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We show that, using molecular dynamic simulations, nanocrystalline (NC) graphene fails by brittle

fracture along grain boundaries under uniaxial tension at room temperature. Initiated from either a

grain-boundary triple junction or an array of vacancies on a preferential grain boundary, fracture

occurs by unzipping atomic bonds along a preferential grain boundary. In sharp contrast to NC metals,

no mobile dislocations are generated throughout the entire loading process, and the deformation

remains fully elastic (albeit nonlinear) until the breaking of the first atomic bond due to high local

stress near the initiation defect sites. Breaking of the first atomic bond triggers a cascade of bond

breaking events along a preferential grain boundary that leads to the final brittle fracture failure. For

the NC graphene monolayer sheet with an average grain size of�25 nm considered here, the predicted

uniaxial tensile strength is 96.2 6 4.2 GPa, which is one of the highest among all polycrystalline

materials. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4793088]

Graphene, a monolayer atomic thin crystal arranged in a

two-dimensional honeycomb lattice of carbon, is one of the

thinnest materials ever synthesized. It exhibits intriguing

electronic,1 thermal,2,3 magnetic,4 optical,5 and mechanical

properties.6 Recent experiments have shown that single layer

graphene sheet synthesized by chemical vapor deposition

(CVD) method contains grain boundaries (GBs), owing to

the fact that metallic foil serves as a nucleation site for indi-

vidual grains of graphene.7 Although the GB structure has

been studied by several researchers experimentally8,9 and

theoretically,10 the mechanical properties and failure mecha-

nisms of polycrystalline graphene have not been studied

experimentally, partially because of the difficulties involved

in conducting in situ microscopy to observe the microstruc-

ture evolution during deformation and failure.

On the other hand, molecular dynamics (MD) simulations

provide an excellent tool to reveal deformation mechanisms

and to study mechanical response of materials in various

nano-scale systems.11–14 Several researchers have used MD

simulations15–17 to study various types of point defects in sin-

gle crystalline graphene. Simulations on crack tip stability

showed that brittle fracture of pristine graphene is governed

by the competition between bond breaking and bond rotation

at a crack tip.18 However, very little attention has been given

to line defects such as GBs and their effects on polycrystalline

graphene sheets. Recent study19 showed that the fracture

behavior of nanocrystalline (NC) graphene nanostrip can

become flaw insensitive below a critical length scale.

To understand the atomistic level microstructure of GBs

and their influence on the deformation and failure of poly-

crystalline graphene, we have conducted a comprehensive

study on deformation response of polycrystalline graphene

sheets using MD simulations. The relevant work has been

recently focused on the mechanical response of tilt GBs in

bicrystal graphene sheet under uniaxial tension,17 where it

was found that not only high-angle tilt GBs stronger than

low-angle ones, they are almost as strong as the pristine

(single crystal) graphene.17 Our recent study20 showed that

the ultimate strength of symmetric tilt bicrystal has weak de-

pendence on tilt grain boundary angle and cleavage brittle

deformation mechanism along GB was revealed. In the pres-

ent study, we focus on polycrystalline graphene with grains

of nano-size, with emphasis on triple junction effects on the

mechanical properties.

To model polycrystalline graphene, a MD simulation

cell of 120 nm� 120 nm was created. The cell consists of 25

randomly oriented grains and 545 000 atoms. The grain

structure was constructed by Voronoi tessellation. For each

realization of the grain structure, 25 grain centers were

seeded randomly within the simulation cell, and a crystallo-

graphic orientation was also randomly assigned to each

grain. The crystallographic orientation of each grain is

defined by the angle h between an armchair direction and the

x-axis (horizontal direction), see Fig. 1(a). For this purpose,

the armchair direction that forms the smallest angle with the

x-axis was used. Since graphene has six-fold rotation sym-

metry, the grain orientation h is thus within the range of

(�30�, 30�). The grain boundaries were formed by deleting

atoms that are closer than 1.7 Å to any adjacent atom in the

neighboring grain. The choice of 1.7 Å was based on our nu-

merical experimentation showing that system with GB atoms

packed closer than 1.7 Å are unstable under NPT ensemble

(P¼ 0 and T¼ 300 K).

Different initial seeding of the 25 grain centers and their

crystallographic orientations yields different realizations of

the grain structure of the simulation cell. All the realizations

have the same average grain size. The grain structure of one

such realization (sample I) is shown in Figure 1(a). The

same for other realizations, samples II and III are shown in

Fig. S1.38 The distributions of grain size and orientation in

sample I are shown in Figures 1(b) and 1(c), respectively.

