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A B S T R A C T

Graphene has unique mechanical properties in that it is simultaneously very strong and

stretchy, which severely hampers the prediction of its orientation-dependent fracture

behavior based on conventional theories used for common brittle or ductile materials.

For the first time, by exploring the entire range of available tensile orientations, this study

reveals the unique anisotropic fracture response of graphene using molecular dynamics

simulations. We found that, as the uniaxial tensile direction rotates from armchair (0�) to

zigzag orientation (30�), both the tensile strength and strain remain almost constant up

to an orientation angle of �12�, then they rapidly increase (exponential growth), resulting

in a remarkable degradation of the tensile strength compared to brittle fracture counterpart

(inverse-sinusoidal growth). This typical fracture pattern holds for 100–700 K. We propose a

model that can explain its physical origin in good agreement with the simulation results.

We also found that the elastic behavior of graphene is quasi-isotropic for all tensile orien-

tations, in contrast to its anisotropic fracture behavior. Using indentation simulations of

graphene, we showed that the anisotropic/isotropic features of fracture/elasticity are also

well-preserved in the two-dimensional tensile systems but its fracture anisotropicity is

greatly attenuated due to the inherent sixfold symmetry of graphene.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction als by incorporating graphene into them. One of the most fea-
Graphene, a single layer of carbon atoms arranged in a honey-

comb structure, has attracted great attention after its experi-

mental discovery, owing to its many exceptional properties

such as ultrahigh electronic mobility, superior thermal con-

ductivity, and excellent mechanical strength [1–7]. It is thin-

ner and stronger than any other material ever discovered.

Naturally, such superlative properties of graphene have trig-

gered its active application to a wide range of engineering

fields. For instance, there have been numerous studies to im-

prove the mechanical strengths [8–10], thermal properties

[11–13], and energy conversion efficiencies [14–16] of materi-
tured applications is the use of graphene as a supporting film

for a liquid cell in transmission electron microscopy (TEM)

studies [17]. In this application, the graphene membranes

stay structurally intact while encapsulating the liquid tightly

and allowing very feasible electron transmission for high-res-

olution probing of the reaction occurring in the inside liquid,

which basically benefited from the high tensile strength, flex-

ibility, and ultrathin nature of graphene. With the growing de-

mand for such graphene-based devices and composite

materials, it becomes increasingly important to understand

the mechanical characteristics of graphene at a greater level

of depth.
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Fig. 1 – (a) The nine tensile orientations selected to

investigate the orientation-dependent tensile mechanics of

graphene, where the corresponding chiral notations are

given in parentheses. (b) The illustrated uniaxial tensile

simulation system where the tensile direction has been set

to an arbitrary (m,n) chiral direction, and an orientation

angle h is defined as the angle made between the relevant

tensile direction and the armchair direction. (A color version

of this figure can be viewed online.)
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A number of studies have been performed to explore the

mechanical fracture phenomena of ceramics and metals,

and their mechanisms are well explained by Griffith’s brittle

fracture theory [18,19] and the ductile fracture models for soft

metals [20,21], respectively. However, graphene is neither brit-

tle nor ductile and essentially differs from either quality.

Graphene is both very strong and very stretchy, and owing

to these peculiar characteristics, the orientation-dependent

fracture behavior of graphene cannot be dictated by any sin-

gle mechanism proposed earlier.

Great efforts have been made in characterizing the

mechanical properties of graphene [5,22], including those of

its defective [23–25] structures as well, where various struc-

tural defects such as Stone Wales Thrower defects [26,27]

and grain boundaries [28] were examined. By nanoindenta-

tion using atomic force microscopy, Lee et al. measured

Young’s modulus and the intrinsic breaking strength to be

1.0 7 ± 0.1 TPa and 130 ± 10 GPa, respectively, assuming the

thickness of graphene to be 0.335 nm [5]. Meanwhile, most

of preceding studies on the mechanical properties of graph-

ene have predominantly relied on computational methods

such as ab initio calculations [29–31], tight-binding models

[32,33], and molecular dynamics simulations [34–36] due to

the tremendous experimental difficulties in controlling a

monoatomic film and developing appropriate measurement

techniques. From these theoretical approaches, we have been

able to understand many principal characteristics of graph-

ene, such as Poisson’s ratio, the temperature effect, and the

grain boundaries effect which had been extremely elusive to

determine using experimental methods.

