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Intrinsic Notch Effect Leads to Breakdown of Griffith
Criterion in Graphene

Feng Liu,* Qiheng Tang, and Tzu-Chiang Wang*

D to lack of the third dimension in 3D bulk materials, the crack tip in graphene
locates on several atoms implying that its fracture behavior can be closely associated
with its lattice structure, i.e., the bond length and angle. As the bond length reflects
the discrete nature of the atomic structure, theoretical discussion is focused on the
concomitant size effect at the nanoscale with few or no reports about the influence
of the bond angle. Through the comparisons between theoretical calculations and
experimental data, here it is first demonstrated that the bond angle is essential for
understanding the fracture behavior in graphene, serving as an intrinsic notch
reducing the stress singularity near the crack tip (the intrinsic notch effect), leading to
the breakdown of the Griffith criterion in graphene. The work provides a framework
for the studying of the brittle fracture in 2D materials, which gives rise to the more
reliable device design based on 2D materials. More importantly, the significance of
the intrinsic notch effect is profound and far-reaching, paving the way to a more
comprehensive and deep understanding of the mechanical properties in nano as well
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as nanostructured materials.

1. Introduction

Graphene, a one-atom thick sp2-bonded carbon sheet,
exhibits remarkable electronic,['?] thermal,®! and opticall*!
properties. In its perfect form, the mechanical properties of
graphene are equally outstanding, with a Young’s modulus
of 1 TPa and mechanical strength above 90 GPa, exceeding
that of steel.>®] Combining the advantages of its supe-
rior physical and mechanical attributes, prefect graphene
could be a good candidate in applications such as flexible
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electronics,"*1 electromechanical devices,'"] and composite
reinforcement,] and also an ideal platform for strain engi-
neering,['?l for example, the wrinkling in graphene could
be used to manipulate the size of the electronic band gap
arousing intense academic interests.'>-18] However, as the
second law of thermodynamics dictates, the presence of dis-
orders is inevitable on large-scale graphene samples. Indeed,
up to date, the existing methods of large-scale production of
graphene are known to introduce a certain degree of defects
in samples. Compared with other defects, crack-like ones may
cause the dramatic degradation of the strength, which is det-
rimental to the practical applications of graphene. Therefore,
rather than its intrinsic strength, the engineering relevant one
turns out to be determined by its fracture toughness, i.e., the
ability of a material containing a crack to resist fracture.
Despite great theoretical and experimental efforts have
been made to investigate the fracture toughness in graphene
over the last two decades,['3!] there are still controversies,
especially, the critical crack size below which the Griffith cri-
terion of brittle fracture breaks down. A recent investigation
shows that the critical crack size for the Griffith criterion is
1 nm with cracks no more than 3 nm in length considered
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in this study,? in contrast to 10 nm suggested based on

large-scale molecular dynamics (MD) simulations,*! where
the longest crack length is over 30 nm. It seems that on dif-
ferent length scales, the critical size for the Griffith criterion
changes, which raises a question whether the Griffith crite-
rion is still reasonable in graphene.

Consisting of a single layer of carbon atoms, graphene is
a 2D material, in which the crack tip locates on several atoms
due to lack of the third dimension in 3D bulk materials, and
therefore the lattice structure, i.e., the bond length and angle,
could be of crucial importance to its fracture behavior. As the
bond length reflects the discrete nature of the atomic struc-
ture, quantized fracture mechanics,*?! the finite difference
version of the Griffith criterion, has recently been developed
and used to explain the nanoscale fracture behaviors in gra-
phenel?34! and also in carbon nanotube.[*! Nevertheless, the
influence from the bond angle has not been scratched yet.
Through the comparisons between theoretical calculations
and experimental data, here we first demonstrate that the
bond angle can be essential for understanding the fracture
behavior in graphene, serving as an intrinsic notch reducing
the stress singularity near the crack tip (the intrinsic notch
effect), leading to the breakdown of the Griffith criterion
in graphene. Although the notch effect has been discussed
long ago in fatigue and fracture, as well as its key role in the
application of structural materials recognized,? it is usually
considered as an external geometrical effect. As the notch
effect becomes intrinsic in graphene, its
influence to the fracture behavior in this
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according to the dimensional analysis, if the internal crack
length a is considered as the only related characteristic length
scale. It is qualitatively different from o; ~ ™' predicted by
the Griffith criterion,?” where the notch effect is not con-
sidered, in other words, at least one of these fracture criteria
fails in that case. Fortunately, a notch with an infinite acuity
seems to exist only in mathematics, besides much attentions
have been paid on the blunted notch with a nonzero radius
but zero angle alleviating this discrepancy to a certain extent.

