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ABSTRACT: The understanding of crack formation due to
applied stress is key to predicting the ultimate mechanical
behavior of many solids. Here we present experimental and
theoretical studies on cracks or tears in suspended monolayer
graphene membranes. Using transmission electron microscopy, we investigate the crystallographic orientations of tears.
Edges from mechanically induced ripping exhibit straight lines
and are predominantly aligned in the armchair or zigzag
directions of the graphene lattice. Electron-beam induced
propagation of tears is also observed. Theoretical simulations
account for the observed preferred tear directions, attributing
the observed effect to an unusual nonmonotonic dependence
of graphene edge energy on edge orientation with respect to the lattice. Furthermore, we study the behavior of tears in the
vicinity of graphene grain boundaries, where tears surprisingly do not follow but cross grain boundaries. Our study provides
significant insights into breakdown mechanisms of graphene in the presence of defective structures such as cracks and grain
boundaries.
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raphene, a one-atom thick sp2-bonded carbon membrane,
exhibits spectacular electronic and thermal properties.1,2
The mechanical properties are equally outstanding, with a
Young’s modulus of around 1 TPa and mechanical strength of
more than 100 GPa,3 which makes graphene a promising
candidate for strengthening components in composite materials
and for other nanomechanical systems applications.4−7 Moreover, graphene is flexible in the out-of-plane direction, which is
advantageous for applications in flexible transparent electrodes
and devices.8
In many solids, the formation of cracks due to applied stress
is a well-known failure mechanism and hence one of the most
important problems in materials science. In a two-dimensional
sheetlike material such as graphene, applied tensile stress can
also lead to catastrophic failure (ripping) by related crack
formation, which we call tearing. The study of tearing in
graphene is not only critical in gaining an understanding of the
fundamental two-dimensional interatomic interactions, but it
has ramifications for a host of mechanical applications (as well
as electronic and thermal applications).
Theoretical studies including molecular dynamics simulations
have given some insight into the mechanical properties and
breakdown mechanisms of graphene under tension.9−13
Previous experimental studies on graphene’s mechanical
© 2011 American Chemical Society

properties include nanoindentation using atomic force
microscopy,3,14 and an investigation of graphene tearing related
to the interaction between graphene and substrates.15 Most
experimental studies, however, have suffered from moderate
spatial and time resolution, making it difficult to observe local
tear shapes, or their modes of propagations in real time.
In this study, we investigate experimentally and theoretically
tears in suspended monolayer graphene. We examine the
crystallographic orientations of torn edges using transmission
electron microscopy (TEM) imaging and electron diffraction.
Torn edges induced by mechanical stress maintain straightness
for substantial distances (fractions of micrometers or greater) in
either armchair or zigzag direction and occasionally change
directions by 30° (or multiples of 30°). We also observe in real
time the propagation of tears stimulated by electron beam
irradiation. Theoretical simulations that take into account
unpaired electrons at torn edges show preferred armchair and
zigzag directions for graphene ripping with occasional tear
kinks, which is in agreement with experimental observations.
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directions and occasionally change directions in multiples of
30°.
Tears are found both spanning the entire membrane or only
part of the membrane (as in Figure 1a−c). We find that
partially spanning tears can sometimes be induced to propagate
further by action of the TEM electron beam. Figure 1c,d shows
the same area of graphene before and after illumination by the
electron beam. The tear maintains its straightness as it grows
from its tip. In Figure 1d, the freshly torn edge follows the
armchair direction of graphene lattice. The propagation of tears
can occur quite fast (up to ∼1 μm/sec) with even low electron
dosages (∼ 0.01 A/cm2). Previous TEM studies, including
atomic resolution TEM work on graphene, provide possible
explanations to the mechanisms of observed tear propagation
under the electron beam.18−20 Electron-beam irradiation effects
can be categorized into elastic scattering effect (knock-on
damage) and inelastic scattering that produces electronic
excitations.21,22 Among these, knock-on damage is generally
believed to be the main irradiation effect in graphene since
excitation effects are rapidly quenched as a result of metallic
nature of graphene.21 For pristine graphene, the knock-on
energy threshold for incident electrons is around 86 keV.23 We
mainly use an electron energy of 100 keV for TEM imaging in
this study; however, tear propagation has been observed at
lower electron accelerating voltages, including 80 and even 20
kV. Moreover, the rate of tear propagation seems to be
enhanced at 20 kV, which does not agree with what we might
expect from knock-on irradiation effects.21 These facts
demonstrate that knock-on damage is not the main mechanism
of tear propagation.
High-energy electrons can excite the electronic states in
graphene by inelastic scattering and breaking bonds locally
through ionization damage.21,22 The effects of ionization
damage will be especially dramatic at highly strained and
therefore vulnerable carbon−carbon bonds. We believe that the
observed tear propagation is mainly caused by a combination of
local high strain concentrated at tear tips and ionization effects;
high-energy electrons transfer energy to strained carbon−
carbon bonds and induce tear propagation. Electron-beam
induced heating is another potential contributor to tear
propagation (since the negative coefficient of thermal
expansion of graphene24 would increase the tensile strain
with heating and thus promote tearing), but given our
experimental parameters and graphene’s high thermal conductivity,2 we find that heating is not significant during the
imaging.25 We also note that perfect graphene membranes
without preexisting tears exhibit no induced tears under even
much higher electron dosages.
Figure 2 shows the crystalline direction-dependent histograms of torn edges. Here we define 0° as along the zigzag
direction of tear lines. For statistical significance, we investigate
more than 50 partially torn graphene membranes. As expected,
a preponderance of the tear lines is aligned with either the
armchair or zigzag direction. Interestingly, armchair direction
tear lines are twice as prominent as those in the zigzag
direction.
We now turn to a theoretical analysis of tearing in graphene.
We first note that the prevalence of tear lines in armchair and
zigzag directions and abrupt angle changes between these
directions are not obvious from simple classical fracture
theory.26 The strength to crack propagation is measured by
the critical stress intensity factor K ∼ (Yγ)1/2, where Y is
Young’s modulus and γ is surface energy, or edge energy in case

