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We present molecular dynamics simulations of monolayer graphene under uniaxial tensile loading. The
Morse, bending angle, torsion and Lennard-Jones potential functions are adopted within the mdFOAM
library in the OpenFOAM software, to describe the molecular interactions in graphene. A well-validated
graphene model using these set of potentials is not yet available. In this work, we investigate the ac-
curacy of the mechanical properties of graphene when derived using these simpler potentials, compared
to the more commonly used complex potentials such as the Tersoff-Brenner and AIREBO potentials.
The computational speed-up of our approach, which scales O(1.5N), where N is the number of carbon
atoms, enabled us to vary a larger number of system parameters, including graphene sheet orientation,
size, temperature and concentration of nanopores. The resultant effect on the elastic modulus, fracture
stress and fracture strain is investigated. Our simulations show that graphene is anisotropic, and its
mechanical properties are dependant on the sheet size. An increase in system temperature results in a
significant reduction in the fracture stress and strain. Simulations of nanoporous graphene were created
by distributing vacancy defects, both randomly and uniformly, across the lattice. We find that the frac-
ture stress decreases substantially with increasing defect density. The elastic modulus was found to be
constant up to around 5% vacancy defects, and decreases for higher defect densities.

Keywords: graphene; molecular dynamics; fracture; elastic modulus; vacancy defects

1. Introduction

Graphene is a monolayer of sp2 hybridised carbon atoms arranged in a hexagonal crystal lat-
tice and it is known to possess excellent mechanical,[1] electrical,[2] and chemical properties.[3]
Graphene has been the focus of substantial research in the past decade with promise that the ma-
terial can be used for a broad range of emerging technologies and future applications, including for
example, nanoporous graphene membranes for efficient reverse-osmosis desalination [4] and atmo-
spheric filtering [5] for the removal of pollutants or the harvesting of atmospheric gases, graphene-
based nanocomposites for bulletproof vests,[6] and graphene-based electrodes for high performance
lithium-ion batteries.[7] To be able to introduce graphene to novel applications, its properties and
behaviour under various conditions need to be understood and accurately predicted. However,
fabricated graphene sheets typically tend to contain a range of defects including nanopores.[8, 9]
The effect that such defects have on the mechanical properties of graphene need a more thorough
investigation.

The mechanical properties of graphene have been investigated using both experimental and
computational methods, the latter being by far the most common. Through experimentation,
Blakslee et al. [10] report a Young’s modulus of 1.06±0.02 for bulk graphite. More recently, Lee et
al. [1] used atomic force microscopy to measure the elastic modulus of graphene and the stress and
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strain at which pristine graphene fractures. The authors determined that graphene has an elastic
modulus of 1.0± 0.1 TPa and a breaking stress in the zigzag (ZZ) direction of 130± 10 GPa with
a maximum strain of 0.25. A similar result with an elastic modulus of roughly 0.95±0.05 TPa was
obtained by Bunch et al. [11].

Computational and theoretical methods have also been used to measure and predict the me-
chanical properties of graphene sheets. Among the most common techniques used is molecular
dynamics (MD); the AIREBO and Tersoff-Brenner potentials being reportedly the most accurate
and hence widely adopted. With the AIREBO potential, Zhao et al. [12] measured the elastic mod-
ulus of graphene to be 1.01± 0.01 TPa, the fracture stress 90 GPa and 107 GPa, and the fracture
strain 0.13 and 0.20 in the AC and ZZ direction, respectively. The relationships between the elastic
and fracture properties with sheet size and temperature were also investigated in some literature
sources [12–14] using these potentials, but some disagreement is found as to how the mechanical
properties change with the length or aspect ratio of a graphene nanoribbon. For example, Wong
et al. [13] report a decrease in fracture stress and an increase in fracture strain with an increase
in aspect ratio. Zhao et al. [12] claim that the Young’s modulus increases with an increase in
nanoribbon length, until it reaches the value for bulk graphene at approximately 10 nm length.
On the contrary, Ni et al. [14] find that the elastic modulus is not effected by the sheet size. More
agreement is found on the effect high temperatures have on the fracture properties of graphene. It
is generally accepted that the elastic modulus, fracture stress and fracture strain decrease, some-
times linearly, with an increase in system temperature.[13, 15–17] The introduction of Stone-Wales
defects and single, double and larger vacancies was also studied resulting in a general reduction in
fracture stress.[18–20] The fracture behaviour of pristine and defected graphene was also analysed
in [14, 15, 19–22] with the use of different computational and theoretical techniques. The fracture
mode of graphene was generally found to be brittle especially for pristine graphene. Moreover, the
fracture path tends to be anisotropic and hence depends on the loading direction.