In particular, theoretical studies suggested that graphene

would exhibit distinct anisotropic fracture behavior in tensile

deformation, which has not yet been experimentally ob-

served. For instance, a molecular dynamics study indicated

that the tensile strength and strain of graphene are 107 GPa

and 0.20 under zigzag-directional elongation while they are

90 GPa and 0.13 under armchair-directional elongation at

300 K [22]. However, all preceding studies on the tensile

mechanics of graphene have been devoted merely to the zig-

zag and armchair directional deformations, and the tensile

mechanics of other orientations have never been inspected,

although graphene would be likely to deform along various

directions in realistic cases.

To address this problem, in the present paper, the tensile

fracture and elastic behaviors of graphene were systemati-

cally investigated using molecular dynamics simulations as

the uniaxial tensile direction rotated very gradually from

the armchair to the zigzag direction in the honeycomb crystal

lattice of graphene. This rotational range covers the complete

range of tensile orientations of graphene due to its sixfold

symmetry. Specifically, nine tensile orientations were se-

lected for this study as shown in Fig. 1a, and our uniaxial ten-

sile simulation system is briefly illustrated in Fig. 1b.
2. Computational methods

All calculations were performed using the LAMMPS

(large-scale atomic/molecular massively parallel simulator)

software package [37] and the simulation systems were
constructed to meet a periodic boundary condition. For inter-

actions between carbon atoms, we employed (AIREBO) adap-

tive intermolecular reactive empirical bond order potential

[38] which has been widely used to study the mechanical

properties of carbon materials, such as carbon nanotube

(CNT) [39], fullerenes [40], and graphene [24,35,41]. The cut-

off radius of the potential was set to be 2.0 Å to avoid spuri-

ously high bond forces and unphysical results near the frac-

ture region [24,35,41]. The dimensions of the simulation

system and atomic coordinates were first optimized using a

gradient-based minimization method with tolerance criteria

of 10�8 eV/Å in force and/or 10�8 eV in energy. Using the sys-

tem size obtained above, a canonical ensemble simulation

was subsequently performed for 3 · 105 steps by increasing

the temperature gradually from zero to the desired tempera-

ture and further equilibrated for 7 · 105 steps under isother-

mal conditions. After equilibrium was reached, the system

was finally elongated with a strain rate of 0.1 ns�1 in the
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specific tensile direction where a non-equilibrium molecular

dynamics simulation was employed to describe the non-ther-

mal streaming velocities of the continuously strained system

using the SLLOD equations of motion coupled to a Nose–Hoo-

ver thermostat [42].
3. Results and discussion

3.1. Orientation dependence of tensile fractures

The tensile strength of graphene is plotted as a function of an

orientation angle h, where h is defined to be the angle made

between the armchair direction and the tensile direction

(Fig. 1b). For the armchair and zigzag tensile directions, h is

0� and 30�, respectively, and h would range between these val-

ues for an arbitrary tensile direction due to the sixfold sym-

metry of graphene. Noticeably, as the orientation angle

increases, we found that the tensile strength remains almost

constant up to an orientation angle of �12�, then it rapidly in-

creases (exponential growth) (Fig. 2a). This unique fracture

pattern was consistently observed for all operating tempera-

tures examined here (namely, 100, 300, 500, and 700 K),

although the tensile strength quantitatively decreases as the

temperature increases due to the thermal softening (Fig. 3).

