response of a SLGS may be highly nonlinear (see e. g., [8]). Xu
et al. [7] used a coupled quantum/continuum mechanics approach
to study crack propagation in armchair and zigzag SLGSs with
initial cracks perpendicular to zigzag and armchair edges. The
crack growth was found to be self-similar in zigzag sheets but
irregular in armchair sheets. The critical stress intensity factors
were found to be 4.21 MPay/m and 3.71 MPay/m in zigzag and
armchair graphene sheets, respectively.

The J-integral (e.g., see [9]), defined below by Eq. (1), is gener-
ally used as a fracture characterizing parameter in linear elastic
fracture mechanics.
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Here W is the strain energy density, o; and u; are the Cauchy
stress and the displacement components, respectively, with re-
spect of rectangular Cartesian coordinate axes, n; is the component
of the unit outward normal to the closed contour I" surrounding
the crack-tip, a repeated index implies summation over the range
of the index, and the crack is aligned along the x-axis. A discrete
form of Eq. (1) has been suggested for use at the atomic level by
Nakatani et al. [10] for amorphous metals and by Jin and Yuan
[11] and Khare et al. [12] for graphene sheets. Jin and Yuan [11]
have developed a method to calculate the J-integral in specified
atomic domains and studied stationary cracks in graphene sheets.
Khare et al. [12] used a coupled quantum/molecular mechanical
modeling to estimate the strain energy release rate (SERR) at the
point of crack extension in a SLGS.

For linear and nonlinear elastic materials, the J-integral can also
be computed from the relation

dir
I=-% @

where IT is the potential energy and A the crack surface area (A = at;
a and t are the crack length and the sheet thickness, respectively), or
equivalently from the slope of the potential energy vs. the crack
length curve since the sheet thickness is constant. An advantage
of using Eq. (2) to find J is that no detailed information for the stress
and the strain fields around the crack-tip is needed. Le and Batra
[13] used Eq. (2) to compute the SERR in a graphene sheet with a
single edge crack and deformed in simple tension, and found that
the SERR strongly depends upon the initial crack length. They also
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studied the dependence of the crack speed upon the crack length,
nominal axial strain rate and the number of layers in the graphene
sheet.

Since initial cracks in armchair graphene sheets are perpendic-
ular to the tensile load axis, it is simpler to simulate crack propa-
gation in armchair sheets than that in zigzag sheets. Accordingly,
crack propagation in armchair graphene sheets has been more
often investigated [6,11,12,14].

Here we use Eq. (2) and results of molecular dynamics (MD)
simulations to investigate crack propagation in a pre-strained arm-
chair SLGS as a function of the initial crack length, crack location
and the pre-strain. A crack is assumed to elongate when the bond
length perpendicular to the crack becomes twice of its value in the
initial relaxed and unloaded configuration. It is found that the
steady state crack propagation speed increases with an increase
in the axial nominal prestrain, and the crack propagation is stable
in the sense that the SERR increases with an increase in the crack
length. An interesting result is that for the pristine SLGS the axial
load attains its maximum value at the nominal axial strain of
15.48%. However, the crack propagation is stable in the SLGS pre-
strained up to an axial nominal strain of 15.3%. Two equally long
cracks on the centerline of the SLGS start interacting with each
other when the distance between their tips equals 8./3 ro where
ro is the distance between two carbon atoms in the unloaded
relaxed configuration.

2. Numerical procedure
2.1. Molecular mechanics potential function

We describe in this subsection the molecular mechanics poten-
tial used in this work. Short-range (or bonded) interactions be-
tween carbon atoms are modeled by the Morse potential, a
quadratic function of the change in cosines of the angle between
bonds, and a 2-fold torsion potential [15,16]; their expressions
are given by Eqgs. (3a), (3b), and (3c), respectively, and various
symbols are shown in Fig. 1.

Vg_ﬂﬂd _ De[l _ e—ﬁ(r,,—rg)]27 (33)

Fig. 1. Schematic illustration of (a) the bond length, (b) the angle 6 between
adjacent bonds, and (c) the torsional angle ¢;j.
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In Egs. ((3a)-(3¢)) and Eq. (4) below D, Ky, Ky, Do, and y are
material parameters. The Lennard-Jones potential given by Eq.
(4) is adopted to describe the van der Waals interactions (long-
range non-bonded interactions) between carbon atoms (e.g., see

[17]).

-l (1) 2]

Values of material parameters in Egs. (1) through (4) taken from
Walther et al. [16] and Girifalco et al. [17] are listed in Table 1. The
total potential energy of all atoms in the system is given by:

bond { i d
V= Zv;" + > VEEE Ly Vi + ng ", (5)
ij )

ijk ijkl

We did not use any cut-off distance, thus interactions among all
atoms in the system were considered.