Graphene is obtained by chemical vapor deposition (CVD)
on polycrystalline copper.16 See Supporting Information for
detailed methods of sample preparation and experiments. The
graphene membrane occasionally develops tears due to
unavoidable mechanically applied stress during the graphene
transfer process that involves wet etching and drying in air.
Figure 1a shows a TEM image of suspended graphene

Figure 1. Tears in a suspended graphene membrane. (a) TEM image
of suspended graphene transferred to a Quantifoil holey carbon TEM
grid with a tear near the edge of the carbon support. The inset is the
rotation-calibrated diffraction pattern of graphene. The dashed
rectangle is the field of view for panel b. (b) Zoomed-in TEM
image of the tear in graphene. The tear exhibits straight lines with the
direction occasionally changing by 30°. The red and blue dotted lines
represent armchair and zigzag tear edges, respectively. (c) TEM image
of a graphene tear before the propagation. The inset is the rotationcalibrated diffraction pattern of graphene membrane. (d) Propagated
tear in graphene under the electron beam. The freshly torn line is
straight following the armchair direction of the graphene lattice.

transferred to a TEM grid. The outer circle is the amorphous
carbon support boundary for the graphene membrane. A single
graphene tear, outlined with a dashed line for clarity, originates
from the lower left edge of the carbon support and then
extends toward the central region of the membrane. A zoomedin image around the tear shows that the opening is wider near
the carbon support and gets narrower around the tip of the tear,
as shown in Figure 1b. This and similar images consistently
show that torn edges in graphene are generally straight with
occasional changes in direction of 30°, which strongly suggests
that the directions of the observed tears are closely related to
graphene’s hexagonal lattice symmetry.
To investigate the crystalline directions of torn graphene
edges, we perform electron diffraction near tear regions. We
note that within the 1.2 μm diameter circular suspended
membrane region the samples are typically single-crystal (see
below for behavior near grain boundaries).17 The inset of
Figure 1a shows the rotation-calibrated diffraction pattern of
graphene for the associated membrane. From the diffraction
pattern, we can assign the crystalline direction of the graphene
lattice as shown in Figure 1b. We find that the torn edges are
aligned with either armchair or zigzag directions. The red and
blue dotted lines in Figure 1b represent armchair and zigzag
edges in the tear line, respectively. Similar analysis of tears in
different suspended graphene membranes consistently show
that tears are straight along either the armchair or zigzag
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conditions of inhomogeneous local strain distribution that also
changes as the crack propagates, only straight armchair or
zigzag crack edges should be seen.
To verify the predictions of this energetic argument, we
simulate ripping graphene under tension using the same
forcefield. We take rectangular graphene sheets with a tear tip
placed at the right edge (marked with yellow arrows) as shown
in Figure 4a−c. The graphene lattice is oriented with the

