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Instability of supersonic crack in graphene
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The velocity and instability of crack motion in 2D hexagonal lattice of graphene under pure opening loads
are investigated by atomistic molecular dynamics simulations. The brittle crack along zigzag direction
in a strip can propagate supersonically at even 8.82 km/s under uniform normal loading of edge
displacements. Crack moving straightly at low speeds produces atomically smooth edges, while kinking
occur beyond a critical speed around 8.20 km/s equivalent to 65% of Rayleigh-wave speed in graphene,
which validates previous theoretical predictions of rapid fracture instability in elastodynamics, and
rough and irregular edges with oscillatory overhangs are formed subsequently.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Dynamic fracture in brittle materials has been the object of
much interest [1,2]. It is predicted in continuum mechanics that
velocity of crack propagation under opening loads (mode-I) cannot
exceed longitudinal wave speed. Moreover, materials are essen-
tially discrete systems of atoms, and crack propagation speed
depends upon the material microstructure [3]|. Molecular
dynamics (MD) simulations showed that a model-I crack could
travel at super Rayleigh-wave speed V., if locally stiffening hyper-
elasticity could occur at crack tip [1], in which a simple model of
atomistic material is employed allowing systematic transition of
interatomic potential from linear elastic to strongly nonlinear, and
the straight crack starts to branch off at 0.73 V,, comparable with
the critical velocity of crack kinking obtained by Yoffe [4] using 2D
linear elastic theory with no dissipation. The Yoffe instability is
likewise reproduced theoretically [5]: cracks propagating along a
straight line are unstable beyond a velocity of about 0.6 V,, by
modeling the elastic medium as a 2D triangular lattice of coupled
springs. The interatomic potentials and lattice structures play
essential roles in these models. Furthermore, cracks in brittle
materials have terminal velocities far below theoretical predictions
[6], and branching is a general phenomenon occurring in experi-
mental work with either PMMA [6,7] or soda-lime glass [8], which
has shown that a dynamic instability controls a crack's advance
when its velocity exceeds a critical velocity of 0.36 V,. With the
existence of a critical point at which the velocity begins to
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oscillate, a new pattern is formed on the fracture surface [6]. A
crack also changes locally its topology and sprouts small, micro-
scopic side branches at the instability onset [9].

However, the above theoretical models are seldom examined in
a ‘real 2D material’, such as graphene, an excellent candidate as a
perfect hexagonal lattice [10,11]. Previous MD simulations [12] on
graphite sheet (graphene) with inserted zigzag notch under
constant applied strain show that crack propagates stably at an
average speed of 6.2 km/s, ~50% of the calculated Rayleigh-wave
speed (~12.4 km/s), but that retention of the cutoff function of
early version potential makes the quantities of results question-
able. Tearing suspended monolayer graphene membranes was
ever explored by high-resolution transmission electron micro-
scopy (HRTEM) [13]. Nevertheless, radiation damage by electron-
beam energy and applied dose cannot be neglected for light
element materials, such as carbon, due to the limitations of
HRTEM [14]. It is still very difficult to measure experimentally
the cracking speed of graphene under pure mechanical loading
without electromechanical coupling effects, thus numeric or
atomistic calculations would be the only access due to the
microscopic size and rapid velocity of the moving crack-front.

So far, the speed and instability of crack growth in brittle graphene
of hexagonal lattice are rarely considered in previous works regarding
energy dissipation. Herein we conduct extensive MD simulations on
dynamic rapid fracture of graphene under opening loads to address
the aforementioned questions. The modified second-generation reac-
tive empirical bond-order (REBO) potential [15] is used by shifting the
cut-off distance and removing cut-off function to avoid unphysical
dramatic increase in the interatomic force, while its nonlinearity
remains. The evolution of atomically cleaving of graphene is then
modeled without manually specified material constants.
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2. Simulation methodology

The well established REBO potential has been used elsewhere
[16-18] to specifically describe the interatomic interaction of
carbon atoms, by which the strong nonlinear of force-
displacement relation under large deformation and the bond
breaking or switching among multi-carbon atoms can be well
represented. Two cutoff distances 1.7 A and 2.0 A are initially set
for a smooth transition of cutoff function from 1.0 to 0.0 to bound
the range of covalent interactions as the interatomic distance
increases. However, such a cutoff function generates spurious
bond forces near the cutoff distance, which will deduce unphysical
results due to discontinuity in the second derivative of the cutoff
function [19,20]. In this study, the cutoff function is taken to be
1.0 within a cutoff distance of 1.92 A [21] and zero otherwise to
avoid such artifact defects [18].