2.2. Molecular dynamics simulations

MD simulations have been carried out for uniaxial tensile defor-
mations of a pristine armchair 402.52 A x 398.92 A SLGS contain-
ing 61,940 atoms with the freely available open-source software,
LAMMPS, [18] in a microcanonical (NVE) ensemble with periodic
boundary conditions. The temperature of the system is controlled
at 0 K using a Langevin thermostat [19]. Initial velocities are ran-
domly assigned to atoms, and they are allowed to relax without
applying external loads for 50 ps using a time step of 1 fs. Subse-
quently, specimens are deformed at the axial strain rate of
108 s by applying axial velocity in the armchair direction to
atoms at the two ends of the specimen as schematically shown
in Fig. 2. To study crack propagation, the pristine graphene sheet
is first pre-strained in the armchair direction to the desired value
of the axial strain, and then either one or two cracks are simulta-
neously inserted in the middle of the sheet by deleting bonds
between atoms as shown in Fig. 3a through Fig. 3e. The crack
length a is given by:

a = (n+ 1)d for an interior crack (cases 1, 4 and 5), (6a)

a= <n + %)d for an edge crack (cases 2 and 3), (6b)

where n is number of consecutive broken bonds, d = ryv/3, and ry
equals the distance between adjacent atoms in the relaxed
configuration.

3. Uniaxial tensile deformations of a pristine single layer
graphene sheet

The strain energy due to deformations of the structure is deter-
mined by subtracting the potential energy of the relaxed unloaded
structure from that of the loaded structure. The evolution of the

Table 1
Values of parameters in the potential functions.

Parameters

D, =478.9kJ/mol, f=2.1867 A~!, ro=1.418 A
K, = 562.2 KJ/mol, 0 = 120°

K, =25.12 kj/mol

Do =0.2313 kj/mol, x =3.415 A

Interactions

Bond-stretching
Angle bending
Bond-torsion
Lennard-Jones
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Fig. 2. Schematic sketch of the problem studied. A pristine single layer graphene
sheet (SLGS) is pre-strained in uniaxial tension in the armchair direction, and a
centered or single edge crack is inserted by deleting corresponding bonds.
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Fig. 3. Variation with the nominal axial strain of (top) strain energy per unit area,
and (bottom) axial force in the pristine SLGS deformed in uniaxial tension in the
armchair direction.

strain energy per unit volume, namely the strain energy density W,
versus the nominal axial strain ¢ of the pristine SLGS is plotted in
Fig. 3a. The lowest-order best-fit polynomial (with a correlation
coefficient of 1.0) through the data is the following third-order
expression

W = (~164.4¢> + 143.15¢6% — 0.26¢) /t, (7)

where t is the thickness of the SLGS in meters (Wt is strain energy
per unit area of an edge face). The first derivative of W with respect
to ¢ equals the nominal axial stress (see Fig. 4b) and the second
derivative of W with respect to ¢ equals the elastic modulus E. We
thus get

E = (—986.4¢ + 286.3)/t N/m?. (8)

That is, the modulus decreases with an increase in the axial
strain and equals zero when the nominal axial strain equals 0.29.

At zero axial strain, Et=286.3N/m (or E=855GPa for
t=3.35 A). This value is in good agreement with the experimental
data of Lee et al. [1], phonon dynamics calculations of Liu et al.
[20], DFT (Xu et al. [21]), and MD simulation results [22,23]. The
summary of values of Et given in Table 1 of Gupta and Batra’s
[22] paper indicates that, depending upon the method used, it var-
ies from 235 to 546 N/m with the experimental value determined
from indentation tests between 290 and 390 N/m.

Poisson’s ratio at small strains computed by taking the negative
of the ratio of the average transverse strain to the average axial
strain varies between 0.13 and 0.23 with an average value of
0.18. This value is close to 0.186 found by Liu et al. [20] using pho-
non dynamics, 0.169 reported by Wei et al. [8] employing the DFT,
0.22 obtained by Xu et al. [21], 0.21 found by Gupta and Batra [22]
by using the MM3 potential, and 0.21 £ 0.01 computed by Zhao
et al. [23] with the MD simulations using the Airebo potential.
Needless to say, numerical values of material parameters derived
from MM/MD simulations depend upon the potential used.