The grain size is defined as the average of the largest and

smallest dimensions of the grain. It is seen from Figure 1(b)
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that the grain size distribution for sample I resembles a

Gaussian, and the average grain size is �25 nm, very close

to the theoretical value of 24 nm. The grain orientation

shown in Figure 1(c), although not fully random because of

the limited number of grains, does indicate that there is no

preferred orientation. In fact, the sum of all the angles gives

�5.8�, which is pretty close to the expected value of 0� for a

fully random distribution of the grain orientation. A grain

boundary is better characterized by the misorientation angle

between the two adjacent grains, which is defined as the

smallest angle between the armchair directions of the two ad-

jacent grains. Therefore, the grain misorientation angle can

vary between 0� and 30�. A histogram of the grain misorien-

tation angle for sample I is shown in Figure 1(d). Again, it is

seen that the misorientation angle does not have a preferred

value. These plots show that sample I has a Gaussian distri-

bution of grain size with its mean value around 25 nm. The

grain orientations are rather random. Samples II and III show

similar characteristics.

The reactive empirical bond order (REBO) potential21

was used for the MD simulations. The REBO potential has

been shown to accurately capture the bond-bond interaction

between carbon atoms as well as bond breaking and bond

reforming.21,22 When the fracture process is of interest, the

interaction cutoff radius must be selected carefully to avoid

the spuriously high force arising from improper cutoff ra-

dius. In this work, we set the cutoff radius to be 2.0 Å as sug-

gested in Ref. 23.

In a recent transmission electron microscopy study,

Huang et al.7 investigated the atomistic structure of GBs in

polycrystalline graphene. They found that these GBs are tilt

boundaries consisting mainly pentagon–heptagon pairs of

C-rings. The GBs in our MD simulation cell do seem to

resemble the ones observed experimentally. For instance, the

most common GBs consist of repeating pentagons-heptagons

pairs (5–7 pairs) that are separated by several hexagonal

rings. A typical example is shown in Figure 2(a), where sev-

eral of such pentagons-heptagons pairs are seen along a title

boundary.

In addition to the pentagons-heptagons pairs, vacancies

are also present on GBs. Here vacancies are defined as points

where at least one atom has a coordination number less than

3. Trip junction (TJ) is another typical line defect in poly-

crystalline materials. TJs in a polycrystalline microstructure

correspond to one-dimensional regions of space where three

grain boundaries meet. Such structures are found in any pol-

ycrystalline materials and therefore are expected to play an

important role in the structure evolution and the overall me-

chanical properties. A TJ in sample I is shown in Figure

2(b), where significant vacancies and voids are present. This

is consistent with experimental observations. As will be

shown in the following paragraph, TJs tend to be the prefer-

ential sites for crack nucleation.

To simulate the mechanical behavior, the fully relaxed

simulation cell was subjected to a uniaxial tensile loading of

constant strain rate. A combination of a Nos�e-Hoover thermo-

stat and a Parinello-Rahman barostat24 was utilized. For con-

venience, the uniaxial loading was applied in the x-direction.

The graphene was placed in the xy-plane. During the simula-

tion, the simulation cell was maintained stress-free in the

FIG. 1. (a) Grain structure of sample I.

The 120 nm� 120 nm simulation cell has

25 randomly oriented grains and 545 000

atoms. Atoms are colored according to

their coordination numbers. The armchair

direction that forms the smallest angle

(mis-orientation angle) with the horizon-

tal axis is marked by a red line for each

grain. Histograms of grain size and mis-

orientation angles are shown in (b) and

(c), respectively. A histogram of relative

angles between adjacent grains is shown

in (d). The average grain size is 25 nm.
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y- and z-directions. The uniaxial strain was applied by uncou-

pling the unit cell vector along the loading axis from the dy-

namics and extending the cell size during the simulation

according to the applied strain rate. Such a loading scheme

has been utilized in our previous work for NC Cu (Ref. 13)

and Ni.25 Most of the results reported here are for the strain

rate of 1� 109 s�1. Although the rate is orders of magnitude

higher than the strain rate used in a typical experimental

tensile test, computational resources limited our ability to sim-

ulate the deformation at a much lower strain rate.

The stress-strain curves of three NC graphene samples

(realizations) are shown in Figure 3. For comparison, the

stress-strain curve of a pristine (single crystal) sample uniax-

ially loaded along one of its armchair directions is also

shown in Figure 3. The engineering strain and Cauchy stress

are used. In calculating the Cauchy stress, it is assumed that

the thickness of the graphene remains at the nominal thick-

ness of 0.34 nm during the deformation process, while the

width (y-direction) is allowed to shrink freely. It is seen from

Figure 3 that, for all the samples, the stress-strain relation-

ship remains linear up to �5%, and becomes nonlinear

beyond 5%. The polycrystalline samples all fail between 15

and 17% strain with ultimate strength between 92 and

100 GPa. The single crystal pristine sample, on the other

hand, has a much higher failure strain of �24% and ultimate

strength of �137 GPa. Interestingly, at about 16% strain

when the NC samples start to fail, the stress-strain curve of

the single crystal sample shows a precipitous drop.