Although the mechanical properties of graphene have received a lot of attention by the research
community, few have investigated the fracture behaviour and mechanical properties of graphene
under various conditions while validating simpler, computationally cheaper potentials using MD.
We use the Morse, bending angle, torsion and Lennard-Jones potential functions as described by
Walther et al. [23] in their work for hydrated fullerenes. In this paper we implement these potentials
for the first time in the OpenFOAM software within the mdFOAM library and validate this simple
force field for pristine graphene under uniaxial loading, while studying the dependence of mechani-
cal properties on sheet-size, temperature and orientation. We compare our results with experiments
and literature MD simulation results that use different potential functions whenever possible. Fur-
thermore, MD simulations are used to study the fracture behaviour and mechanical properties
of nanoporous graphene with increasing monovacancy defect concentration. The latter attempts
to mimic graphene in the as-fabricated condition, and also porosity which may be intentionally
introduced for applications which require non-pristine sheets such as filtration membranes.

The paper is structured as follows; Section 2 gives a detailed description of the molecular dynam-
ics simulations and case setup, Section 3 describes the validation simulations for pristine graphene
and presents results for nanoporous graphene, while Section 4 concludes the presented work.

2. Methodology

2.1. Molecular Dynamics

The mechanical properties of graphene are studied using standard MD simulations, which solves
Newton’s equations of motion for all atoms in the system:

vi =
dri
dt
, (1)

2
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fi = mi
dvi
dt

(2)

where mi, ri , vi and fi represent the mass, position, velocity and net force on the ith atom.
The Velocity-Verlet algorithm was used to numerically integrate the equations of motion in space

and time for all atoms in the sheet using a time step of 0.43 fs. All simulated graphene sheets were
initialised with a zero velocity applied to all atoms, and then equilibrated for a duration of at least
20 ps before loading was applied. During equilibration the FADE algorithm [24] was applied to
gradually introduce the intermolecular forces on the carbon atoms using a time-weighted function
with time-relaxation τT = 21 ps. This will prevent a sudden increase in energy of the system which
might otherwise result in a sudden expansion of the graphene sheet and hence a possible premature
sheet fracture. To prevent the sheet from drifting within the domain, it’s net velocity of the sheet
was set to zero during equilibration using a simple velocity constraint.[25] A Langevin thermostat
[26] was applied to control the temperature of the sheet during relaxation and loading.

2.2. Potential Functions

The net force on all atoms during the MD simulation in Eqn. (2) is determined via the spatial
derivative of four potential functions.[23] These potentials are illustrated in Fig. S1 (see supple-
mentary material) and consist of: a Morse stretching potential VM(rij) used to model the covalent
bonds, a harmonic potential VBA(θjik) used to model the bending angle between bonds, a two-fold
torsion potential VT(φjikl) used to model out-of-plane stiffness, and a Lennard-Jones intermolecu-
lar potential VLJ(rij) used to model van der Waals and steric bonds. These are given respectively
by:

VM(rij) = KCr(e
−γ(rij−rC) − 1)2, (3)

VBA(θjik) = KCθ(cos θjik − cos θC)2, (4)

VT(φjikl) =
1

2
KCφ(cosφC − cos 2φjikl), (5)

VLJ(rij) = 4εCC

[(
σCC

rij

)12

−
(
σCC

rij

)6
]
, (6)

where the values for the constants in these equations are listed in Table 1, and the variables rij ,
θjik and φjikl are shown in Fig. S1. The total potential energy V of the system is given as a sum
of all four potentials over all carbon atoms:

V =
∑
i,j

VM(rij) +
∑
i,j,k

VBA(θjik) +
∑
i,j,k,l

VT(φjikl) +
∑
i,j

VLJ(rij), (7)

where the Morse, bending angle and torsion potentials are applied to atom groups that are cova-
lently bonded, while the Lennard-Jones potential excludes 1-2 and 1-3 interactions [23] as illustrated
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Table 1. Parameter constants for the potential functions.[30]

KCr = 478.9 kJ mol-1 θC = 120◦ rC = 1.418 Å
KCθ = 562.2 kJ mol-1 φC = 0◦ γ = 2.1867 Å-1