From the nominal axial stress vs. the nominal axial strain plot of
Fig. 3b, we conclude that the nominal axial stress gy and the nomi-
nal axial strain & at failure of the pristine SLGS equal o4 = 32.2 N/m
(a7~ 96 GPa for t = 3.35 A) and &= 15.48%. These values are close to
90 GPa and 13%, respectively, found by Zhao et al. [23] using MD
simulations with the Airebo potential, and 107 GPa and 20%,
respectively, by Xu et al. [21] using the DFT.

4. Crack propagation

Several previous works considered a bond as broken when its
length reached the cut-off distance of 2 A in the Tersoff-Brenner
potential (e.g., see [11,12]). Xu et al. [7] in their quantum mechan-
ics calculations identified broken bonds by a sharp decrease in the
electron density at the bond midpoint and found that the bond is
broken when its length is close to 2.9 A or approximately twice
the initial length of 1.43 A. Here, as assumed in our earlier work
[13], a bond is taken to be broken when its length equals
2.836 A. The corresponding bond stretching energy of 436.7 kJ/
mol equals 91.2% of the depth D, = 478.9 kJ/mol of the potential.

Five positions of initial cracks are considered as shown in Fig. 4,
namely, a centered interior crack (case 1), a single edge crack (case
2), two edge cracks (case 3), an off-center interior crack (case 4),
and two interior cracks symmetrically located about the SLGS cen-
troid (case 5). The distance between the crack center and the sheet
centroid in the zigzag direction is '4th of the sheet width for cases
4 and 5. It is found that crack faces remain perpendicular to the
loading direction as a crack propagates straight ahead, see Figs. 4
and 5. We note that an initially uncracked pristine SLGS failed at
a nominal axial strain of 15.48% which limits the maximum axial
prestrain considered in this work.

4.1. Crack speed

Crack-tip speed v is determined from the relation:

_da;
v="2 ©)
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(a) (b)

(d)

(c)
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Fig. 4. Crack positions at 2 ps after inserting cracks at time = 0 in the SLGS prestrained to 15.3%. (a) An interior centered crack (case 1), (b) a single edge crack (case 2), (c)
double edge cracks (case 3), (d) an interior crack offset from the centroid (case 4), and (e) two interior cracks symmetrically located about the centroid (case 5). For cases 4 and
5, the distance between the crack center and the sheet centroid in the zigzag direction equals '4th the sheet width.

where dt is the time in which the crack-tip advances by distance
da,. In our earlier work [13] we found that the computed potential
energy and the J-integral values are essentially unaffected by the
time step size At provided that it is sufficiently small. However,
the computed crack-tip speed is influenced by the time step size
and the computed speed essentially converged for At = 0.1 fs. Here
we have used the time step of 0.1 fs while studying crack initiation
and propagation.

For an edge crack (cases 2 and 3), the crack speed equals the
crack-tip speed. For interior cracks corresponding to cases 1 and
5, numerical simulations indicated that the two crack-tips propa-
gate outwards at the same speed. For the interior cracks corre-
sponding to case 5, the difference in speeds of the 2 crack-tips
was found to be less than 3%, and has been neglected. Hence, the

(a) (b)

rate of increase of the length of an interior crack equals twice the
crack-tip speed. For an edge crack the crack speed equals the
crack-tip speed. For case 4, when the distance between the left
crack-tip and the free edge is about twice the lattice constant,
the left crack-tip speed decreases due to the free edge effect.

For the centrally cracked SLGS, crack positions at 2, 4 and 6 ps
are exhibited in Fig. 5. It is clear that the crack propagates symmet-
rically both to the left and the right of the vertical centerline.

For the single edge cracked and the centrally cracked SLGS we
have plotted in Fig. 6 the crack-tip speed as a function of the nor-
malized crack length, a/w, for four values, namely 8.4%, 10.7%, 13%
and 15.3%, of the nominal axial prestrain. Here a and w equal,
respectively, the present crack length and the SLGS width. These
results evince that the crack-tip speed initially increases with an

(c)

Fig. 5. For case (a), crack positions at (a) 2 ps, (b) 4 ps, and (c) 6 ps.
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Fig. 6. For four values of the axial prestrain, dependence of the crack-tip speed
upon the normalized crack length.
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Fig. 7. Variation of the J-integral with the normalized crack length for four values of
the axial prestrain, &y and (top) central interior cracked, and (bottom) single edge
cracked SLGS.