For the tensile fracture strain, we observed very similar orien-

tation dependence as that of the tensile strength (Figs. 2b and

S1). To see their orientation dependence more manifestly

excluding the thermal effect, we also plotted the tensile

strength and strain in a reduced form by dividing them with

their values for an orientation angle of 0� (i.e., those of the

armchair tensile direction) at the various temperatures. The

curves showed excellent coincidence with each other when

they were put together (Fig. 2c and d), which indicates that

an identical physical origin may exist behind them, regardless

of the temperature.
3.2. Simplified fracture model

To gain insight into the physics of the aforementioned phe-

nomena, we carefully monitored the structural evolution of

graphene during the tensile process. We found that the frac-

ture of graphene dominantly occurs along the zigzag-lines

of the hexagonal structure, regardless of the tensile orienta-

tion and temperature (Fig. 4). Similar results were observed

in the axial elongation of CNT with various chiralities as well

as in the longitudinal elongation of graphene nanoribbons

with armchair and zigzag edges [22,43]. In these studies, they

employed a Cauchy–Born equation for homogenous deforma-

tion to predict the values of fracture strain for various tensile

orientations. However, lattices with a basis like that of graph-

ene lacks inversion symmetry and thus, graphene nanorib-

bons and CNT are not supposed to follow the Cauchy–Born

rule precisely, as demonstrated in Dumitrica et al.’s work

[43]. More importantly, the orientation-dependent tensile

strengths of CNT and graphene nanoribbons have not been

theoretically addressed in these studies, although the tensile

strength is as or more important than the fracture strain in

the characterization of graphene.
We speculated that the failure of graphene that occurs

along the zigzag-lines much resembles the slip or breaking

of metal crystals which takes place on the densest lattice

plane under tensile deformation. Based on this idea, stress

transformation formalism [44] was adopted to evaluate the

tensile strength of graphene for an arbitrary tensile direction

as given by:

Sn ¼
1
2
ðSx þ SyÞ þ

1
2
ðSx � SyÞ cos 2hþ Txy sin 2h ð1Þ

where Sn is the (engineering) stress normal to an arbitrary

plane (P-plane) that is perpendicular to the xy-plane, h is the

angle made between the x-direction and the normal direction

of the P-plane, and Sx, Sy, and Txy refer to the corresponding

components of the Cauchy stress tensor. We made three

assumptions in this equation for the application to the uniax-

ial tensile fracture of graphene. First, the x-direction and nor-

mal direction correspond to the tensile direction and the

armchair-direction that is closest to the tensile direction,

respectively. Second, the values of Sy and Txy are negligible

during the tensile process. Third, the elongation is completed

to the fracture point. The equation would then be written as:

SAC
f ¼

Stensile
f

cos2h0f
ð2Þ

where SAC
f is the tensile strength in the armchair direction,

Stensile
f is the tensile strength in an arbitrary tensile direction,

and h0f is the angle made between the armchair direction

and the tensile direction at the tensile fracture. If we assume

the brittle fracture of graphene, h0f should approximate to h0 as

denoted in Fig. 5, since the initial armchair direction and the

armchair direction at the tensile fracture point would be al-

most the same. However, graphene is not brittle and it will

stretch considerably until the fracture occurs (Supplementary

Movie 1). Taking this factor and a possible distortion effect

into account, we roughly assumed that h0f of Eq. (2) should

be the intersection angle measured at the tensile failure point

rather than that of the original structure (Fig. 5). Considering

the geometric relationship formed during the tensile process

(Fig. 5), we derived the equations for several significant strains

in order to eventually evaluate the magnitude of h0f , as shown

below:

etensile þ 1 ¼ L0

L
¼ tan h0

tan h0
¼ tan h00

tan h0
ð3Þ

eAC þ 1 ¼ LAC

L0AC

¼ sin h0

sin h0
ð4Þ

eZZ þ 1 ¼ L0ZZ

LZZ
¼ cos h0

cos h00
ð5Þ

where etensile; eAC; andeZZ are the tensile (engineering) strains

along the tensile direction, armchair-direction, and zigzag-

direction, respectively. The meanings of the other variables

are depicted in Fig. 5. Providing that the magnitudes of the

tensile strength SAC
f

� �
and fracture strain eAC

f

� �
of graphene

are known for the armchair-directional elongation, we can

evaluate the values of h0f and the fracture strain etensile
f

� �
of an

arbitrary tensile direction using Eqs. (3)–(5). We are also able

to know the value of the tensile strength Stensile
f

� �
of an arbi-

trary tensile direction from the value of h0f using Eq. (2). Here,



Fig. 2 – (a) The tensile strength and (b) the fracture strain of graphene plotted as a function of the orientation angle at 100 K. (c)

