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A B S T R A C T

The feasibility of mass production of polycrystalline graphene (polygraphene) has moti-

vated intensive efforts to boost its promising applications in electronics, energy storage,

composites and biomedicine. As the grain boundaries in graphene-related 2D materials

can strongly affect their material properties and the performance of graphene-based

devices, it is highly desirable to better understand the effects of grain boundaries and make

them as stable as possible. Here we employ molecular dynamics simulation to explore the

annealing process of polygraphene and compare mechanical properties of annealed and

unannealed polygraphene to pristine graphene under the same conditions, with a focus

on the stability and energy of the grain boundaries. It is shown that the annealing process

has a strong effect on the strength and stiffness of polygraphene due to the rearrangement

and stabilization of the grain boundaries. However, our results show that irrespective of

grain size, the annealing process makes polygraphene both tougher and stiffer, with a

higher Young’s modulus, strength, and ultimate strain under a tensile test compared to

the same samples prior to the annealing process.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene, a material which has jump-started research for

many industries due to its outstanding thermal [1–4], elec-

tronic [5–7], and mechanical properties [8–10], is a fast-grow-

ing field of its own in terms of nanoscience and

nanotechnology [9]. Several techniques have been developed

to produce graphene, including mechanical or chemical exfo-

liation of bulk graphite [11–13], the ‘unzipping’ of carbon

nanotubes [14,15], and the reduction of graphene oxide

[16,17]; but one of the most commonly used processes to cre-

ate graphene is chemical vapor deposition (CVD) [1,9,18]. CVD
has many benefits over other methods in terms of quantity,

quality, and areal size of the graphene produced [18–21], but

it is common for this process to produce polygraphene

[18,21], wherein many graphene ‘grains’ of different orienta-

tion are grown into a single sheet. Polygraphene has several

physical characteristics stemming from the defects at the

grain boundaries which distinguish it from pristine graphene,

including decreased thermal [22–24] and electrical conductiv-

ity [25–28]l , lower mechanical strength [29–32]l , increased

reactivity [33], and increased flaw tolerance [34]. As producing

pristine graphene requires more cost, time, and effort than

massively producing polygraphene, there is a burgeoning
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market for graphene’s patchwork cousin, especially if the

strength, thermal, and electrical properties can be improved

and controlled [35].

Annealing is a process meant to minimize heterogenic

flaws inherent in a crystalline substance by means of heating

the material to a point where the crystalline structure is unaf-

fected but metastable configurations are able to be broken

down and realigned, and then cooling the material back to a

completely solid state with a lower total potential energy.

For polycrystalline graphene, this process grants a certain

liquidity to the grain boundaries, allowing carbon–carbon

bonds to break and reform into a more stable and robust con-

figuration. In this manner the properties of polycrystalline

graphene can be improved, as the limiting of gross defects

at the grain boundaries should grant increased mechanical

strength and limit scattering effects on its thermal and elec-

trical conductivity. However, a study of the effect of annealing

process on the mechanical properties of polygraphene is still

lacking.

In the field of nanoscale simulation, it is important for the

subject to be as similar as possible to the real object within

simulational constraints. Towards this end we offer a simple

method of generating a realistic sample of polycrystalline

graphene. As graphene is a crystalline material, simulational

samples are generated via relatively simple algorithms [36].

However, when trying to represent polycrystalline graphene

realistically this simple process becomes exponentially more

difficult, as algorithmically-generated samples may not be

stable or even feasibly formed under realistic conditions. Sim-

ulating the creation process of polycrystalline graphene also

has its own difficulties, both in terms of computational

resources and determining an appropriate potential. The

annealing process allows for algorithmically-generated sam-

ples to better emulate experimental work and become more

stable while using minimal computational resources, as

opposed to the resource-consuming task of modeling realistic

graphene grain growth.