This is true for 3D bulk materials, since a notch with an
infinite acuity is hard to achieve via the external processing.
However, the situation changes in graphene due to its hon-
eycomb lattice structure formed by covalent carbon-carbon
bonds (see Figure la left). As the bond force is always
along the bond direction, the covalent bond serves as a
free boundary and thus the bond angle is equivalent to a
notch with an infinite acuity (see Figure la right). Surpris-
ingly, without any external processing the honeycomb lattice
structure of graphene naturally introduces intrinsic notches
into this system. More interesting, any form of the crack tip
is composed by these intrinsic notches (see Figure 1b), and
therefore the corresponding intrinsic notch effect in gra-
phene is robust and should be carefully examined. Note that
the so-called “intrinsic notch” is used to stress the inartificial
and robust nature of these bond angles.

The stress distribution of a notch with an infinite acuity in
an infinite body (see the inset in Figure 1c) has already been
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However, the discrepancy emerges, if the

notch effect is taken into account. Specifi-
cally, for a notch with an infinite acuity, the
stress singularity follows o;; ~ r™% where a
is the singular exponent and deviates from
0.5 with a nonzero notch angle.’®! Since
the fracture criterion in the stress intensity
factor theory is K; = K., where i = I, II, I1I
and K, is the fracture toughness of Mode
i, the critical fracture stress o scales as a™*
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Figure 1. The origin of intrinsic notches and the corresponding stress singularity. a) The
honeycomb lattice structure of graphene (left) where the unit cell and the intrinsic notch
are marked. The schematic diagram of the intrinsic notch effect (right): as the bond force is
always along the bond direction, the bond serves as a free boundary and the bond angle
is equivalent to a notch with an infinite acuity. b) The configuration of a crack tip, which
is composed by intrinsic notches. c) The evolution of A with respect to the notch angle v,
note that + in Equation (1) gives two sets of solutions, and the minimum solutions
for 2 > 0 labeled A, (for -) and A,.;, (for +) are shown. d) The function
fA, y=27/3) =+ sin(A(2m — 7)) — Asin(2m — ) versus A. Two function values are labeled with
f1 (for =) and f, (for 4), respectively. Note that f= 0 is equivalent to Equation (1).
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studied,®! and the stress singularity is found to be dependent
on the notch angle. The eigen equation which determines
the stress singularity is given as (the details of the derivation
could be found in the Supporting Information):

sin(A(2r —y)) = £ Asin(2r—7) (1)

where vy is the notch angle and A is related to the singular
exponent o (ot = 1 — 1), which can be seen from the expres-
sion of the corresponding stress field oy =r~ a- %(A,e), where
(6,r) is the polar coordinate (see the inset in Figure 1c), and
[{(2,0) are functions of A and 6. Considering the strain energy
convergence condition A should be greater than 0, and the
minimum solutions of Equation (1) for A > 0 are shown in
Figure 1c. It indicates that =1 — A equals 0.5 only if the notch
angle equals 0°, and it decreases with the increasing notch
angle. Since the intrinsic notch angle equals 120° in graphene,
the corresponding solutions for Equation (1) are shown in
Figure 1d via the graphic method. Note that when the notch
angle is less than 103°, there are two solutions within 0 < A < 1
for Equation (1) suggesting different stress singularities for two
fracture modes (see Figure 1c), i.e., Mode I (opening mode)
and Mode II (sliding mode). As a consequence, different
loading modes may cause different stress singularities, and
for the mixed-mode loading (Mode I + Mode II) the fracture
behavior could be different on different scales. Fortunately,
for the 120° notch, there is only one solution for Equation (1),
ie., A =0.6157 for 0 < A < 1 (see Figure 1d), corresponding to
Mode I, which implies the robust fracture behavior in graphene.
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2.2. Breakdown of the Griffith Criterion