The tensile strengths and (d) fracture strains of graphene plotted as a function of the orientation angle at various

temperatures, where they are given in a reduced form such that they are divided by their respective values at the orientation

angle of 0� (armchair direction) for each temperature. In (a)–(c), the magenta dashed lines and violet dot-dashed lines indicate

the values obtained from our fracture model and numerical platform, respectively, while the green short-dashed line

indicates the tensile strengths obtained from the brittle fracture model. (A color version of this figure can be viewed online.)
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we neglected a contraction perpendicular to the tensile direc-

tion during the tensile process as is the case in most of bulk

system tensile simulations.

The tensile strength and strain values predicted from this

fracture model are shown by the magenta dashed lines in

Figs. 2 and 3, and S1. They generally showed good agreement

with the simulation results. However, the predicted values for

the tensile strength somewhat deviated as the temperature

increased, while the predicted values of the fracture strain

showed excellent agreement regardless of the temperature.

It suggests that the structural relation (to obtain fracture

strain) shown in Fig. 5 is reasonable regardless of the

temperature but the prediction using Eq. (2) (to obtain fracture

strength) is quantitatively inaccurate at the higher

temperatures presumably due to poor evaluation of the dis-

tortion effect on the tensile strength.
In contrast to this fracture model, the use of a brittle frac-

ture model significantly overestimated the tensile strengths

and its extent increased as the orientation angle increased,

as shown by the green short-dashed lines in Fig. 2a and c. A

maximum discrepancy of �11.412 GPa was observed under

the zigzag-directional elongation.
3.3. Integrated numerical platform

In order to precisely predict the fracture behavior of graphene

for a whole range of tensile orientations and a wide range of

operating temperatures, we constructed an integrated

numerical platform that can reproduce the simulation results

obtained for various orientation angles and operating

temperatures. To achieve the best approximation to the sim-



Fig. 3 – The tensile strength of graphene plotted as a

function of the orientation angle at (a) 300, (b) 500, and (c)

700 K. Magenta dashed lines and violet dot-dashed lines

indicate the values obtained from our fracture model and

numerical platform, respectively. (A color version of this

figure can be viewed online.)
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ulation results, we employed an exponential growth fitting

template as given by:

yðxÞ ¼ A0 � exp
x
x0

� �
þ y0 ð6Þ
where x is the tensile orientation angle and y is the corre-

sponding tensile strength or fracture strain, while

A0; x0; andy0 are parameters to be determined by a fitting pro-

cess. Based on this regime, we obtained curves which were

very well fitted to the simulation results at an operating tem-

perature of 100 K, as shown by the violet dot-dashed lines in

Fig. 2a and b. We also obtained curves fitted to the simulation

data of 300, 500, and 700 K in a similar manner, while main-

taining the value of x0 with that used for fitting to 100 K data,

which all showed excellent agreement with the simulation re-

sults (Figs. 3 and S1). To cover all other operating tempera-

tures located between 100 and 700 K (interpolation), possibly

including the temperatures out of this range as well (extrapo-

lation), quadratic polynomial equations of temperature were

further fitted to A0 andy0 with very high precision (Fig. S2).

The optimal parameter values obtained in this study are sum-

marized in Tables S1 and S2. We expect that the numerical

platform presented here will provide an informative mechan-

ical guideline in various engineering fields of graphene.