In this work we utilize molecular dynamics simulations to

examine the effect of the annealing process on generated

polycrystalline graphene of varying grain sizes. After discuss-

ing the visual and energetic effects of the annealing process,

we turn our attention to the less immediately obvious prop-

erty of mechanical strength. For each grain size, tensile tests

are performed on both unannealed and annealed samples,

and the results compared.
Fig. 1 – Model setup of tensile test, depicted here is 6 nm

grain-sized polygraphene. The area denoted in blue is the

fixed end, the area in green is the area pulled by SMD. (A
2. Model and computational method

Molecular dynamics simulations in this work are based on the

open source code LAMMPS. Canonical ensemble Nose–Hoover

style non-Hamiltonian equations of motion with aperiodic

boundary conditions are employed to set up the simulation

system with minimal self-interference. In order to capture

the behavior of the carbon surfaces we utilize the adaptive

intermolecular reactive empirical bond order (AIREBO) poten-

tial for intra-graphene carbons as described by Stuart et al.

[37] as

E ¼ 1
2

X
i

X
j–i

XREBO

ij
þ ELJ

ij þ
X

k–i;j

X
l–i;j;k

ETORSION
kijl

h i
ð1Þ
where the EREBO
ij term is the REBO potential published by Bren-

ner et al. [38], shown as

EREBO
ij ¼ VR

ijðrijÞ þ bijV
A
ij ðrijÞ ð2Þ

where VR
ij is a repulsive term, V A

ij is an attractive term, and bij

is the environmental-dependent bond order term between

atoms which activates the attractive term only for bonded

atoms. The AIREBO potential is best suited for systems of

hydrogen and carbon, rendering the all-carbon system well

defined. Since the REBO potential only accounts for interac-

tions of atoms within two Angstroms of one another, the AIR-

EBO potential also includes the ELJ term, which is a standard

12–6 Lennard-Jones potential for distances 2 Å < r < cutoff.

The cutoff for the LJ term is set here to be 10.2 Å as a good bal-

ance between computation speed and accuracy. The AIREBO

potential also includes the ETORSION
kijl term, which is a four-body

potential describing hydrocarbon dihedral angle preference.

The AIREBO potential has previously been used successfully

in studying the properties of carbon materials, including

graphene [39–41].

The simulated sample is a 24 nm · 24 nm square sheet of

polycrystalline graphene under NVT ensemble using a

Nose–Hoover thermostat and standard velocity-Verlet time

integration with a timestep of 1 fs. The grain sizes (referred

to as g) tested in this work are (on average) 2, 3, 4, 6, 8, 12,

and 24 nm (with 24 nm grain size analogous to pristine graph-

ene). In this manner the number of grains across the sample

is an integer ranging from 12 to 1 with each sample having a

normally distributed size about the average grain size g; the

graphene grains are generated using a Voronoi cell method

[42]. In this work, the initial plane of the nanosheet is consid-

ered to be the x–y plane, and perpendicular to the nanosheet

is the z direction. The boundaries are aperiodic so as to pre-

vent interference in the sample, and a randomized initial

velocity is applied to each atom in accordance with the
color version of this figure can be viewed online.)
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Fig. 2 – Evolution of potential energy during the annealing process of 2, 4, and 8 nm and pristine graphene. The sharp valleys

are the energy minimization processes. Note that the final energy for pristine graphene is almost the same as the initial

energy, showing little change in the structure due to annealing. (A color version of this figure can be viewed online.)
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Fig. 3 – The evolution of the grain boundary energy for 2, 4, and 8 nm grain polygraphene. (A color version of this figure can be

viewed online.)
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sample temperature with sum zero linear and angular

momenta. After generation of the sample it undergoes energy

minimization following the Polak–Ribiere conjugate gradients

method until the relative energy difference between succes-

sive steps is less than 10�20.

