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ABSTRACT

One of the characteristics of polycrystalline graphene that determines its material properties is grain size. Mechanical proper-

ties such as Young’s modulus, yield strain and tensile strength depend on the grain size and show a reverse Hall-Petch effect at

small grain size limit for some properties under certain conditions. While there is agreement on the grain size effect for Young’s

modulus and yield strain, certain MD simulations have led to disagreement for tensile strength. Song et al. showed a decreasing

behavior for tensile strength, that is, a pseudo Hall-Petch effect for the small grain size domain up to 5 nm. On the other hand,

Sha et al. showed an increasing behavior, a reverse Hall-Petch effect, for grain size domain up to 10 nm. Mortazavi et al. also

showed results similar to those of Sha et al. We suspect that the main difference of these two inconsistent results is due to the

different modeling. The modeling of polycrystalline graphene with regular size and (hexagonal) shape shows the pseudo Hall-

Petch effect, while the modeling with random size and shape shows the reverse Hall-Petch effect. Therefore, this study is con-

ducted to confirm that different modeling is the main reason for the different behavior of tensile strength of the polycrystalline

structures. We conducted MD simulations with models derived from the Voronoi tessellation for two types of grain size distribu-

tions. One type is grains of relatively similar sizes; the other is grains of random sizes. We found that the pseudo Hall-Petch

effect and the reverse Hall-Petch effect of tensile strength were consistently shown for the two different models. We suspect that

this result comes from the different crack paths, which are related to the grain patterns in the models.
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1. Introduction

raphene has been investigated for its superior material

properties using various experimental and theoretical

methods.1) Among these, mechanical properties such as

Young’s modulus, tensile strength and fracture strain have

been investigated mainly by molecular dynamics (MD) cal-

culation. Single crystal properties are rather well examined

by MD study2) as well as quantum mechanical study using

ab initio calculation.3) However, in reality, polycrystalline

models are of more interest because fabrication methods

such as CVD naturally produce polycrystalline microstruc-

tures.

There have been some studies on the mechanical proper-

ties of polycrystalline graphene by MD.4-8) They calculated

values for the various mechanical properties and investi-

gated the dependence of those properties on the grain size

in order to observe a Hall-Petch effect or reverse Hall-Petch

effect in a wide range of grain size. They used either the

Tersoff potential or the AIREBO potential to describe the

empirical interatomic potential between carbon atoms, and

conducted tensile simulation, usually at room temperature

(T = 300 K).

Among these studies, there is agreement on the grain size

behavior regarding Young’s modulus and fracture strain.

As the grain size increases, Young’s modulus increases and

the fracture strain decreases. However, there is a disagree-

ment regarding tensile strength or UTS (ultimate tensile

strength). In Song et al.’s study,4) the UTS showed decreas-

ing behavior as the grain size increased, which is the Hall-

Petch effect. On the other hand, from other studies,5,6,8) the

UTS showed an increasing behavior as the grain size

increased, which is the reverse Hall-Petch effect. We sus-

pect that the main difference between these results might

be the size and shape of grains in the models. In the model

showing the Hall-Petch effect, the size and shape of grains

are rather uniform, but in the model showing the reverse

Hall-Petch effect, the size and shape are not uniform.

Therefore, the different behavior of UTS may come from

the regularity of size and shape of grains. It is necessary to

check whether the regularity of size or shape can cause

such different behaviors.

In this study, we investigated mechanical properties such

as Young’s modulus, fracture strain and UTS for various

grain sizes. We performed tensile deformation for the poly-

crystalline model and obtain the grain size behavior of the

mechanical properties. For models with a given (averaged)

grain size, MD simulations for a few random samples are

done for models both with regular sized grains and with

random sized grains.
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2. Simulation Models and Method

2.1. Modeling

Modeling of polycrystalline graphene was done by Voro-

noi tessellation method. Each seed is located at the center

of each grain and each grain has the form of a polygon, usu-

ally with 5 - 8 edges. In general, we choose positions of

seeds randomly without any constraint for Voronoi tessel-

lation. Then, the sizes and shapes of the grains are arbi-

trarily selected as shown in Fig. 1(a).