KCφ = 25.12 kJ mol-1 εCC = 0.4396 kJ mol-1 σCC = 3.851 Å

by the shaded region in Fig. S1 (d) for an arbitrary atom, and excludes pair atom computations
with separation rij greater than the cut-off radius rcut = 1 nm. In the initialization stage, the
atomic bonds are established and saved in a bonds list. This list is accessed throughout the simula-
tion to avoid unnecessary computational processing required to re-establish the bonds in every time
step. During loading, the Morse, angle bending and torsion bonds are then permanently broken
only when the Morse bond exceeds rij > 0.2 nm.[27] In such a case, the bonds list is repopu-
lated. Given that this usually occurs towards the end of the simulation when the sheet fractures
almost instantaneously, the bonds list remains constant throughout most of the simulation. As a
result of the optimized bond selection, our computational timings are approximately O(C × N)
where C ≈ 1.5. On the other hand, both the AIREBO and Tersoff-Brenner potentials have a
reactive bond-order term, with typically either 3- or 4-body potentials. These bond order terms
are also adaptive, meaning they need to access atomic position information at every time-step (in
contrast to the fixed bond lists used in this work), resulting in a major computational penalty.
The cost of the AIREBO and Tersoff-Brenner potentials can however be reduced, although at the
expense of numerical and programming complexity. For more information on the AIREBO and
Tersoff-Brenner potentials see [28] and [29], respectively.

2.3. Loading Method and Calculations

To simulate uniaxial tensile loading, hexagonal rings at opposite edges of the graphene sheet were
constrained as shown in Fig. 1. Constrained atoms were subjected to a quasistatic strain rate of
2.56×108 s-1 in accordance with [31]. We consider armchair (AC) and zigzag (ZZ) graphene sheets
with an aspect ratio of approximately 1:0.3 (unless otherwise stated), which are loaded along the
longitudinal axis, as indicated in Fig. 1(b), (c).

Applied 

Strain

Loading in 

AC

Loading in 

ZZ

Constrained Atoms

Applied 

Strain

(a) (b)

(c)

Figure 1. (a) A schematic illustration of a graphene sheet showing the edge atoms constrained (shaded in grey) for the
application of the pre-defined strain rate. (b) and (c) illustrate the loading direction of an armchair (AC) sheet and zigzag (ZZ)
sheet, respectively.

The applied strain to the sheet ε at time t was found using ε(t) = (lx(t) − l0)/l0, where l0 and
lx(t) are the distances between two arbitrarily pre-selected atoms from the sheet (just outside the
constrained region) before and during loading, respectively. The stress σ and elastic modulus E
were computed using:
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σ(ε) =
1

V0

∂U(ε)

∂ε
, (8)

E =
1

V0

∂2U(ε)

∂ε2
, (9)

where V0 is the original volume of the sheet when assuming a thickness of 0.335 nm,[1] and U is the
strain energy of the sheet which is measured as the difference of the total system potential energy
between a time t and the unloaded sheet. To solve Eqn.’s (8) and (9) we adopt a similar method
described by Le and Batra,[31] which involves fitting a cubic function to strain energy U against
strain ε, and applying straightforward differentiation.

The mdFOAM molecular dynamics code [32, 33] was used in this work, which is available in the
OpenFOAM software.[34] OpenFOAM is an open-source C++ toolbox typically used for computa-
tional fluid dynamics. The mdFOAM library was extended to include the new potential functions,
constraints and measurement tools described above.

3. Results and Discussion

In this section, the MD method is validated by measuring the mechanical properties and investi-
gating the fracture behaviour of pristine graphene for different orientations, sheet size and tem-
peratures, and comparing them to literature sources when available. Graphene with ordered and
random vacancy defects are then investigated.

3.1. Sheet size dependence

Eleven different sheet sizes ranging from diagonal lengths LD of 1.35 nm to 14.51 nm (42 to 4760
carbon atoms) were modelled at a temperature of 0 K and 300 K. Each case was run using four
statistically-independent realisations and an average of the mechanical properties was taken. To
obtain statistically-independent samples, each realisation of the same case was run for a different
duration at the equilibration stage before loading was applied.