A strip model containing an initially straight crack is utilized [1].
The size of graphene slab is reasonably chosen in order to make all-
atom simulations computationally efficient, shown in Fig. 1. Two rows
of atoms are removed midway to generate seed cracks (notches) in our
models, and the distance between two crack surfaces is big enough to
avoid self sealing. More than 4000 carbon atoms in our slab model
with its width h=32.7 A and length |=3173 A are initially relaxed
until the energy of the system is fully minimized at a specified
temperature. As cracks along zigzag edges in graphene usually
propagate self-similarly [18], we consider zigzag crack models only
for study here. The original crack will advance under pure opening
load of displacement Ah displaced away at strain rate ¢ =d(2Ah/h)/dt.
The thickness of graphene is assumed to be 3.34 A under plane stress
condition, hereafter, our results are normalized by 3.34 A to make
connection of a 2D sheet with 3D solid.

In addition, we implement the deformation-control method by
applying uniform increment Ah of y-displacement (less than
0.16 x 10~ 2 A per step) gradually to the top and bottom rigid edges
while keeping x-displacement constrained in Fig. 1. At each applied
load, the lattice structure is statically equilibrated to minimize the total
energy by the BFGS geometry optimization algorithm [22], thereby
configurations of local energy minima are obtained. The velocity-
Verlet time stepping scheme is used with a time step 1fs at
predominantly 300 K coupled with a Berendsen thermostat. We note
that MD simulations are often sensitive to the temperature control and
the loading rate, thus our results mainly aim to provide a statistical
qualitative understanding of the rapid fracture mechanism.

3. Results and discussion

In our numerical experiments of MD, initial cracks propagate
instantly after threshold loading. As shown in Fig. 2, the crack
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grows with even edges at the beginning in a ‘mirror’ style, and
accelerates rapidly. The position of crack tip is determined by
finding the stable breakage of carbon bond ahead. The velocity
V=Aa/At at each crack length is measured over a possible small
distance Aa (mostly one lattice spacing 2.46 A for green lines and
two for black lines in Fig. 2) at the crack tip within a time interval At.
V increases sharply within a short crack distance once the crack is
initiated, then reaches a position of dynamic equilibrium to fluctuate.
This velocity fluctuation is due to topological defects formed ran-
domly on the fresh edges accompanying with crack propagation, and
also due to the discrete microstructure of graphene as the crack tip
crosses one or more lattice spacing. As the crack is triggered after the
breakage of carbon bond, the energy released from the potential
energy stored around the tip is partly transformed into surface
energy of creating new crack surfaces and partly dissipated into
atomic motion, and then the energy flows in again under external
work (mechanical energy density far ahead crack tip w=0.5he’E/
(1—4?) in elastodynamics [23], where E is Young's modulus and y is
Poisson's ratio.). Meantime, the formation of topological defects
induces lattice dispersion, which inevitably delays the crack growth.

The time scale associated with the atomic bond-breaking
processes is smaller than that of the actual velocity fluctuation
[7] that can be partly attenuated to a certain extent by averaging
the velocity over a longer crack extension or time interval so as to
emphasize the mean dynamics. Velocities illustrated by black
curves in Fig. 2 are averaged over mostly two lattice spacing
492 A, in which some noise fluctuations are swept off. The
velocity fluctuates trivially with crack propagation, while the
oscillations are amplified evidently at high strain rates
(6=4.898 x 107 6fs~! to 1.959 x 10~> fs— ') leading to the incre-
ment of circumferential stress near vicinity of the crack tip, and
instability appears, the crack tends to deviate from its straight path
in Fig. 2(a)-(c). Once kinked, the crack edge becomes increasingly
irregular, in a ‘mist and hackle’ style, and complicated with
oscillatory overhangs, topological defects, and carbon chains brid-
ging. The torn edges are similar to those in tapered nanoribbons of
graphene [24].

Prior to evaluate the crack speed, we calculate the phase
velocity of Rayleigh-wave V, in graphene first. Assuming graphene
is an isotropic elasticity, V, can be approximated by V, ~ 0.9194 V,
for 4=0.25 [25], where V,=(G/p)®> is the velocity of transverse
wave, the density of graphene p=2.30 x 10° kg/m>. Recalling that
G=E[2(1+u), where E=1.0 TPa [26] and x=0.165 for graphene
[27], we can estimate V.~ 12.56 km/s for graphene, comparable
with previous results [12].