However, one may want rather uniform sizes of grains; it

is possible to make grains size uniform in Voronoi tessella-

tion. We simply apply a constraint when we choose the

positions of seeds in the grains. That is, we put a minimum

distance between two seeds of grains; this distance is 2r (r:

radius of an imaginary circle with area identical to that of

the grain). Then, every grain has size larger than 2r. If we

choose an r value that is large enough, we have a rather

uniform size of grains, as shown in Fig. 1(b). In Fig. 1(a)

and (b), all grains have different crystal orientations and

there is almost no gap between the grains.

The size of each grain is calculated as the diameters of

circles that have the same number of atoms as the grains

have. Since we have fixed the model size at 50 nm × 50 nm,

the grain size can be determined by the number of grains.

Fig. 2 shows the grain size distributions of polycrystalline

samples with random sized grains and with regular sized

grains for the models with 32 grains and 256 grains. Here,

to achieve better statistics, we generated five different sam-

ples for each case. While the distributions are spread with

long tails for the random size cases, the distributions are

shown as rather sharp for the regular size cases; they could

be even sharper by adjusting 2r. If the grain number is

smaller than 32, the statistical error is too large, and there-

fore we performed the simulations for grain numbers equal

to or larger than 32. Since the model size is fixed, the larg-

est grain size is 5 nm, which is different from our previous

study.8)

2.2. Calculation Method

For the prepared polycrystalline models, we performed

Fig. 1. Modeling of polycrystalline graphene (model of 32
grains) by Voronoi Tessellation (a) with random sized
grains (b) with regular sized grains.

Fig. 2. Grain size distributions of polycrystalline graphene
with random sized grains and with regular sized
grains; five samples are used for each case: (a) for 32
grains (b) for 256 grains.
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tensile deformations in the x direction. We used the NPT

ensemble and the Tersoff potentials rather than the

AIREBO potential, which was used in our previous study.8)

Initially, the model was relaxed for 100 picosecs and then

was deformed at a strain rate of 109 sec−1 and at room tem-

perature (300 K). We employed an MD simulator for large

atomic and molecular systems, LAMMPS.9)

Since we fixed the model size at 50 nm × 50 nm, the grain

size was determined by the number of grains, as mentioned

earlier. The number of grains was in the range of 32 to 512,

and hence the grain size was in the range of 1.25 ~ 5 nm.

For each size, we made five random samples and conducted

the simulations for random sized grains and for regular

sized grains.

3. Results

3.1. Tensile Deformation

Figure 3 shows before fracture (a, c) and fracture

moments (b, d) for the tensile deformations of polycrystal-

line graphene with 32 grains with regular sized grains in

(a, b) and with random sized grains in (c, d), respectively.

For both cases, the crack initiations originated from the

grain boundaries, where the atoms were excited with high

strain energy under the deformations. These cracks can

propagate mainly through the grain boundaries until they

percolate in the vertical (y) direction, which is orthogonal to

the applied tensile (x) direction. However, more than one

crack initially exists for the random sized grains shown in

(a), and there are more cracks propagating into the inside

of the grains for the random sized grains (b) than for the

regular sized grains (d). Also, the crack structure is more

complicated for the random sized grains, while the crack

percolates in a rather simple way for the regular grains.

Stress vs. strain curves for tensile deformation for a few

grain sizes (or number of grains) are shown in Fig. 4. The

random sized grains are shown in (a) and the regular sized

grains are shown in (b). Initially, the slope is small and

gradually becomes larger to reach its maximum value at

strain values of 0.02 ~ 0.05 for all cases in (a) and (b). The

reason for this gradual increase of the slope can be inter-

preted as the stretching of wrinkles that occurs near the

grain boundaries.5) As the grain number increases, that is,

as the grain size decreases, the domain of the slope change

becomes wider because the smaller grain size case has

more grain boundaries and wrinkles. 

As the grain number increases, the slope will decrease

regardless of the strain domain that determines it (corre-

spondingly, grain size decreases) for both (a) and (b). Frac-

ture strain also increases for both cases, but fracture strain

for regular sized grains in (b) increases more than it does

for the random sized grains in (a). UTS is shown to decrease

for random sized grains in (a), while it is shown to increase

slightly for regular sized grains in (b).