As mentioned above, when the notch effect is taken into
account, the discrepancy emerges between the Griffith
criterion and the stress intensity factor theory, so the question
is which one prevails in graphene. In this article, MD simula-
tions are used to gain insights into the fracture criterion in
graphene, and the details of our simulations can be found in
the Experimental section. Figure 2a shows a schematic repre-
sentation of the central crack model in our simulations, where
the tensile loading direction is along the armchair direction.
Figure 2b shows the snapshot of the graphene sheet involving
a 19.23 nm central crack subject to 1% tensile strain (the
overall view can be found in the inset of Figure 2b), where
the color reflects the distribution of the virial stress ,,. Con-
sistent with theoretical supposition, there is a stress concen-
tration at the crack tip, and along the horizontal direction
the stress distribution is plotted in Figure 2c. The red solid
line in Figure 2c is fitted to the stress distribution ahead of
the crack tip obtained in MD simulations by adjusting the
coefficient B and the singular exponent « in o, = Br~* Note
that the singular exponent o = 0.393 obtained by fitting (see
Figure 2c) coincides with the one for the 120° notch (o= 0.3843
predicted by Equation (1)) demonstrating the existence of
the intrinsic notch effect. With this intrinsic notch effect, the
stress concentration could be reduced, and in this sense gra-
phene is tougher than expected. The comparison between our
MD results and the solution of the stress field near a sharp
crack tip can be found in Figure S2 (Supporting Information).
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Figure 2. The fracture behavior in graphene with the tensile loading direction along the armchair direction. a) The schematic diagram of the
configuration of the central crack in graphene, note that the crack is along the zigzag direction while the loading direction is along the armchair
direction. b) The snapshot of the graphene sample involving a 19.23 nm central crack subject to 1% tensile strain, where the color reflects the
distribution of the virial stress o,,. Note that the overall view is given in the inset, and the snapshot region is marked with the dashed box. c) The

22

stress distribution along the horizontal direction and the corresponding atoms are marked with black circles in (b). d) The tensile stress—strain
curves for graphene samples with 1-30 nm length central cracks are shown. e) The evolution of the critical fracture stress with respect to the crack
length. f) The bond angles at the crack tip (at about 0.3% strain preceding the onset of the fracture) versus the crack length. Two bond angles are

marked in the inset.
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As the stress singularity is well captured, according to the
stress intensity factor theory the critical fracture stress oy
scales as a % and the Griffith criterion should break down.
To corroborate this, tensile MD simulations are per-
formed for graphene samples with 1-30 nm length central
cracks, and the tensile stress—strain curves are shown in
Figure 2d. In Figure 2e, the evolution of the critical fracture
stress with respect to the crack length is shown, and the MD
results are fitted by oy = Ca™, where o = 0.338 < 0.5 indi-
cating the breakdown of the Griffith criterion in graphene.
However, oo = 0.338 < 0.393 also shows a considerable deri-
vation from the stress intensity factor theory. To understand
this derivation, the two bond angles at the crack tip are moni-
tored (marked with ¥ and 7 in the inset of Figure 2f). As
shown in Figure 2f, y; and 7y, at about 0.3% strain preceding
the onset of the fracture are independent of the crack length
and approximately equal to 133° and 131°, respectively. In
fact, before the onset of the fracture only these two bond
angles at the crack tip are greatly changed during the tensile
test, other bond angles at the front of the crack tip are nearly
unchanged and roughly 120°. These observations suggest that
due to the brittle nature of graphene,[®) its fracture process
region is confined to a small area, and it is supposed that
when approaching the onset of the fracture, the bond angle
of 132° at the crack tip (the average of ¢, and 9,) determines
the evolution of the critical fracture stress with respect to the
crack length, while the bond angles away from the crack tip
(roughly 120°) determine the pseudosingularity of the stress
field. Indeed, with a notch angle of 132°, the singular expo-
nent o equals 0.34 (predicted by Equation (1)), which is in
great agreement with o = 0.338 obtained in our MD simula-
tions. Since only the tensile test along the armchair direction
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is performed in graphene, the existence of the intrinsic notch
effect and also the breakdown of the Griffith criterion need
to be further confirmed by considering the influence of the
lattice orientation, which will be discussed in the next section.