3.4. Quasi-isotropic elastic behavior

Besides the study on orientation-dependent tensile fracture

mechanics, we have also investigated how the elastic behav-

ior of graphene changes according to variations in the tensile

direction. Interestingly, the calculations indicated that graph-

ene should exhibit quasi-isotropic elastic behavior for all ten-

sile orientations, in contrast to its anisotropic tensile fracture

behavior. In other words, almost the same magnitudes of

elastic stress are required under the same strain for all differ-

ent tensile orientations as far as the elongation continues

prior to fracture (Fig. 6). In the previous study [22], a similar

isotropic elastic response of graphene was observed for the

armchair and zigzag tensile elongations. Despite this observa-

tion, however, we were not able to confirm that the elastic re-

sponse of graphene is indeed (quasi) isotropic because it has

never been examined for other tensile directions. In this con-

text, our study provides the first proof of principle for this is-

sue, and this isotropic elastic feature holds for all

temperatures examined here (Fig. S3).

In Lee et al.’s indentation study [5], an isotropic mechani-

cal response of graphene was assumed based on its sixfold

rotation symmetry in deriving the equation which relates

the tensile strength magnitudes and the measured values of

the indenter force. Regarding this point, our finding suggests

that the isotropic mechanical response of graphene would oc-

cur at a more fundamental level, as far as it is concerned to

the elastic deformation.

3.5. Two-dimensional tensile system (indentation)

Should the anisotropic/isotropic features of the fracture/elas-

ticity of graphene observed in the uniaxial tensile systems be

preserved in two-dimensional (2D) tensile systems as well?

Even if they are, is there any difference between the perfor-

mances of 1D and 2D tensile systems? To address these ques-

tions, we carried out a series of molecular dynamics

simulations for the indentation of graphene membranes at-

tached on SiO2 substrates (Fig. 7a). Details of our scheme

are similar to those of Lee et al.’s experimental study5 except



Fig. 4 – The graphene structures appearing at the fracture stage for the tensile directions of orientation angles of 0�, 6.6�, 8.2�
(from left to right in the top panel), 16.1�, 23.4�, and 30� (from left to right in the bottom panel), respectively. Their equivalent

chiral notations are (1,1), (3,2), (5,3), (3,1), (7,1) and (1,0), respectively.

Fig. 5 – (a) The geometric variations of graphene occurring in

the uniaxial tensile process. (b) The geometric diagram

relating the angles of h0; h
0; andh00 with the lengths along the

armchair, zigzag, and tensile directions of graphene. The

red line and arrow indicate the lengths along the armchair

and zigzag directions in the original graphene structure,

respectively, while the blue line and arrow indicate the

lengths in those directions in the elongated structure. (A

color version of this figure can be viewed online.)

Fig. 6 – The tensile stress–strain curves of graphene

obtained for a variety of tensile directions, the orientation

angles of which are given in the box. (A color version of this

figure can be viewed online.)
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for the shape of the wells patterned in the SiO2 substrates. We

drilled elliptical wells (where the lengths of the short and long

axes are 30 and 60 Å, respectively) instead of circular ones, in

which the long-axis of the elliptical well was oriented in par-

allel with either the armchair or zigzag directions of the

graphene to see any possible anisotropic effects (Fig. 7b).

The diameter of the indenter is around 20 Å, and the force ex-

erted on each atom due to the indenter is given by:

FðrÞ ¼ Kðr� RÞ2 ð7Þ

where K is the specified force constant, r is the distance from

each atom to the center of the indenter, and R is the radius of



Fig. 7 – (a) The indentation simulation system employed in the study of the two-dimensional tensile system, where carbon,

silicon, and oxygen atoms are shown in gray, yellow, and red, respectively. (b) Two differently oriented elliptical wells that are

patterned in the silica substrate. (c) The measured values of the force exerted on an indenter as it gradually moves down for

the indentation of graphene membrane. (A color version of this figure can be viewed online.)
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the indenter. The force is repulsive and F(r) = 0 for r > R. Here,

K and R are set to be 1000 eV/Å3 and 10 Å, respectively.