3.2. Young’s Modulus, Fracture Strain and UTS

From the stress vs. strain curves in Fig. 4, we can calcu-

late the Young’s modulus, fracture strain and UTS for each

grain model with different grain sizes. As mentioned ear-

lier, there are five random grain models for each grain size.

Calculations are done both with the random sized grains

Fig. 3. Before fracture and fracture moments for tensile
deformation of polycrystalline graphene of 32 grains:
(a, b) with random sized grains, (c, d) with regular
sized grains (color denotes different grains). 
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and with the regular sized grains. Fig. 5 shows Young’s

modulus vs. grain size both with random sized grains and

with regular sized grains. Young’s modulus was taken as

the slope of the stress strain curve in the strain domain

between 0.05 and 0.10 in Fig. 3. Young’s modulus increases

as the grain size increases. The value of Young’s modulus

was in the range of 600 ~ 850 GPa for the grain size of 1 ~ 5

nm, which is very similar to the results of Song et al..4)

Young’s modulus of single crystalline graphene is reported

to be around 1 GPa.2,3) In general, Young’s modulus of poly-

crystals for most materials is somewhat smaller than that

of single crystalline. Hence, even for very large grain size,

Young’s modulus of polycrystals might be under 1 GPa.

Figure 6 shows the curves of fracture strain vs. grain size

for both with the random sized grains and with the regular

sized grains. As the grain size increases, the fracture strain

decreases for both with the random sized grains and with

the regular sized grains. This decrease of fracture strain is

shown to be faster for the regular sized grains than for the

random sized grains. There are more deviations of the

grain sizes and more small grains exist for the models with

the random sized grains. Then, even for the case with large

average grain size, there exist more wrinkles to be stretched

and, hence, decrease of fracture strain is slower for the ran-

dom sized grains.

In Fig. 7, although it can be seen that there is non-negli-

gible fluctuation, UTS increases for the random sized

model as the grain size increases. However, in the present

study, UTS for the regular sized model seems to decrease

slightly or remain nearly constant; further study may be

required to clear up this matter. Therefore, both the reverse

Hall-Petch effect and the Hall-Petch effect can be seen to

appear, which agrees with previous results.4-6) For regular

sized grains, it is easier to find crack paths and the cracks

propagate through the grain boundaries as shown in Fig. 3.

As the grain size increases, the crack paths may become

somewhat simpler; that is why the UTS slightly decreases.

On the other hand, for the random sized grains, it is not

simple to find the crack paths through the grain boundary,

and hence the cracks propagate inside the grains. As the

grain size increases, there are still small grains and the

Fig. 4. Stress strain curves of polycrystalline graphene for
various numbers of grains: (a) with random sized
grains, (b) with regular sized grains.

Fig. 5. Young’s modulus vs. grain size of polycrystalline
graphene with random sized grains and with regular
sized grains.

Fig. 6. Fracture strain vs. grain size of polycrystalline
graphene with random sized grains and with regular
sized grains.
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crack paths become more complicated, unless they propa-

gate into the inside of the grains. This may explain the

increasing behavior of UTS in this case.

4. Conclusions

In this study, we have investigated the effect of grain size

distribution on the mechanical properties of polycrystalline

graphene. We calculated the Young’s modulus, fracture

strain and UTS for models with random sized grains and

with regular sized grains. As the grain size increases,

Young’s modulus increases, as expected. Therefore, there is

no dependence of grain size distribution for Young’s modu-

lus. However, there is grain size distribution dependence

for other quantities. The effect of the grain size on the frac-

ture strain is differently determined for the two cases: the

fracture strain of the regular sized grains shows higher cor-

relation with the grain size than does that of the random

sized grains. Furthermore, the grain size behaviors of UTS

are also different for the two cases: the regular sized grains

show the Hall-Petch effect but the random sized grains

show the reverse Hall-Petch effect. We suggest that the dif-

ference may come from crack paths, which are differently

generated for the different grain size distributions.
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