Figure 2. Histograms of angle dependence in torn edges. The 0° is
defined as the zigzag direction of the graphene lattice (Inset). Most
tear lines align to either the armchair or zigzag direction. Armchairaligned tear lines are about twice as abundant as zigzag.

of graphene. Since Y is isotropic for graphene, critical stress will
be mainly determined by the edge energy γ. Our observations
imply that the angle-dependent energy curve for graphene edge
is a concave function with minima at 0 and 30°, an unusual
trend.27
Consider a graphene sheet under strain applied at an angle χ
to the armchair direction of graphene. The inset in Figure 3

Figure 4. Simulations of ripping graphene. (a−c) Rectangular
graphene sheet seeded with a tear tip at the right side (marked with
yellow arrows). In the horizontal direction, the edges of graphene
show (a) armchair, (b) zigzag and (c) intermediate edges, respectively.
Tension is applied vertically and induces the propagation of the tears
from right to left in the simulation. (d−f) Simulation results after the
tear propagations. (d,e) The torn edges maintain straightness in the
armchair (red dashed lines) or zigzag (blue dashed line) directions. (f)
For the intermediate direction, the tear edge initially follows the
horizontal direction (green) but then changes direction and follows
the armchair edge direction. (Animated trajectories are available as
Supporting Information Movie 1).

horizontal along an (a) armchair, (b) zigzag, and (c)
intermediate edge, respectively. Tension is applied vertically
and induces the propagation of the tears from right to left in the
simulation (see also Supporting Information Movie S1). Figure
4d−f shows final results after the tear propagations. The torn
edges maintain straightness in the armchair (red dashed lines)
or zigzag (blue dashed line) directions as shown in Figure 4d,e.
As predicted above, for the intermediate direction the tear edge
follows the horizontal direction in the beginning but changes its
direction to follow the armchair edge direction, thus
minimizing crack energy despite increasing its length (Figure
4f). These simulation results agree very well with our
experimental observations. We also note that torn edges,
especially in the armchair direction, exhibit atomically clean
edge structures. Intentionally tearing graphene may thus be a
good way to obtain graphene nanoribbons with atomically welldefine edges.
Supporting Information Movies S2 and S3 show molecular
dynamics simulations of graphene tearing under more complex
strain, as the sheets are pulled by two adjacent corners. In this
setup, strain direction at the crack tip changes significantly over
time. However, we still observe mostly piecewise-straight
armchair or zigzag crack edges making sharp turns.
Also of interest is the behavior of tears in the vicinity of, or
even crossing, structural anomalies such as folds or grain

Figure 3. Direction-dependent energetics of cracks in graphene. At a
given orientation of local strain with respect to graphene lattice, as
described by the angle χ, the lowest-energy curve represents the stable
crack direction. The intermediate direction of edge (green) is favorable
only in a narrow window of χ, so that armchair and zigzag-edged tears
should be observed predominantly.

shows possible crack paths in this situation: (green) shortest
path normal to the applied strain with an intermediate
orientation of the crack; (red and blue) along pure armchair
or zigzag directions at an acute angle to the strain direction; or
(olive) a piecewise-straight crack composed of long pure zigzag
and armchair segments such that on average it remains normal
to the strain. The plot in Figure 3 shows the dependence of
energy of each crack type on the orientation of strain using the
analytical expressions for edge energies27 and numerical data
calculated using the ReaxFF forcefield.28,29 At each given angle
χ, our model predicts the lowest-lying curve to represent the
energetically preferred crack direction. It can be seen that there
exists only a narrow interval of orientations at which
intermediate-direction cracks are favored, and under realistic
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expected to be bimodal: when the stress is normal to the GB, as
is in the case of, for example, recent experiments where AFM
tips were indented into the middle of a grain,14,31 the tear can
follow the boundary. However, if the tear initiated away from
the GB and at some random orientation with respect to it (so
that the strain direction is away from normal to the GB), the
stiffness it experiences is more or less unaffected by the GB, and
the tear will pass right through it, simply switching to the most
favorable direction in the new grain, as is indeed observed in
the present work.
In conclusion, we have shown that tears in suspended
monolayer graphene predominantly align to the armchair or
zigzag directions. Real-time tear propagation has been observed
under an electron beam, which is mainly attributed to a
combination of high strain at the tip of tears and ionization
effects from high-energy electrons. Our theoretical analysis
based on the analytical expression for direction-dependent edge
energy explains why tears predominantly form along armchair
and zigzag directions, and molecular dynamics simulations
confirm this explanation. Electron-beam assisted ripping
graphene may be an effective and simple way to selectively
tailor graphene edges. The edge structures of graphene have
important effects on the electronic properties.35 Controlling the
edge structure of graphene, therefore, is of very importance for
graphene electronic applications. Our demonstration of tear
propagation in graphene via electron beam may be an
interesting way to manipulate graphene membranes and allow
for selective edge termination.