The annealing process is as follows: for each grain size g

the energy-minimized unannealed polycrystalline graphene

sample, set to 1 K at the beginning of the simulation, is heated

to 250 K over 10 ps, and from there heated 9 more times in

increments of 250 K over 10 ps each. A second annealing pro-
cess was run using shorter steps of 250 K over 5 ps, which

resulted in a more ridged and crinkled structure, as shown

in Figs. S1 and S2 of the Supplementary material. After each

heating period the sample undergoes energy minimization

as described previously, and before the next heating cycle

the sample is given the same temperature which it had before

energy minimization was implemented. These energy mini-

mization steps are a computational convenience to assist

the system in rapidly finding the lowest energy state, such

cycles cannot of course be replicated experimentally. After
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Fig. 4 – Change in the grain boundary energy of the system for each grain, and also the change in the grain boundary energy

normalized by the approximated length of the grain boundaries in each sample. Since there are no grain boundaries in

pristine graphene, the value is undefined. (A color version of this figure can be viewed online.)
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Fig. 5 – Annealing process of polygraphene with grain size 4, shown as a potential energy map. (a) shows the sample during

the annealing process beginning at 1 K, at (b) the sample has heated to 1250 K, (c) is 1750 K, (d) is 2500 K, and then (e) shows

the sample after quenching to 1 K. (A color version of this figure can be viewed online.)
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reaching 2500 K and undergoing minimization the sample is

quenched to 1 K over 100 ps and minimized a final time. This

is the sample considered to be ‘‘annealed’’ for the proceeding

mechanical comparisons.
Before tension, the samples are completely relaxed so that

there is minimal external stress when compared to the

annealing process using periodic boundary conditions so that

the sheet is not able to contract. A comparison between the
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Fig. 6 – Close-up of a single grain during the annealing

process. This figure shows the evolution of the grain

boundaries during the annealing and quenching processes,

with areas of interest circled. Here (i) is the transition

between (a) and (b) of Fig. 3, (ii) is the (b) to (c) transition, (iii)

is the (c) to (d) transition, and (iv) is the (d) to (e) transition. (A

color version of this figure can be viewed online.)
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total prestress values for periodic and aperiodic boundary

conditions is given in Fig. S3 of the Supplementary material,

with some individual cases of the per-atom stress in Fig. S4

of the Supplementary material and the range of the per-atom

prestress given in Table S1. The prestress values are always
much lower for aperiodic boundary condition samples, and

these were the samples used in the tensile test. The tensile

test process is as follows: for both the unannealed and

annealed samples the energy-minimized polycrystalline

graphene structure is kept at 1 K using Nosé–Hoover thermo-

statting, so as to minimize the effects of the randomized tem-

perature profile. Runs done with different randomized

temperature profiles showed no difference in behavior, and

as such the effect is deemed negligible. In order to ensure

the results were not affected by limiting of kinetic energy

due to thermostatting, several test runs were performed with

no thermostatting, with results similar to the thermostatted

runs as seen in Fig. S5 of the Supplementary material. In order

to provide the tensile force to the sample one side of the sam-

ple is fixed in place, while the other is pulled using steered

molecular dynamics [43–46] using a velocity of 2.5 nm/ns

and a spring constant of 100 eV/Å2. A visualization of the

setup is given in Fig. 1, with the fixed and pulled ends colored

blue and green respectively.
3. Results and discussions

3.1. General effects of annealing

Since this paper focuses on the changes which polycrystalline

graphene undergoes during annealing, close attention will be

paid to the material over the course of the annealing process.

Fig. 2 shows the evolution of the change in potential energy of

the sample during the course of the annealing process. The

potential energy increases linearly as the temperature does

during the heating process, and then decreases linearly dur-

ing quenching. The downward spikes in the graph are the

minimization processes in between the steps, allowing for

the most favorable local structures to be found in order to

maximize the benefit of the annealing process. As illustrated

in Fig. 2, the polycrystalline graphene sample undergoes an

overall decrease in its potential energy, showing that the final

structure is more stable than the unannealed one. When pris-

tine graphene is subjected to the same process, there is

almost no change between the potential energy at the begin-

ning and end of the annealing process, as seen in Fig. 2. This

comparison demonstrates that much of the decrease in

potential energy shown in Fig. 2 takes place via the rearrange-

ment of atoms along the grain boundaries, with smaller grain

size and thus more boundary length corresponding to a larger

change in the potential energy of the system. Fig. 3 shows the

evolution of the grain boundary energy for the same samples

shown in Fig. 2. In Fig. 3 we can clearly see the grain boundary

energy decreasing during the annealing process, and then

reaching a constant value as the sample is quenched. To

make a comparison, Fig. 4 shows the overall change in the

grain boundary energy for each sample over the course of

the annealing process, as well as that value normalized by

the equation

DEGBN ¼
DEGB

LGB
ð3Þ

Here, DEGBN is the normalized change in EGB and DLGB is the

approximated total length of the grain boundaries of the
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Fig. 7 – Potential energy map of 3 nm grain polygraphene (a) before and (b) after the annealing process, and 6 nm grain