2.3. Influence of the Lattice Orientation

For the convenience of discussion, the angle ¢ is used to
define the lattice orientation (see Figure 3a). The tensile
tests of the perfect graphene for ¢ = 0°, 7.6°, 15°,22.3°, and
30° are performed, and the obtained stress—strain curves are
shown in Figure 3b. Consistent with previous studies,! the
remarkable lattice orientation dependence for the strength
is observed (see Figure 3c). As the mechanical properties
of graphene are usually closely related to the lattice ori-
entation, the fracture behavior as a function of the lattice
orientation should be investigated. To this end, graphene
sheets with central cracks of different sizes are stretched
along given lattice orientations (note that the crack line
is always perpendicular to the loading direction), and the
corresponding evolution of the critical fracture stress with
respect to the crack length is shown in Figure 3d. It can be
seen that with graphene samples involving central cracks
the critical fracture stress is much less than the one of its
perfect form as anticipated, and its evolution with respect
to the crack length is well fitted by ;= Ca™% where the sin-
gular exponent o as a function of the lattice orientation is
shown in Figure 3e. Different from the monotonous lattice
orientation dependence of strength, the maximum of the
singular exponent o is obtained by stretching along the lat-
tice orientation with ¢ = 15°.
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Figure 3. Lattice orientation dependence of mechanical properties (the strength and fracture behavior) in graphene. a) The schematic representation
of the lattice orientation in graphene, where the angle ¢ is used to define the lattice orientation. For example, the shown loading direction is along
the armchair direction, and the corresponding angle ¢ =0°. b) The stress—strain curves for graphene subject to tension for ¢ =0°, 7.6°, 15°, 22.3°,
30°. ¢) The evolution of strength with respect to ¢. d) The critical fracture stress versus the crack length. Note that the loading direction changes
from armchair to zigzag, and ¢ = 0°, 7.6°, 15°, 22.3°, 30° from left to right. Note that MD results (blue circles) are well fitted by o;= Ca™* (black
solid line) and the insets show the typical atomic structure at the crack tip before the onset of the fracture. For comparison, the fitting with o= 0.5
(according to Griffith criterion) is provided (the red dash line) in (d). e) The corresponding singular exponent cand the stress o, of the bond at the
crack tip versus ¢. f) The coefficient C versus ¢.
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One issue to be aware of is that the maximum of the sin-
gular exponent o (0.384) is very close to the singular exponent
0.3843 for the 120° notch (predicted by Equation (1)), which
implies in that case not only the bond angles at the crack tip
but also the bond angles nearby are combined to determine
the fracture behavior. It is believed that the level of the lattice
distortion, i.e., relative motion of atoms along the horizontal
axis, at the crack tip determines the number of the involved
bond angles and thus the magnitude of the singular exponent
o. With 1.5% tensile strain applied to samples containing
central cracks about 20 nm in length, the stress o, of the
atomic bond at the crack tip as the driving force of the lattice
distortion is used to reflect the level of the lattice distortion,
and its lattice orientation dependence is shown in Figure 3e.
Note that the stress o, of a bond is obtained by averaging
the stresses o, at the two atoms. As the singular exponent o
is found to have positive correlation with the magnitude of
the stress o,,, our speculation is validated and could be used
to explain the lattice orientation dependence of the singular
exponent « as follows.