The effect of sheet size on elastic modulus, fracture stress and fracture strain is shown in Fig.
2(a) for 0 K. The results show that the mechanical properties assessed in this work decrease with an
increase in sheet size from the smallest sheets considered up to a critical length of approximately 6
– 7 nm, beyond which the properties stabilise to that of bulk-graphene. This behaviour is especially
evident in ZZ sheets whereby an increase in diagonal length from 1.42 nm to 5.66 nm decreases
the elastic modulus, fracture stress and fracture strain by 7.2%, 16.5% and 15%, respectively. On
the other hand, the elastic modulus, fracture stress and fracture strain for AC graphene decrease
by only 2%, 1.7% and 5.8%, respectively for the same size range.

The results for sheets at 300 K are shown in Fig. 2 (b), where the critical length at which the
fracture stress and fracture strain approach that of bulk graphene observed at this temperature lies
between 8 – 10 nm; this is in good agreement with the critical length of 10 nm indicated by Zhao et
al. [12]. Furthermore, at 300 K a more pronounced behaviour is observed for the fracture stress and
strain below this critical length. For ZZ graphene at 300 K, an increase in diagonal length from 1.42
nm to 5.66 nm results in a decrease of the fracture stress and fracture strain by 23.9% and 22.3%,
respectively. On the other hand, the fracture stress and fracture strain for the AC graphene sheets
decrease by 15.4% and 16.3%, respectively. This size dependency of fracture properties is in good
agreement with Ni et al. [14] (Tersoff-Brenner) and Sakhaee-Pour [35] (finite-element modelling).
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Figure 2. Results for Young’s modulus, fracture stress and fracture strain for AC and ZZ oriented graphene with increasing

sheet size for two different temperatures: (a) 0 K and (b) 300 K. In all graphs, our MD results are represented by solid circles

for the AC direction and inverted triangles for the ZZ direction, while dashed lines represent bulk mechanical properties.

For the smallest sheet when tested at a temperature of 300 K, we also observed a slight decrease in
elastic modulus, which was not observed by Ni et al. [14] and Sakhaee-Pour [35], but was evident
in the AIREBO MD simulations carried out by Zhao et al.[12].

Following this study we list in Table 2 the bulk mechanical properties of graphene as measured
from our MD simulations. The values for the elastic and fracture properties are in very good
agreement with data found in [1, 12, 35–37]. Values for the elastic modulus agree very well with the
experimental results of Lee et al. [1] (1.0± 0.1 TPa) and the MD simulations using the AIREBO

6
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Table 2. Measured mechanical properties of pristine bulk graphene. Note: the

error bars of the 0 K graphene sheet are negligible and have not been included.

E (TPa) σ (GPa) ε

AC (0 K) 1.035 72.69 0.1278
ZZ (0 K) 1.061 103.19 0.1736
AC (300 K) 1.056 ± 0.011 65.19 ± 0.84 0.0919 ± 0.002
ZZ (300 K) 1.093 ± 0.175 94.19 ± 1.36 0.1335 ± 0.003
Nanoindentation Lee et al. [1] 1.0 ± 0.1 130 ± 10 0.25
AC (300 K) Zhao et al. [12] 1.01 ± 0.03 90 0.13
ZZ (300 K) Zhao et al. [12] 1.01 ± 0.03 107 0.20

potential of Zhao et al. [12] (1.01 ± 0.03 TPa). However, the fracture stress and fracture strain
obtained from our simulations are within 30% of the experimental [1] and AIREBO simulations
[12] results available in literature. The differences between our results and that of Zhao et al. [12]
may be attributed to the inability of this model to deal with changes in bond coordination which
occur just before and during fracture. In this respect, the adaptive bond-order term in the AIREBO
potential performs better than our model, since it allows the bonds to change at fracture. A second
possible contribution to the underestimation of fracture stress and strain values may be related to
the fact that Zhao et al. [12] consider an infinite sheet in the transverse direction of loading by
applying periodic boundary conditions, and constrain the dynamics of atoms at a fixed pressure
using the NPT ensemble. On the other hand, our simulations consider a finite graphene sheet, with
dangling bonds at the transverse edge of the graphene sheet in the NVT ensemble.