Based on the linear portion of the stress-strain curve,

Young’s moduli of the polycrystalline and single crystal

samples at 300 K are estimated to be 0.85 6 0.01 TPa and

0.95 6 0.01 TPa, respectively. Our modulus for the single

crystal sample is in good agreement with experiments6 and

numerical calculations.22,26 For example, the experimental

value reported by Lee et al.6 is 0.98 6 0.1 TPa. Various

ab initio calculations on graphene reported the Young’s

modulus values of 1.11 TPa27 and 1.24 6 0.01 TPa,28 and

the semi-empirical non-orthogonal tight-binding (TB)

method by Hernandez et al.29 reported 1.206 TPa. Note that

all these density functional theory (DFT) calculations are

done at 0 K. Since Young’s modulus generally decreases

with increasing temperature, it is expected that modulus at

300 K is somewhat lower than that at 0 K.

By calculating the shrinkage in the y-direction, the

in-plane Poisson’s ratio can also be estimated. Our results

show that the Poisson’s ratio for the polycrystalline graphene

is 0.12 6 0.02. We are not aware of any other (experimental

or numerical) reported data on the Poisson’s ratio.

As Figure 3 shows the ultimate strength of single crystal

graphene is about 137 GPa. This is somewhat higher than

the ab initio result of 120 GPa,26 but agrees well with the ex-

perimental measurement6 of 130 6 10 GPa. The ultimate

strength of the polycrystalline graphene shown in Figure 3 is

96 6 4 GPa. Our recent MD study,20,30 however, did show

that the ultimate strength of tilt GB in graphene ranges

between 145 and 180 GPa depending on the title angle. The

flat symmetric tilt GBs, all of which consists of pentagon-

heptagon rings and no vacancies, as expected show higher

ultimate strength than the NC graphene studied here.

Another observation can be made from Figure 3 is that

stress-strain curves of the three samples, i.e., three realiza-

tions of the random grain structure, are almost identical

before failure, and the ultimate strength among the three

samples differs by less than 5%. This is a convincing evi-

dence that our sample size is sufficiently large to be statisti-

cally representative.

To understand the various deformation mechanisms

involved in the entire tensile deformation process, we have

examined the microstructure at different stages of deforma-

tion. The movie of the microstructure evolution for samples I

and II are shown in movie S1 and S2 (enhanced online),

respectively, in the supplemental material.38 Some snapshots

of the movie are shown in Figures 4(a)–4(e) for sample I. It

is seen from these snapshots that, in sharp contrast to NC

metals, there is no dislocation activity at all in the

FIG. 2. Details of GB microstructure. (a) A typical GB structure consisting

of pentagon and heptagon pairs (5–7 pairs). (b)–(d) showing a variety of

defects such as vacancies and nano-voids segregated at the GB triple junc-

tions. The fully coordinated C-atoms are shown in green color while the pen-

tagon and heptagon pairs are in red. Atoms with coordination of 2 or less are

in brown color. Relative angles between adjacent grains are marked by the

cross lines. The scale bar is 2 nm.

FIG. 3. Uniaxial tensile stress-strain curves of graphene samples at

T¼ 300 K and a strain rate of 1� 109 s�1. The resulting Young’s modules

and Poisson ratio are 0.85 6 0.01 TPa and 0.12 6 0.02, respectively, for the

NC samples.
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polycrystalline graphene throughout in the entire deforma-

tion process. Such an observation suggests that dislocation-

mediated plastic deformation does not occur in NC graphene.

Although the pentagon-heptagon pairs could be viewed as

dislocations31 in graphene, they are immobile when subject

to stress and thereby cannot serve as plasticity carrier as in

crystalline metals.32–34

Figure 4 also shows that failure in sample I is caused by

a nano-crack nucleated at the triple junction at the strain of

�15.7%, at which point the total stress reaches its maximum

(96.2 GPa). Further increase in the applied strain leads to

crack growth along a GB. We note that the crack propagates

very fast. It takes only 4.0 ps from crack initiation to the final

failure of the entire sample. This corresponds to a crack-tip

speed of about 7000 m/s, close to the shear wave speed in

graphene (
ffiffiffiffiffiffiffiffi
l=q

p
, where l is the shear modulus and q is the

mass density).

Selected snapshots of the microstructure evolution in

sample II are shown in Figures 4(e)–4(h). Here, we observe

a somewhat different scenario. First, a row of nano-size

voids are nucleated from the vacancies along a GB. Then, as

the loading increases, these voids perforate the GB and coa-

lesce into a GB crack. Finally, further increase of the load

leads to facture of GB crack through the sample. Again, the

entire process from initiation of voids to final fracture occurs

almost instantaneous (in less than 2 ps).