In the case of stretching along the zigzag or armchair
direction, the lattice structure near the crack tip (see the
insets in Figure 3d) is nearly symmetric respect to the hori-
zontal axis, and thus the lattice distortion at the crack tip
is quite small; however, gradually deviating from these two
special loading directions, this distortion becomes more and
more serious, and thus much more bond angles near the crack
tip are involved in the fracture process region. Since the bond
angles near the crack tip are close to 120°, the singular expo-
nent o increases and approaches to 0.3843 with the increasing
deviation between the loading direction and special lattice
orientations, i.e., the armchair and zigzag direction.

()
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Besides, the coefficient C obtained by fitting as a function
of the lattice orientation is shown in Figure 3f, which could
not give much information considering the different dimen-
sion of the coefficient C for different lattice orientations.
Overall, the lattice orientation dependent fracture behavior
further confirms the intrinsic notch effect and also the break-
down of the Griffith criterion in graphene.

2.4. Effect of External Notch

As the crack blunting in practice is inevitable, where a sharp
crack tip is substituted by a blunting notch tip (see Figure 4a),
several authors have studied the accompanied notch effect
in graphene.?*?%%1 One of these works[?*! focused on the
influence of the notch radius to the fracture toughness and
reported that the increasing notch radius could improve the
fracture toughness. Note that since this notch effect could be
artificial, it is hereinafter called the external notch effect, and
the relevant issue here is whether the external notch effect
could mask the intrinsic one. To figure it out, samples con-
taining central cracks blunted with 2.5 nm notch radii are
prepared (see Figure 4a), then the tensile test is carried out
to investigate the fracture behavior. With a 20 nm crack along
the zigzag direction in the sample, the atomic structure near
the external notch at 3% tensile strain is shown in Figure 4b
(the vicinity of the notch tip is magnified in Figure 4c), and
the corresponding stress distribution ahead of the notch tip
is given in Figure 4d. Although comparing with the sharp
crack tip, the stress concentration near the external notch
decreases, the fracture still initiates from the breakage of one
carbon-carbon bond (see Figure S3, Supporting information),
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Figure 4. Fracture behaviorin graphene with external notches. a) The representative graphene sample where a 10 nm central crack is blunted with
2.5 nm notch radii. b) The atomic structure near the notch tip in the sample containing a central crack of 20 nm subject to 3% tensile strain. The

color reflects the distribution of the virial stress o

- ) Zoom in the vicinity of the notch tip. d) The stress distribution along the horizontal direction

and the corresponding atoms are marked with black circles in (c). €) The critical fracture stress versus the crack length, note that the loading
direction changes from armchair to zigzag. Specifically, ¢ = 0°, 7.6°, 15°, 22.3°, 30° from left to right. Note that MD results (blue circles) are well
fitted by o;= Ca * (black solid line), and the evolution of the singular exponent o and coefficient C with respect to ¢ is given in (). For comparison,
the fitting with ov= 0.5 (according to Griffith criterion) is provided (the red dash line) in (e).
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and thus the intrinsic notch effect could be dominant. Tensile
tests along different lattice orientations are performed, and
the evolution of the critical fracture stress with respect to
the crack length is given in Figure 4e, which is well fitted by
o= Ca™® The corresponding singular exponent o as a func-
tion of the lattice orientation (changes from 0.32 to 0.39)
can be found in Figure 4f, which is similar to the case in the
last section (see Figure 3e). Therefore, it concludes that the
external notch effect would not mask the intrinsic one in
graphene.