polygraphene (c) before and (d) after the annealing process. Only atoms which are part of a deviant ring are shown. (A color

version of this figure can be viewed online.)
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sample. From Fig. 4 we can clearly see that the number of

grains in each system has a large impact on the energy

change during the annealing process, highlighting the effect
of this process on the grain boundaries of polycrystalline

graphene. In order to get a closer look at the physical evolu-

tion of the grain boundaries, Fig. 5 is a potential energy map



0 0.05 0.1 0.15 0.2 0.25 0.3
0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

Strain

S
tr

es
s 

(G
P

a)

2 nm grain
3 nm grain
4 nm grain
6 nm grain
8 nm grain
12 nm grain
Pristine

0 0.05 0.1 0.15 0.2 0.25 0.3
0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

Strain

S
tr

es
s 

(G
P

a)

2 nm grain
3 nm grain
4 nm grain
6 nm grain
8 nm grain
12 nm grain
Pristine

(b) 

(a) 

Fig. 9 – Stress–strain curve for (a) unannealed polygraphene and (b) annealed polygraphene. Pristine graphene is on both

charts for reference. (A color version of this figure can be viewed online.)

344 C A R B O N 8 6 ( 2 0 1 5 ) 3 3 8 – 3 4 9
of 4 nm grain polycrystalline graphene during the annealing

process. Along the grain boundaries there is an obvious

decrease in the potential energy caused by dangling bonds,

over- and under-coordinated atoms, and strained few-mem-

ber atom rings. A close look at a single grain in Fig. 6 shows

the individual atoms rearranging during the annealing pro-

cess. In subfigure (i), we can see several instances of dangling

bonds of under-coordinated carbon atoms fusing to create a

more complete lattice structure as the sample is heated from

1 K to 1250 K. As the subject is heated further, in (ii) we see a

further decrease in the number of over- and under-coordi-

nated atoms as well as the rectification of the final 3-mem-

bered ring, in (iii) we can see the sample heating to the

maximum temperature of 2500 K and the breakdown of

unstable structures which accompanies that. In (iv) the sub-

ject is quenched from 2500 K to 1 K, and we can see the rear-

rangement of the atoms as they attain their final positions. It

is evident that the majority of few-membered rings are elim-

inated during the annealing process, with the three-mem-

bered rings shown disappearing in the early stages of the
annealing process, and over the entirety of the process all of

the many four-membered rings disappearing as well. There

is also a decrease in the number of carbons with 4 or 2 bonds,

as opposed to the general 3 bonds of the sp2 hybridized orbi-

tals of the carbons in the crystalline lattice of graphene. This

indicates that few-membered rings such as 3-member and 4-

member rings in the polygraphene are unstable and can be

eliminated via the annealing process. In order to make the

change in grain boundaries more obvious, only atoms in the

deviant rings (i.e., rings composed of more or fewer than six

carbon atoms) along the grain boundaries are shown in

Fig. 7 for both 3 nm and 6 nm grain polygraphene before

and after the annealing process. It can be seen that during

the annealing process the grain boundaries evolve towards a

lower potential energy state as well as combine to form six-

membered rings. For the purpose of illustration, the number

of deviant rings (i.e., rings composed of more or fewer than

six carbon atoms) for 6 nm grain polygraphene during the

annealing process is illustrated in Fig. 8. It can be seen that

the number of three- and four-membered rings rapidly
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decrease during the annealing process, and the number of

five-membered rings sharply increases as the atoms rear-

range. During the initial stages the total number of deviant

rings decreases, but becomes constant as the seven- and

eight- membered rings form multiple five- and six-membered

rings apiece. The increase in kinetic energy granted by the

high temperature of the annealing process allows the atoms

to move more freely around the imperfections of the crystal-

line graphene lattice caused by the grain boundaries, and

thus these atoms are likely to be in a more stable state when

frozen back in place by the quenching process. In this manner
the annealing process surely changes the mechanical proper-

ties of the polycrystalline graphene due to rearrangement of

the grain boundaries, and thus those properties need to be

tested.