Stress versus strain graphs for bulk graphene are also shown in Fig. 3(a). At small strains (up to
about 2%), graphene exhibits a linear behaviour, while non-linearity prevails for larger strains up
to fracture, in agreement with the work in [12]. While there has been some disagreement between
literature sources as to which loading direction of the graphene sheet is stronger, in our simulations
we find that the ZZ direction is stronger and slightly stiffer than a graphene sheet loaded from
the AC direction. This anisotropic dependance agrees with [12, 13, 15] which we attribute to the
geometrical distribution of the covalent bonds in the hexagonal lattice, as illustrated in Fig. 3(b)
and (c). When graphene is loaded along the AC direction, roughly a third of the bonds in the sheet
are perfectly aligned to the loading direction (Fig. 3(b)), and thus the loading is directly transferred
to these bonds. However, when the load is applied along the ZZ direction (Fig. 3(c)), none of the
covalent bonds are aligned to the loading direction and therefore the actual force sustained by each
covalent bond is in fact a component of the force acting along the bond angle, which results in less
force than those sustained by the AC sheets. As such, this allows the ZZ loaded sheet to elongate
further and hence withstand more stress and strain along the ZZ direction prior to fracture.

Based on these results, sheets with diagonal length of approximately 13 nm and aspect ratio of
1:0.3 were used in the following studies (unless otherwise stated), such that all simulations represent
graphene sheets having bulk-mechanical characteristics.

3.2. Fracture behaviour of pristine graphene

We present the fracture process of pristine AC and ZZ graphene sheets at 300 K from our MD
simulations in Fig. 4 (a) and (b), respectively. The fracture behaviour is mostly dependent on the
alignment and position of the covalent bonds with respect to the loading direction. As such, the
path of travel occurs perpendicular to aligned covalent bonds. For the AC loaded sheet, a high
percentage of covalent bonds are aligned with the loading direction and so the crack propagates
perpendicular to loading. For the ZZ loaded sheet, the covalent bonds are not oriented in the same
direction as loading, and so crack propagation favours a diagonal travelling path (∼ 60◦) normal
to the alignment of the bonds.

While pristine graphene supports high fracture strains, its mode of fracture under loading is

7
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Figure 3. (a) Stress-strain curves of AC (red) and ZZ (blue) graphene sheets. All simulations were run at 300 K except the ones

marked otherwise. We also compare in (a) our other simulations for sheets with a single vacancy (SV) defect, and nanoporous
sheets with 7% defect density. In (b) and (c) we illustrate the resolved forces along selected covalent bonds during AC and ZZ

loading, respectively.

Figure 4. Fracture process of: (a) a pristine AC graphene sheet with a diagonal length of 14.63 nm at 300; (b) a pristine ZZ
graphene sheet with a diagonal length of 14.84 nm at 300 K; (c) an AC graphene sheet with a diagonal length of 14.63 nm

at 300 K and a monovacancy defect at its centre; (d) a ZZ graphene sheet with a diagonal length of 14.84 nm at 300 K and

a monovacancy defect at its centre; (e) a ZZ graphene sheet with a diagonal length of 14.84 nm at 300 K with 5.5% of the
original atoms selected randomly and removed as vacancy defects; and (f) a ZZ graphene sheet with a diagonal length of 13.67

nm at 300 K with 5% of the original atoms being removed as vacancy defects and distributed uniformly.

brittle since cracks rapidly propagate when they form resulting in catastrophic failure of the sheet.
Similar fracture patterns to those presented in Fig. 4 (a) and (b) have been also observed with the
use of the AIREBO [15, 20, 22, 38] and Tersoff-Brenner [21, 39] potentials. AIREBO and Tersoff-
Brenner potentials are known to model the fracture behaviour accurately, thus the simulation
results obtained in this study, albeit using a simpler set of potential functions, can be in very good
agreement with more established potentials.

8



July 5, 2016 Molecular Simulation ”Mechanical properties of pristine and nanoporous graphene - Revised”

3.3. Temperature dependence

Graphene is expected to be used in several different applications for which the environmental
conditions vary considerably. In this study, we investigate the effect on the mechanical properties
of pristine graphene at different temperatures, varying from 0 K to 1100 K. For each case, five
statistically-independent simulations were carried out and an average was taken.