2.5. Experimental Evidence

Recently, a direct and quantitative approach to test the frac-
ture properties of graphene is reported,?!! leading to the first
direct experimental measurement of fracture toughness in gra-
phene.[*!] To the best of our knowledge, it might be the unique
one until now. As demonstrated by our theoretical analysis and
MD simulations, the intrinsic notch effect is robust and thus
should be observed in the experiment. Here we simply assume
that the geometry setting in the experiments does not change
the form of the fracture criterion in the stress intensity factor
theory, except an additional modifying factor f. To be specific,
oy ~ f(Hla, Wia..)Ka* ~ Ca® where H and W are the
length and width of the sample in experiments, respectively.
As shown in Figure 5, the experimental result is well fitted
by the above equation with C =48.8 GPa - nm® and a = 0.39,
and it is encouraging to find out that the value of the singular
exponent ¢ is within the range obtained by our MD simula-
tions. Specially, it is in good agreement with the MD results for
the loading direction along the lattice orientation with ¢ = 15°
(see Figure 3e,f), where C = 56 GPa - nm® and o = 0.384. As
anticipated, the intrinsic notch effect is roust and obvious in
the experiment rather than the external one. For comparison,
the fitting with oc = 0.5 (according to Griffith criterion) is pro-
vided in Figure 5, which could overestimate the fracture stress
for a short crack and underestimate it for a long crack.
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Figure 5. The experimental evidence. The critical fracture stress versus
the crack length, where the red dots are experimental data and are well
fitted by oy= Ca™ (the black solid line). For comparison, the fitting with
o= 0.5 (according to Griffith criterion) is provided (the blue dash line).
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3. Discussion

In the Griffith theory, only Young’s modulus E and surface
energy I' parameters are involved to capture the fracture
behavior. For a central crack of length @ in an infinite body,
the critical fracture stress oy ~+vI'E/a could be derived
according to the Griffith criterion.’’] As the dimensional
analysis suggests, this criterion should remain if no more
length scales are involved. Unfortunately, with the decrease
of the thickness, the more pronounced lattice structure intro-
duces the bond length as well as the bond pattern into this
question, leading to the breakdown of the Griffith criterion.

As a manifestation of the breakdown of the Griffith crite-
rion, the intrinsic notch effect in graphene is first recognized
and validated through the comparisons between theoretical
calculations and experimental data. Since the intrinsic notch
effect decreases the stress singularity at the crack tip, it
should increase the fracture toughness in graphene. Note that
not only for graphene but also for those 2D materials lack of
plastic mechanisms, the intrinsic notch effect could work, and
as a result Griffith criterion breaks down. On the opposite,
with the size of the plastic region larger than nano scale but
much smaller than the length of the crack, the intrinsic notch
effect could be buried, and in this case Griffith criterion
should recover. Moreover, the angle of the intrinsic notch
determines the derivation from Griffith criterion, and if we
focus on the fracture of Mode I, the intrinsic notch effect,
which could be negligible with its angle less than 60°, gradu-
ally becomes remarkable as the angle increased (see the
black line in Figure 1c and note that the singular exponent
o=1- Ais very close to 0.5 when the intrinsic notch angle
is less than 60°). In this sense, the obvious intrinsic notch
effect in graphene benefits from its 120° bond angles. Due
to lack of plastic deformation ability for the vast majority of
2D materials, their lattice structures remain until the exten-
sion of the crack, which provide a prerequisite for realizing
the intrinsic notch effect. Therefore, not only in graphene, it
is believed that in 2D materials this intrinsic notch effect is
ubiquitous underscoring the critical need for exploring the
fracture behavior of 2D materials both theoretically and
experimentally.

One thing should be noted is that the intrinsic notch
effect in this article is essentially different from the concept
of lattice trapping proposed by Thomson.[*24)] First, they
have different origins. The intrinsic notch effect originates
from the bond angles near the crack tip, while lattice trap-
ping is derived from the oscillating surface energy due to the
discrete atomic structure. Second, their consequences are dis-
tinct. In graphene, the intrinsic notch effect could lead to a
different fracture criterion oy ~ a™ deviating from the Grif-
fith criterion o; ~ a2 However, lattice trapping results in
the enhancement of the fracture toughness, but Griffith cri-
terion could remain.