boundaries (GBs). Although our suspended membranes are
mostly defect-free, on occasion folds30 or GBs17,31 will cross the
sample, as our CVD graphene exhibits tilt grains of size with a
few to tens of micrometers.17 Previous studies suggest that the
presence of a GB may have detrimental effects on the
mechanical strength of the graphene membrane.14,31,32 In our
experiments, graphene GBs are readily identified with
observations of adsorbents along the GBs and diffraction
analysis.17,31 Interestingly, we find that in cases where GBs do
exist within the suspended membrane, the observed tears do
not generally coincide with GBs, and the same crystalline
orientation is seen on the two opposing sides of a tear line.
Invariably we observe tear lines following the usual armchair or
zigzag directions in the graphene lattice that may happen to
cross a GB with minimal perturbation, as shown in Figure 5.

■

Figure 5. Graphene tears crossing grain boundaries (GBs). (a) TEM
image of graphene tear crossing, not following, a grain boundary (GB)
in graphene. The GBs are identified by the high absorbent
concentration along the grain boundary together with electron
diffraction. Inset of the diffraction pattern around the GB showing
two sets of hexagonal patterns from two adjacent tilt grains, where the
hexagonal pattern marked with red and dashed yellow circles
corresponds to the grain in the left and right sides, respectively. The
blue dotted lines represent tear lines in the zigzag direction. The red
and yellow dotted lines represent tear lines in the armchair direction.
(b) Another TEM image of a graphene tear crossing a GB and fold in
graphene. The blue dotted line represents a line in the zigzag direction.
The red and yellow dotted lines represent the armchair direction.
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■
■

AUTHOR INFORMATION
Corresponding Author
*E-mail: biy@rice.edu (B.I.Y.); azettl@berkeley.edu (A.Z.).
ACKNOWLEDGMENTS
This research was supported in part by the Director, Office of
Energy Research, Materials Sciences and Engineering Division,
of the U.S. Department of Energy under Contract No. DEAC02-05CH11231, which provided for TEM characterizations;
by the National Science Foundation within the Center of
Integrated Nanomechanical Systems under Grant EEC0832819, which provided for CVD graphene synthesis; by
the National Science Foundation under Grant 0906539, which
provided for suspended sample preparation; and by the Office
of Naval Research (MURI), which provided for the design of
the experiment. W.R. acknowledges support through a National
Science Foundation Graduate Research Fellowship. Work at
Rice was supported by the Office of Naval Research (MURI)
and by the Lockheed Martin Corporation (LANCER).

The observation that tears cross GBs instead of following
them appears to contradict the common-knowledge notion that
GBs represent “weak spots” of materials. The apparent
disagreement originates from the fact that in ductile materials,
GBs prevent the migration of defects which is responsible for
plastic flow, thus making the material less ductile and easier to
break. However, at relevant experimental temperatures (and
time scales), sp2 carbon is expected to behave as a completely
brittle material,33 making this phenomenon irrelevant. GBs in
graphene do contain dislocations that produce strain, but the
strain fields of consecutive 5−7 pairs actually cancel out
locally.34 From the viewpoint of edge energy analysis, it is
important that graphene GBs typically have some random
orientation, not coinciding with either AC or ZZ direction.
Hence, if the material were to break along the GB, this would
expose an energetically unfavorable edge.
At this point, it is worth recalling that Kc also depends on the
stiffness of the material, which becomes direction-dependent in
the vicinity of a GB. Specifically, it decreases for loads normal
to the boundary, which can make nonpristine edges stable.
Therefore, the behavior of cracks near grain boundaries can be

■
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