3.2. Tensile test

In addition to recording the apparent changes in structure

during the annealing process, it is important to also denote

the enhancement of mechanical properties which annealing

polycrystalline graphene brings. In the tensile test, both the
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Fig. 13 – Relative strain map of the tensile dynamics of (a) pristine graphene, (b) 6 nm grain polygraphene, and (c) 2 nm grain

polygraphene at strains of 15%, 20%, 25%, and 30%. (A color version of this figure can be viewed online.)
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annealed and unannealed polycrystalline graphene samples

are subjected to the conditions described in Section 2 until

there is a distinct separation between the two ends of the

sample. The stress–strain relationships of the samples during

the process are plotted as seen in Fig. 9. Pristine graphene is
shown in parts (a) and (b) for reference as the black line,

and each of the other lines represents grain sizes of 2, 3, 4,

6, 8 and 12 nm. From this figure it is clear that the annealing

process has a profound effect on the mechanical strength of

polycrystalline graphene, as the unannealed samples in part
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(a) are overall much lower in terms of both strength and ulti-

mate strain reached, while the more mechanically stable

annealed samples in part (b) are also more clearly defined

from each other, demonstrating that much of the failure

mechanism in the unannealed samples can be traced back

to the defective grain boundaries rather than the size or num-

ber of the grains. For reference purposes our values are of a

similar magnitude to tests done at 300 K [47], though as crys-

talline materials at 1 K our samples have far less random

thermal energy, leading to a higher stress and strain before

rupture.

To better elucidate the results of Fig. 9, the data has been

compiled into an easier-to-read format in the next two fig-

ures. Fig. 10 is the integration of the stress–strain curves seen

in Fig. 9, which is the toughness of each sample, a useful sta-

tistic for measuring the energy absorbed by the sample before

failure. As is quite clear from the graph, smaller grain sizes for

both the annealed and unannealed samples are tougher, but

there is a clear increase in toughness due to the annealing

process. In fact, almost all of the annealed samples exhibit

a larger toughness value than that of pristine graphene,

whereas every unannealed sample exhibits a lesser tough-

ness. In addition, Fig. 11 illustrates the change in strength

and ultimate strain as a function of grain size, and also com-

pares both annealed and unannealed polycrystalline graph-

ene. There is a clear difference in both the strength and

ultimate strain of the annealed and unannealed samples,

demonstrating the effectiveness of the annealing process in

improving the mechanical properties of polycrystalline

graphene. In addition, there is a mild increase in strength

and strain as grain sizes decrease, similar to the bond-break-

age mediated pseudo Hall–Petch effect discussed by Song [48].

Due to the irregular grain shapes here, the empirical relation-

ship between grain size and dislocation buildup is very diffi-

cult to quantify, but the aggregation of defects and pre-

stress pileup (see Fig. S4 of the Supplementary material) is

still along the grain boundary which plays an important role
(e) (f)

(a) (b)

10 nm

Fig. 14 – Close-up of the fracture process for 6 nm grain polygrap

the fracture propagation, and (h) is the sample after complete fr
in the overall strength of polygraphene. The failure of poly-

graphene in our model stems from the bond breakage around

the junction of grain boundary (see Fig. 14). In this case, the

propagation of bond breaking is limited and influenced by

the pre-stress pileup of the material (Figs S3 and S4,

Table S1 of the Supplementary material); the grain boundaries

show compressive pre-stress which initially acts as a counter

to tensile stress, which is exhibited clearly for both annealed

and unannealed samples, indicating that the actual boundary

makeup and stability plays little role here. This cancelation

effect can result in the mild increase in the overall strength.