The variation of several mechanical properties with temperature is shown in Fig. 5(a) to (c). It is
evident from these graphs that the fracture stress and strain decrease substantially with an increase
in temperature for both ZZ and AC loading configurations. For ZZ loaded graphene at 1100 K, the
fracture stress decreases to 53.3 GPa (48% decrease from 0 K), while the fracture strain decreases
to 0.053 (70% decrease from 0 K), while for AC graphene fracture stress and strain reduce by 39%
and 58%, respectively from 0 K. The same dependance of stress and strain on temperature has
been observed using the AIREBO potential in [16, 17, 22, 37, 40, 41]. For example, Zhang et al.
[41] obtained a 50% decrease in intrinsic strength when the sheet temperature is increased from 0
K to 1200 K.
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Figure 5. Results for (a) Young’s modulus, (b) fracture stress and (c) fracture strain of AC and ZZ graphene sheets (LD =

14.7 nm), varying with sheet temperature. In all graphs, the solid circles represent the AC direction while the inverted triangles
represent the ZZ direction.

The thermal fluctuations of atoms is the principal reason why graphene’s fracture stress and
strain is reduced at higher temperatures. Carbon atoms possess more kinetic energy at elevated
temperatures, causing significantly high vibrations and, as a result, a large out-of-plane motion
(in the z-direction) in equilibrium, resulting in overall sheet rippling (see Fig. S4). The distance
covered by carbon atoms in the z-direction at equilibrium is shown in Fig. S4 (a) as a function
of temperature; assuming a sheet thickness of 0.335 nm at 0 K, the out-of-plane distance covered
by molecules is 3 times larger for the 1100 K than the 0 K sheet due to thermal motion. The
perturbations in the sheet are gently ironed out during loading, but since thermal fluctuations still
remain, covalent bonds are more susceptible to break prematurely, producing cracks at lower strain
and stress.

Conversely, the elastic modulus is largely unchanged within a large temperature range. The
elastic modulus increases from 0 K to 500 K by 6% and 13 % for ZZ and AC graphene, respectively,
and remains relatively constant until ∼ 900 K. At higher temperatures (> 900 K), a decrease in the
elastic modulus to ∼ 0.8 TPa is observed, similar to that obtained in [40], but is still exceptionally
high when compared to other conventional materials. The larger variation in results obtained at
higher temperatures – evidenced by wider error bars – are expected due to the large thermal
fluctuations.
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3.4. Random and uniformly distributed vacancy defects

It is evident that the presence of atomic defects may affect the properties of graphene quite con-
siderably. Although generally not desired, defects can originate from a fabrication process, but can
also be intentionally introduced, for example, in the production of nanoporous graphene mem-
branes for desalination [32] or filtration applications. In these applications, nanoporous graphene
would need to contain a high level of porosity for there to be superior permeability over conven-
tional membranes. The porosity might however affect the graphene’s ability to withstand the high
hydraulic pressures; ∼ 5 MPa for typical reverse osmosis membranes. Our analysis of nanoporous
graphene as a desalination/filtration application is left for future work. In this work we simulate
nanoporous graphene using MD simulations with randomly or uniformly distributed defects (single
atoms removed from the sheet) varying in density from 0.1% up to 12% and measure its mechanical
properties and fracture behaviour. For the following simulations, the graphene sheets were modeled
with an aspect ratio that approximates a square with a diagonal length of 13.7 nm.

Fig. 6 (a) shows the elastic modulus, fracture stress and fracture strain for randomly distributed
vacancy defects, while Fig. 6 (b) shows the same mechanical properties for uniformly distributed
defects. In both cases, there is a considerable decrease in the measured properties with increasing
defect density. The introduction of a single vacancy defect causes a significant drop in the fracture
stress and fracture strain of around 15% and 23%, respectively. This reduction can also be seen in
Fig. 3(a) and has also been reported in [19, 42, 43]. We found that the elastic modulus remains
relatively unaffected up to around 3 – 5% defects for random and uniform distributed defects,
similar to the data found in [44, 45]. The elastic modulus then decreases roughly linearly with
increasing defect density. This relationship was similarly found recently in [46] for nanoporous
graphene with larger pore sizes. At the largest porosity we considered in this work (12%), the
elastic modulus drops by around 80%. The stress-strain curve for a sheet with 7% defect density
is shown in Fig. 3(a) which is compared with that of a pristine sheet.

An important outcome from these simulations, especially for use in filtration membranes is that
a sheet with uniformly distributed defects has a fracture stress of up to 197% higher than that for
randomly distributed defects in the case of AC graphene sheets with 12% defects. This is caused
because the latter contains a wider range of defect sizes, having pores which are larger and more
susceptible to fracture as noted in [46].