increase in the value of a/w till a/w equals 0.2 and subsequently it
stays constant. The initial as well as the steady state crack-tip
speed increases with an increase in the value of the axial prestrain.
For a given value of the prestrain, the steady state crack-tip speeds
for the centrally and the edge-cracked SLGS are essentially the
same. For the pre-strain of 15.3%, which is just below the fracture
strain of 15.48%, the steady state crack-tip speed equals 3 km/s,
and at a pre-strain of 8.4% it equals 0.9 km/s. It is interesting to
note that even though results (sudden drop in the potential energy

at the axial strain of 15.48%) plotted in Fig. 3 suggest that the SLGS
may become unstable when pulled beyond an axial strain of
15.48%, the insertion of a crack in the SLGS prestrained to 15.3% re-
sults in stable crack growth as indicated by the rising value of the J-
integral (or the SERR) plotted in Fig. 7. These results also evince
that for a given value of a/w, the SERR increases with an increase
in the value of the prestrain irrespective of the location of the ini-
tial crack. Furthermore, for a given value of a/w and prestrain of
15.3%, the SERR is higher for the single-edge cracked graphene
sheet than that for the center-cracked SLGS. Said differently, the
SLGS exhibits rising J resistance curve, and a single toughness value
cannot be specified as was also the case for a pre-cracked SLGS de-
formed in tension [13]. The SERR for the SLGS prestrained to 15.3%
is higher than that for the SLGS with no prestrain.

For the nominal axial prestrain of 15.3%, we have exhibited in
Fig. 8 the crack-tip speed versus a/w for the five locations of initial
cracks, and for two crack lengths of centrally cracked and edge
cracked SLGSs. These plots reveal that the steady state crack speeds
are essentially independent of the initial crack length and location.
For an initially unstrained SLGS deformed in simple tension, Le and
Batra [13] have reported that the crack speed v strongly depends
on the initial crack length, and with an increase in the crack length
the crack speed first increases, reaches a maximum value and then
decreases. The crack length at which the crack speed reaches the
maximum value depended upon the length of the initial crack.
We note that the existence of speed gap (i.e., the crack-tip speed
essentially starting from a finite value) was pointed out earlier
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Fig. 8. For axial pre-strain of 15.3% variation of the crack-tip speed with the
normalized crack length for (top) two values of the initial crack length and the crack
located either at the centroid or at an edge of the SLGS, and (bottom) three locations
of initial cracks, i.e., cases 3, 4 and 5.
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by Marder and Liu [24], Marder [25] and Bouchbinder et al. [26]
who equated it to dynamic analog of lattice trapping. That is, there
is a forbidden range of speeds for steady-state crack propagation in
crystals at O K.

For the axial prestrain of 15.3%, we have plotted in Fig. 9 crack-tip
speeds for cases 3 (two edge cracks) and 5 (two interior cracks). In
each case, the two cracks start interacting with each other when
the distance between them is about 8d as exemplified by the slight
decrease followed by the dramatic increase in their crack-tip speeds.

In Fig. 10 we have plotted the steady state crack speed as a func-
tion of the axial prestrain, ¢o. A least squares fit to these curves is
(correlation coefficient R? = 0.9998)

v =0.0127¢} +0.0114¢, — 0.0851, 0.008 < & < 0.15, (10)

where v is in km/s.

We note that cracks with ng = 4 inserted in the SLGS prestrained
to 7.6% did not propagate for all 5 cases studied. Here ng equals the
number of bonds broken to insert an initial crack. It should be
noted that cracks with ng = 4 propagated in pre-cracked unstrained
SLGS for applied axial strains less than 7.6% [13]. Omeltchenko
et al. [27] performed MD simulations using the Tersoff-Brenner
potential to investigate crack propagation in a graphite sheet con-
sisting of two million atoms. The pristine sheet was pre-strained in
tension, and an initial notch was then introduced in it. They
reported that the inserted notch of length 30 A did not propagate
for pre-strains less than 12%.

5. Conclusions

Crack propagation in pre-strained single layer graphene sheets
has been studied using MD simulations. Main results of this work
are summarized below.

e Crack-tip speeds rapidly reach steady state values which are
independent of the initially inserted crack length, its location
(in the zigzag direction) and whether one or two cracks are
inserted. The steady state crack-tip speed increases with an
increase in the value of the prestrain. At a pre-strain of 15.3%,
which is just below the failure strain of 15.48%, the steady
crack-tip speed equals 3 km/s, and the crack propagation is sta-
ble. For a pre-strain of 8.4%, the steady state crack-tip speed
equals 0.9 km/s. Cracks do not propagate if the prestrain is less
than 7.6%.

e Two cracks on the central horizontal axis of the SLGS start inter-
acting with each other when the distance between their tips
equals 8,/3 ro where rq equals the distance between two carbon
atoms in the unloaded relaxed configuration.

e The prestrained SLGS exhibits rising J-curve signifying that
there is no single value of the critical SERR. Thus a single tough-
ness value cannot be specified.
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