Furthermore, Fig. 12 shows the increase in the Young’s mod-

ulus, taken as the slope of the initial linear portion of the

stress/strain curve, as the size of the grains increases. This

effect is due to the increased stiffness which comes from

the corresponding decrease in the number of grain bound-

aries, until the final value of �1 TPa for pristine graphene with

no grain boundaries. The unannealed polycrystalline graph-

ene demonstrates a markedly lower Young’s modulus than

the annealed samples with the same grain size, due to the

imperfections and unstable grain boundaries of the former.

From Fig. 12 alone we can see the clear increase in stiffness,

along with the increase in strength from earlier, which the

annealing process grants to polycrystalline graphene.

To give an illustration of the tensile process, in Fig. 13(a)

we see a relative strain map of pristine graphene at an angle

of 8.2� off of zigzag chirality. A random chirality is chosen for

the pristine sample to make comparison with the polycrystal-

line samples, in which the chirality of each grain is chosen

randomly, more valuable. Values of Young’s modulus and

Poisson’s ratio are insensitive to chirality, and under small

deformations graphene can be considered isotropic [49]. How-

ever, at large deformations we can see the effect of having a

non-orthogonal chirality during mechanical tests. At 15%

and 20% strain the pristine graphene shows severe wrinkling

and strain in the corners of the sample due to the non-sym-

metry of the lattice across the force direction. A different
(d)

(g) (h)

(c)

hene; (a) is the sample just before fracture initiation, (b–g) is

acture. (A color version of this figure can be viewed online.)
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phenomenon can be seen in Fig. 13(b), which demonstrates

the failure of 6 nm grain annealed polycrystalline graphene,

and failure generally occurs along the grain boundaries of

the sample. A similar but more extreme example is shown

in the relative strain map of Fig. 13(c), which illustrates the

tensile test and sample failure of 2 nm grain annealed poly-

crystalline graphene. The grain boundaries present in the

polycrystalline graphene allow for more degrees of freedom

during the tensile process, and as the 2 nm grain polycrystal-

line graphene has more grain boundaries than the 6 nm grain

it is able to deform to a greater degree before large defects and

final failure appear in the sample. It can be seen from the dif-

ferences in both the stress/strain curves and illustrations of

the fracture behavior that a decrease in the size of the grains

in polycrystalline graphene causes its behavior to acquire

semi-ductile properties when compared with the entirely

brittle failure of pristine graphene.

A close look at the fracture process of 6 nm polycrystalline

graphene is shown in Fig. 14, wherein the fracture initiation

and propagation are demonstrated. In part (b) we can see

the fracture initiation along the center of one of the grain

boundaries, as the grain boundaries are the weakest part of

the lattice and thus most prone to fracture [48]. During the

crack propagation of parts (c–e), we can see the fracture trac-

ing the grain boundaries up and down, following a path of

least resistance during the rupture. At the bottom of part (f)

in Fig. 14, we can see the fracture deviating from the grain

boundary to propagate across the grain itself, with a similar

phenomenon happening at the top of part (g). From these

we see that the proclivity for the fracture to follow the grain

boundary is deterred by cases where the fracture is traveling

rapidly and the grain boundary makes a sharp angle to the

line of fracture. From these results we can conclude that,

while grain boundaries are important places for the initiation

of fractures due to the imperfections in lattice structure, frac-

ture mechanics do not necessarily trace the grain boundaries

during sample failure.
4. Concluding remarks

In this work we have shown the effect of annealing on a poly-

crystalline graphene structure both in structure and mechan-

ical properties. Our tensile test indicates that a decrease in

grain size in polycrystalline graphene at this scale leads to

both increased toughness and decreased Young’s modulus,

and our mechanical values conform to those demonstrated

in previous works [50]. We have demonstrated that annealing

is not only an important process to make the most stable

structures experimentally, but also to make the most realistic

structures computationally. With our work we hope to

encourage rapid, low-cost annealing processes in order to find

the most beneficial manner in which to utilize polycrystalline

graphene, the preparation of which is much more cost- and

time-efficient than that of pristine graphene.
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