Another interesting outcome of these simulations is the behaviour of the fracture strain with
increasing defect density above 3%. Unlike the fracture stress and elastic modulus, which continue
to decrease with increasing vacancies, the fracture strain stabilises at around 3% defect density and
starts to increase again above 6%. We identify this as a stage of improved ductility in graphene
(above 6% defect density), and it is caused by large presence of vacancy defects that allow the
sheet to stretch more under loading, and as such enabling larger fracture strains to be sustained.
A similar behaviour was also observed by Xu et al. [19]. For the uniform distributed vacancy
defects however, the AC loaded sheet seems to reach a saturation phase without signs of strain
improvement.

Similar to the effect of higher thermal motion on sheet rippling in Section 3.3, we also observe in
this study that the introduction of defects promotes a similar rippling behaviour, as shown in Fig.
S5 (c) to (e) for a pristine sheet at 0 K and two sheets with 12% random and uniform defects. Fig.
S5 (a) and (b) shows the sheet thickness in the z-direction for both random and uniform defect
density for a sheet at a temperature of 300 K. Sheets with large defect densities have an effective
sheet thickness of up to 18 times larger than the pristine sheet, which is similarly an indication of
a decrease in fracture strain.

The fracture processes of nanoporous graphene was also analysed in this work. Fig. 4 (c) and (d)
show the fracture of AC and ZZ graphene sheets containing a monovacancy at the sheet’s centre.
Their fracture behaviour is very similar to that of pristine graphene, with the only difference being
that the crack nucleates at the vacancy and propagates in two opposing directions. This is in good
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agreement with the work in [19, 20, 22]. In Fig. 4 (e) we show the fracture behaviour of a 12%
randomly distributed vacancies for a ZZ graphene sheet during fracture and uniformly distributed
defects in Fig. 4 (f). Unlike the equivalent ZZ loaded pristine graphene simulation, where the
crack propagates diagonally through covalent bonds, in this case the travel path is modified by
the presence of defects, as such forming an almost perpendicular crack to the loading direction.
This behaviour is similar to the fracture behaviour of an AC loaded pristine sheet. We found
that this transition from a ZZ- to an AC-type fracture mode in nanoporous ZZ graphene sheets
occurs at a defect density of around 4%, which is roughly equal to when the elastic modulus starts
to decrease with increasing defect density. For AC graphene sheets, the crack was observed to
propagate perpendicular to the loading direction, similar to what happens in pristine AC sheets,
for all the defect densities investigated in this work.

4. Conclusion

In this work, we perform molecular dynamic simulations of monolayer graphene under uniaxial ten-
sile loading using the Morse, bending angle, torsion and Lennard-Jones potentials to describe the
inter- and intra-molecular carbon interactions. Our implementation of the model in OpenFOAM
was found to scale with O(C × N), where N is the number of carbon atoms and C ≈ 1.5. These
simulations enabled the investigation of the elastic modulus, fracture stress and fracture strain
of graphene with respect to the orientation, sheet-size and sheet temperature. Graphene exhibits
anisotropy, with the ZZ loading direction being able to withstand higher loads and strain than the
AC direction, in agreement with the AIREBO force field.[12, 15] Furthermore, size dependency is
observed for graphene sheets smaller than 6 – 10 nm in diagonal length; the mechanical properties
of larger graphene sheets rapidly approach those of bulk graphene above this size. A similar critical
length had been reported in [12]. We also find that higher temperatures tend to significantly de-
crease the fracture stress and strain almost linearly with temperature, in good agreement with [41].
The elastic modulus is however only affected at system temperatures higher than approximately
900 K. The introduction of randomly and uniformly distributed vacancy defects enabled the simu-
lation of nanoporous graphene sheets, for which it was concluded that the fracture stress decreases
substantially with increasing defect density. Nanoporous graphene with uniformly distributed de-
fects are able to withstand higher loads when compared to their counterparts with random defects.
Although the model implemented tends to underestimate the quantitative results of the fracture
strain and stress, the qualitative fracture behaviour of pristine AC and ZZ graphene sheets was
still found to be in good agreement with those obtained by the AIREBO [15, 20, 22, 38] and
Tersoff-Brenner [21, 39] potentials. Furthermore, the fracture behaviour of nanoporous graphene
sheets exhibited a ZZ- to AC-type fracture transition occurring at roughly 4% defect density. For
future work, we consider investigating how this model can be improved to deal with rippling [47],
and to investigate nanoporous graphene with larger pore sizes and shapes.[43, 46]
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