The critical velocity of crack instability V. is determined by
averaging over possible small interval of crack increment before
occurrences of kinking in Fig. 2(a)-(c). Therefore, V.~ 8.20 km/s at
£=4.898 x 107°fs~", 9.796x10~7fs~' and 1.959x 107 °fs~ 1,
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Fig. 1. The initial slab of graphene (grey lattice) overlapped with cracked strip (green) under uniform opening load of displacement (depicted by dark arrows on both top and
bottom rigid sides that are constrained against displacement in x direction) Ah in y direction perpendicular to the crack line. The slab model occupies a width h and a length [
with pre-inserted seed crack (snapshot) ap that extends to a along zigzag edges after loading. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 2. Velocity and motion of crack in graphene. The velocity measurements are averaged over mostly two (black lines) or one lattice spacing 2.46 A (green lines) within a
time interval. Straight cracks start to kink beyond ~8.20 km/s, ~65% of the Rayleigh-wave speed (~12.56 km/s), which can be observed in the morphologies of fracture
edges (green lattice snapshots at the bottom) in (a)-(c), while cracks undergo along straight lines enduringly without kinking at lower speeds in (d) and (e). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

respectively. As crack velocity should depend upon w/y in elastody-
namic fracture [23,1], where y=1.041eV/A [28] is facture surface
energy of zigzag edge in graphene, we calculate w./y at critical strain
& that crack kinks, which yields w/y=0.132, 0121 and 0.127 TPaA?/
eV at ¢=9.1%, 8.6% and 8.9% respectively in Fig. 2(a)-(c). The
uniformity of wfy indicates the consistency of above V. that
approaches 0.65 V; (~12.56 km/s), coinciding with Yoffe's predic-
tions of crack instability [4]. On the other hand, the crack tip energy
release rate 0.5he? E((1—(1—p2)V2p/E)/1—-V2p/E) [23] can be
approached as 0.130, 0.119 and 0.125 TPaA with &. and V, at the
onset of instability, which is reasonably larger than the energy cost of

breaking a graphene sheet, i.e. the surface energy 2y=0.0997 TPaA
[28] (averaged over thickness 3.34 A), providing that energy dissipa-
tion is considered. Furthermore, V. is limited by V; since the current
nonlinear potential [15] allows strain softening at crack tips [2]. The
crack kinking occurs earlier at higher strain rates, and vanishes at low
rates, which can be noticed in the green lattice snapshots of crack
motions in Fig. 2. The amplitude of velocity fluctuations narrows
down with the mean velocity slowing down at low strain rates in
Fig. 2(d) and (e), cracks propagate straightly and stably without
branching, and the fracture edges are smoothly with ‘mirror’
character again.
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Fig. 3. The average velocity V (slope of a—ao~t curve) over whole crack extension
[—ao. (a) Crack increment a—ao, changes with propagating time t. (b) V on
dependence of strain rate é. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

To eliminate the noise fluctuations of crack velocity, we average
velocity over the whole length of crack extension. The average
velocity V is measured by linearly fitting the a—ap~t curves in
Fig. 3(a), by which the slope d(a—ap)/dt is determined as V that
falls in the range 7.13-8.82 km/s. V also increases with the strain
rate of external displacement loading in Fig. 3(b). For the cases
that crack kinks, the velocity V > 0.64 V,, still consistent with
Yoffe's instability and our previous predictions in Fig. 2(a)-(c).

The crack kinking occurs either downward or upward (not
shown) in our simulations for the symmetry of both loading and
geometry. Multiple branches are not observed in current models
with zigzag cracks as that should be another aspect of crack
instability under shearing [9,12,29]. Studies of fracture properties
exhibited by graphene are in their infancy [30], and this intriguing
research area would motivate further work.

4. Conclusions

We studied the crack velocity and instability in graphene
strip under mode-I loads by faithful molecular dynamics calcula-
tions. The dynamic crack can move supersonically with a speed
of even 8.82km/s at high strain rate 1.959 x 107> fs~! under

boundary loading. Crack propagating straightly at low speeds
leaves atomically flat edges along zigzag direction, while kinking
and instability occur at speed exceeding ~8.20 km/s around 65%
Rayleigh-wave speed ~12.56 km/s of graphene, and less smooth
and irregularly rough edges are formed afterward. Our results lend
further support for Yoffe's model of rapid crack instability in
graphene.
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