Combining the observations of the microstructure evolu-

tion in both samples I and II, we conclude that failure is

caused by the local stress at the initiation sites that has

reached the C-C bond strength in graphene. Once one bond

breaks, the released stress from this broken bond increases

the stress on the neighboring bonds, which may then break.

This process may continue and causes a cascade of bond fail-

ure, which leads to the final fracture failure of the sample.

Since bond breaking is a localized failure, and the stress con-

centration near the broken bond cannot be effectively redis-

tributed because of the graphene’s inability to nucleate

mobile dislocations, the cascade of bond failure becomes

almost instantaneous leading to the brittle failure as observed

in our MD simulations. Obviously, the observed intergranu-

lar fracture is the results of not being able to accommodate

plastic deformation such as dislocation slip between contigu-

ous grains and the lower cleavage strength of GBs due to GB

defects such as the pentagon-heptagon pairs. Although the

microstructure feature of crack initiation is somewhat differ-

ent between samples I and II, the mechanism for crack

growth and final failure is the same for both samples, i.e.,

cascade of bond failure without plasticity. Consequently,

they show about the same ultimate strength (<5% difference

due to the different initial grain structures).

To further confirm that failure is indeed caused by

stress-induced bond breakage instead of dislocation-

mediated plasticity, we have calculated the atomic-level

Virial stress. Figure 5 shows the atomic-level Virial stress in

the loading direction at different level of applied strain. It is

seen that the stress is rather uniform throughout the entire

sample up to about 15% of applied strain. At 15.7% of

applied strain, a crack starts to initiate from a triple junction,

where the local stress has reached almost 150 GPa, while the

average stress over the nearby GB region is about 140 GPa,

and the stress in the grain interior elsewhere is about 80 GPa

almost uniformly. The high stress at this initiation site breaks

a C-C bond. This immediately starts a cascade of bond

breaking events along a GB to form a visible crack, which

propagates quickly to fail the sample. We note that the stress

needed to break a bond in this case is about 150 GPa. This is

consistent with the ultimate strength of a pristine (single

crystal) graphene, see Figure 3, indicating that failure is

indeed caused by breaking of the C-C bond.

Another interesting observation is that the stress in the

cracked region becomes almost zero as soon as the crack tip

passes, while the stress remains spatially uniform away from

the crack. Such localized failure phenomenon seems to indi-

cate that the microstructure of polycrystalline graphene is

very inefficient in redistributing the stress spatially.

Grain rotation is an important mechanism of plastic de-

formation in polycrystalline metals.35–37 To investigate

whether grain rotation occurs in NC graphene, we also moni-

tored the crystallographical orientation each grain through-

out the deformation process. We found no evidence of any

grain rotation in that all the grains remain pretty much the

same orientation throughout the entire loading process.

In conclusion, by using MD simulations, we showed

that, under uniaxial tension, NC graphene fails by brittle

FIG. 4. (a)–(d) Snapshots of the microstructure to show the unzipping mech-

anism leading to brittle intergranular fracture. No significant out-of-plane

displacement is observable. The arrow indicates the unzipping direction.

(e)–(h) show the perforation mechanisms of separate nano-voids that cause

the spontaneous initiation of crack in sample II. The color rendering scheme

is the same as in Fig. 2. The scale bar is 1 nm.
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fracture along preferential grain boundaries. Fracture typi-

cally nucleates from a GB triple junction, or from an array

of vacancies on a preferential GB. In either cases, crack

growth is induced by localized stress concentration that

breaks the atomic bond. Breaking of the first bond triggers

a cascade of bond breaking events along a preferential GB,

leading to brittle fracture of the sample under load. During

the entire deformation and failure process, no mobile dislo-

cations are generated, and no plastic deformation occurs, so

the deformation is entirely elastic (albeit nonlinear) up to

the eventual brittle fracture. The predicted 16% elastic

strain in polycrystalline graphene is probably the highest

elastic strain observed in polycrystalline materials (metals

and ceramics).

The predicted brittle failure through unzipping of atomic

bonds along GBs is consistent with some recent experimen-

tal observations where fracture is typically observed along

GBs. The elastic modulus and the ultimate strength predicted

from our MD simulations are also in good agreement with

experimental and ab initio results available in the literature.

We gratefully acknowledge for the use of QUEST clus-

ter at Northwestern University.
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FIG. 5. The evolution of atomic-level stress component

in the loading direction. At the initial state of zero applied

strain, the residual stress in the sample is fairly small.

The atomic-level stress at the GB triple junction where

crack nucleates (pointed by an arrow) is found to have

the highest local stress at a strain of 0.157. The stress

near the GB reduces to almost zero once the crack tip

passes through. The scale bars shows the different scales

used in these graphs.
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