Theoretically, the intrinsic notch effect in fracture of gra-
phene is believed to mainly stem from two factors. The first
one is the honeycomb lattice structure, since it provides the
considerable large bond angle (120°), the intrinsic notch
effect becomes obvious and robust. The second one is lack of
plasticity in graphene, which makes the intrinsic notch remain
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until the extension of the crack. Since both these two fac-
tors could be reproduced in metamaterials with an accurate
design, the intrinsic notch effect learnt from graphene could
be utilized in metamaterials, which is the artificial micro- and
nanoarchitected materials assembled from one or multiple
kinds of materials in repeating patterns and could be even
engineered to have a property that is not found in nature.
Recently, lightweight mechanical metamaterials have made
rapid progress and gained academic attention.***7] As cur-
rent discussions are focused on the specific strength (the ratio
of strength to density) of these metamaterials, their fracture
toughness is believed to be the next target mechanical index,
which is much more engineering relevant. It suggests that the
design with large “bond angles” in these artificial lattice could
be used to reduce the stress concentration near the flaw, and
our results are thus supposed to provide a feasible strategy
toward tuning the fracture toughness of metamaterials.

4. Conclusion

In conclusion, based on MD simulations we first recognize
that the carbon—carbon bond angle in graphene serves as
an intrinsic notch with infinite acuity in graphene, the cor-
responding notch effect, called the intrinsic notch effect,
changes the stress singularity near the crack tip as well as
the fracture behavior leading to the breakdown of the Grif-
fith criterion. Further, the lattice orientation dependence
of the fracture behavior and the influence of the external
notch effect are investigated witnessing the existence and
robustness of the intrinsic notch effect. Particularly, the
intrinsic notch effect could be used to well explain the recent
experimental data, which is considered as the first direct
experimental study of the fracture behavior in graphene.
Essentially, if the stress field is nonuniform (could be caused
by chemical modification, local loading, defects, etc.) in an
extremely brittle material, where the characteristic length
scale of the plastic region is close to the atomic length scale,
the intrinsic notch effect could work. Its fundamental signifi-
cance is profound and far reaching. For example, the strength
of polycrystalline 2D materials, nanoindention tests in 2D
materials, and even the fracture toughness of metamaterials
could be closely related to the intrinsic notch effect proposed
in this article. We believe that it paves a way to a more com-
prehensive and deep understanding of the unique mechanical
properties in nano as well as nanostructured materials.

5. Experimental Section

MD simulations were performed using in large-scale atomic/
molecular massively parallel simulator“®! based on the adaptive
intermolecular reactive empirical bond-order (AIREBO) poten-
tial,!#! with the interaction cutoff parameter set to 2 A.5051 A[l
graphene samples (about 95 nm x 85 nm) used in the strength
and toughness simulations were prepared by running NPT (where
the number of particles N, pressure P, and temperature T of the
system are specified)dynamics at 1 K for 100 ps to allow the relax-
ation of the simulation box dimensions to attain the zero stress
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state, and then the uniaxial tensile test was performed with a
strain rate of 0.001 ps~*. Note that a time step of 1 fs and periodic
boundary condition were used in all of the simulations. Besides,
NVT (where the number of particles N, volume V, and temperature
T of the system are specified) ensemble was applied in the tensile
test, where temperature was maintained at 1 K.

Note that since the atomic environment near a crack tip devi-
ated strongly from the equilibrium bonding situation, empirical
potentials might fail to correctly describe the fracture behavior
of specific materials.l*3! Therefore, the results from the AIREBO
potential and first principle calculations for the localized struc-
ture near the crack tip were directly compared to confirm that the
AIREBO potential could correctly describe the energy landscape of
the atom at the crack tip (the details could be found in the Sup-
porting Information). As it decided the bond breaking at the crack
tip and thus the fracture strength of graphene, the validity of the
MD results for brittle fracture in graphene could be demonstrated.
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Supporting Information is available from the Wiley Online Library
or from the author.
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