Meanwhile, details on the force field sets for graphene mem-

brane, SiO2 substrate, and the interaction between them are

given in supplemenatry data.

As the indenter gradually moved downward, we measured

the force exerted on the indenter for the above two systems

where the elliptical wells of the substrates are differently ori-

ented to each other. We obtained essentially the same result

as that obtained in the uniaxial tensile process as follows.

These indentation systems showed very similar elastic

behaviors quantitatively and qualitatively, regardless of the

well orientation (Fig. 7c). This means that our conclusion of

the isotropic elastic behavior of graphene, established in its

uniaxial (1D) tensile mechanics, is still operative for the 2D

tensile systems. However, in contrast to their similar elastic

behaviors, they yielded distinctly different values for the

maximum indenter force (i.e., the breaking force) and its cor-

responding indenter position (Fig. 7c). When the longer axis of

the elliptical well is aligned in parallel with the armchair

direction (denoted as 60ZZ-120AC), it requires a larger break-

ing force and greater movement of the indenter

(34.71 ± 0.48 eV/Å and 16.60 ± 0.13 Å, respectively) compared

to those required (32.72 ± 0.59 eV/Å and 16.09 ± 0.11 Å, respec-

tively) in the other configuration (denoted as 120ZZ-60AC).

This anisotropic difference can be explained as follows.

The effective tensile strain of graphene along the short axis
direction (i.e., the shortest radius direction) of an elliptical

well should be greater than that in any of the other tensile

directions, for the same amount of movement of the indenter.

Furthermore, the fracture of graphene will be critically influ-

enced by the deformation along the weakest tensile direction

(namely, the armchair direction). In this context, 120ZZ-60AC

should be weaker than 60ZZ-120AC with respect to the inden-

tation because the short axis direction of an elliptical sub-

strate well coincides with the armchair direction of the

graphene membrane for 120ZZ-60AC. This conjecture is in

good agreement with the above simulation result.

On the basis of a continuum model for a linear elastic, cir-

cular membrane under a spherical indenter, the tensile

strength of graphene can be estimated from the measured va-

lue of the breaking force using the following equation [5,45]:

r2D
m ¼

FE2D

4pR

� �1
2

ð8Þ

where r2D
m is the maximum tensile stress, and E2D is a fitting

parameter which is set to 342 N m�1 as suggested by Lee

et al. [5], R is the tip radius, and F is the breaking force.

Based on this relationship, the tensile strengths of 60ZZ-

120AC and 120ZZ-60AC were evaluated to be 116.15 and

112.78 GPa, respectively. They are within reasonable range

considering the tensile strengths obtained from the uniaxial

tensile simulations. Though this fracture behavior is qualita-

tively consistent with our understanding for the uniaxial
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tensile fracture of graphene, the anisotropic response ob-

served in the indentation process is much weakened com-

pared to the uniaxial tensile process. We attribute this

attenuation effect to the following two factors.

First, to the degree that a certain tensile direction (inden-

tation tensile deformation is composed of many individual

tensile deformations along the various tensile directions) ap-

proaches the short axis direction of an elliptical well, both the

in situ strain (a current value) and fracture strain (a threshold

value) pertaining to that tensile direction become larger for

60ZZ-120AC, whereas the in situ and fracture strains in-

creases and decreases, respectively, for 120ZZ-60AC. Owing

to such a cancelation effect, a critical tensile direction, which

determines the fracture point, does not coincide with the

short axis direction (zigzag direction) of an elliptical well for

60ZZ-120AC. Instead, a critical tensile direction should be lo-

cated between the short axis (zigzag) direction and the arm-

chair direction that intersects the short axis direction with

an angle of 30� (it should be noted that this direction is not

the long axis armchair direction of an elliptical well), lowering

the magnitude of the breaking force in comparison with that

of a fracture occurring along the short axis (zigzag) direction

(see Fig. 8). This decrement will eventually weaken the aniso-

tropic effect on the fracture strength. Regarding this point,

increasing the aspect ratio of an elliptical well will help obtain

a more distinct anisotropic fracture behavior of graphene

indentation.

This conjecture shown in Fig. 8 is indeed verified by simu-

lating the fractured structures of graphene membranes under

nanoindentation, in which the fracture line is created along

the longest axis direction (i.e., the zigzag lines that are per-
Fig. 8 – The underlying fracture mechanism in the

indentation of (a) 120ZZ-60AC and (b) 60ZZ-120AC. The blue

arrow denotes a critical tensile direction that determines

the fracture point of the indentation process while the red

lines denote a fracture line which agrees well with the

simulation result shown in Fig. 9. (A color version of this

figure can be viewed online.)

Fig. 9 – The fractured structures of graphene membranes

under nanoindentation for (a) 120ZZ-60AC and (b) 60ZZ-

120AC. The orientations of the graphene membranes and

substrate elliptical wells are the same as those in Fig. 7b. (A

color version of this figure can be viewed online.)
pendicular to the shortest axis direction) for 120ZZ-60AC

while it emerges along the zigzag lines in the direction which

intersects the shortest axis direction with an angle of 60� for

60ZZ-120AC (Fig. 9 and Supplementary Movies 2–5).

Second, the size allowed for the intersection angle be-

tween the critical tensile direction of the graphene membrane

and the short axis direction of an elliptical well is at most as

small as 30� (accordingly, the difference between the two radii

of an elliptical well corresponding to these directions would

be also small) and thus, the indentation process always brings

severe impact on the fracture of the graphene membrane

regardless of the orientation of the elliptical well patterned

in the substrate. This is an inevitable factor arising from the

inherent structure of graphene, which can hardly be resolved

to promote the fracture anisotropicity in the indentation of

graphene.

It is noteworthy that the indentation scheme employed in

this study, which utilizes elliptical substrate wells, can be di-

rectly used in experiments for the anisotropic mechanical

study of graphene, since an indentation scheme using

circular substrate wells is already well established experi-
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mentally [5]. This experimental application will have great

importance because the anisotropic tensile fracture behavior

of graphene has never been experimentally validated. In fact,

we have examined both effects of using an anisotropic shape

of the indenter tip and an anisotropic shape of the substrate

well for this study and we found that the latter method is

much more efficient than the former method. We were not

able to observe the anisotropic mechanical response of graph-

ene using the tip-variation method.

4. Conclusion

By exploring the entire range of tensile orientations for the

first time, we revealed the unique orientation-dependent

fracture behavior of graphene using molecular dynamics sim-

ulations. After defining an orientation angle as the angle

made between a certain tensile direction and the armchair

direction of graphene, we performed a series of uniaxial ten-

sile simulations by gradually increasing the orientation angle

from 0� (armchair direction) to 30� (zigzag direction), which

covers the entire range of tensile orientations due to the six-

fold symmetry of graphene. Noticeably, our calculations indi-

cate that both the tensile strength and strain remain almost

constant up to an orientation angle of �12�, and then rapidly

increase as the orientation angle increases. This increase pat-

tern resembles an exponential growth curve in contrast to the

inverse-sinusoidal growth curve of the brittle fracture

response, resulting in a remarkable degradation of the tensile

strength in comparison with the brittle fracture case. We sug-

gested a model to explain its physical origin considering its

exceptional, highly stretched structure, which reproduced

the simulation results well. In contrast to its anisotropic frac-

ture response, graphene exhibits quasi-isotropic elastic

behavior for all tensile orientations. We found that such

anisotropic/isotropic features of fracture/elasticity are also

applicable to 2D tensile systems (indentation) but the fracture

anisotropicity is much attenuated due to the inherent sixfold-

symmetric structure of graphene. Based on the simulation re-

sults, we finally presented a numerical platform that can pre-

cisely predict the fracture behavior of graphene for a

complete range of tensile orientations under a wide range

of operating temperatures.
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