Taylor & Francis
Taylor & Francis Group

Critical Reviews in Solid State and Materials Sciences

ISSN: 1040-8436 (Print) 1547-6561 (Online) Journal homepage: http://www.tandfonline.com/loi/bsms20

Effect of Point and Line Defects on Mechanical and
Thermal Properties of Graphene: A Review

G. Rajasekaran, Prarthana Narayanan & Avinash Parashar

To cite this article: G. Rajasekaran, Prarthana Narayanan & Avinash Parashar (2015): Effect of
Point and Line Defects on Mechanical and Thermal Properties of Graphene: A Review, Critical
Reviews in Solid State and Materials Sciences

To link to this article: http://dx.doi.org/10.1080/10408436.2015.1068160

@ Published online: 09 Oct 2015.

N\
CJ/ Submit your article to this journal &

A
& View related articles &'

® View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=bsms20

I( Download by: [Indian Institute of Technology Roorkee] Date: 09 October 2015, At: 23:093]



http://www.tandfonline.com/action/journalInformation?journalCode=bsms20
http://www.tandfonline.com/loi/bsms20
http://dx.doi.org/10.1080/10408436.2015.1068160
http://www.tandfonline.com/action/authorSubmission?journalCode=bsms20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=bsms20&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/10408436.2015.1068160
http://www.tandfonline.com/doi/mlt/10.1080/10408436.2015.1068160
http://crossmark.crossref.org/dialog/?doi=10.1080/10408436.2015.1068160&domain=pdf&date_stamp=2015-10-09
http://crossmark.crossref.org/dialog/?doi=10.1080/10408436.2015.1068160&domain=pdf&date_stamp=2015-10-09

Downloaded by [Indian Institute of Technology Roorkee] at 23:09 09 October 2015

Critical Reviews in Solid State and Materials Sciences, 0:1-25, 2015
Copyright © Taylor & Francis Group, LLC

ISSN: 1040-8436 print / 1547-6561 online

DOL: 10.1080/10408436.2015.1068 160

Taylor & Francis

Taylor & Francis Group

Effect of Point and Line Defects on Mechanical and Thermal
Properties of Graphene: A Review

G. Rajasekaran, Prarthana Narayanan, and Avinash Parashar*
Department of Mechanical and Industrial Engineering, Indian Institute of Technology, Roorkee 247667, India

New materials with distinctive properties are arising and attracting the scientific community
at regular intervals. Stiffness and strength are the important factors in determining stability
and lifetime of any technological devices, but defects which are inevitable at the time of
production can alter the structural properties of any engineering materials. Developing
graphene with specific structural properties depends upon controlling these defects, either by
removing or deliberately engineering atomic structure to gain or tailoring specific properties.
In this article, a comprehensive review of defective graphene sheets with respect to its
mechanical and thermal properties are presented and examined.
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1. INTRODUCTION

Graphene is emerging as a potential candidate for develop-
ing nanocomposites with desired mechanical properties, ther-
mal and electrical conductivities. Due to its exceptional
mechanical properties, thermal and electrical conductivities
graphene can also be used for more conventional purposes as
compared to carbon nanotubes, which is still limited to aero-
space applications. The unique properties of graphene sheet
are tabulated in Table 1.

All these exceptional properties can be attributed to its two
dimensional (2D) honeycomb space frame structure as illus-
trated in Figure 1.

Due to its exceptional properties, it has attracted increasing
research effort for developing new engineering applications
such as nano-actuators,'*'> nano-sensors,'*'¢ gigahertz oscil-
lators, 17 drug deliverer,'*'® field effect transistors
(FET),l 1,19-21 memory devices,20 sensors, transparent conduc-
tive films, clean energy devices,'' graphene field emission
(FE), graphene-based gas and bio sensors,>%’ tranparent elec-
trodes, battery,>*® super capacitors,?® electrical double layer
capacitors (EDLCs),?® pseudo capacitors,® graphene anodes,
solar cells,” energy production and storage,”*>° optoelec-
tronic applications,”’ and room temperature humidity sensing
applictions.’! Researchers are also exploring the tribological
properties of graphene.>? In addition to these nanotechnolo-
gies, graphene is also listed among the top potential nanofillers
for developing nanocomposites with improved mechanical
properties and thermal and electrical conductivities.' %2837

There is a wide spectrum of methods for the production of
graphene sheets, which allow a flexibility of choices in terms
of quality, production cost, size, and volume of production.
Generally, graphene can be produced through top-down syn-
thesis of graphene from micromechanical cleavage,'***’
electrochemical exfoliation,lz’38 reduced graphene oxide,lz’38
exfoliation of graphite intercalation compounds,'* arc dis-
charge,'? unzipping carbon nanotubes,'? bottom-up synthesis
of graphene from molecular precursors,”® chemical vapor

TABLE 1
List of properties for a single sheet of graphene

Property Value
Young’s modulus' 1.0 TPa
Fracture strength’ 130 GPa
Tensile strength? 100 GPa
Thermal conductivity” ™ 5000 w/mK
Shear modulus®° 280 GPa
Longitudinal sound velocity™’ " 20 km/s
Melting temperature >'° 4900 K
Specific surface area'' 2630 m*/g
Optical transmittance'” 97.70%

High electron mobility'? 250,000 cm?/Vs

Armchair Direction

433333
4y 4 3 3 I
wonAI( Sezs17Z

FIG. 1. Atomistic model of honeycomb space frame structure
of graphene sheet.

deposition (CVD),*®4°*2 chemical vapor deposition using cat-
alytic metals,”® CVD synthesis of graphene over nonmetals,®
epitaxial growth of graphene on SiC,*® and transfer to arbitrary
substrates.>® CVD techniques can be extended for commer-
cialization (large-scale production). For more detailed infor-

mation about various synthesis techniques the reader should
_ 36, 39—
refer to Refi,!1-12 20-28.730, 35-36, 3971

1.1. Scope of the Review

Since the year 2004, when Novoselov et al.%* published a
path breaking results on the unusual eletronic properties of
graphene sheet one can find exponantially increasing research
and review publications in graphene over the past decade, as
shown in Figure 2.

In 2007, Geim and his team® published a review on gra-
phene entitle “The Rise of Graphene” which was the most fre-
quently cited progress article for that year. Since than one can
find many review articles on graphene with respect to synthe-
sis methods,' 204042484972 phydics  of quantum  hall
effect,“g’72 characterization techniques, electronic struc-
ture,***®7>73 and properties like magnetic, electrical and
electromechanical, surface and sensor plropelrties,B’40 thermal
properties,*’ and vibrational properties.*® In the end of 2009,
Geim® and Mazdak Taghioskoui* reviewed the major chal-
lenges in the field of graphene nanofillers and provided some
basic knowledge about trends in graphene research. Another
remarkable year in the field of graphene research was 2010,
when Geim and Novoselov shared the Nobel Prize in physics
for their outstanding groundbreaking work on graphene. After
this historical event, researchers published more research and
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FIG. 2. Articles published in the period 2004-2014. (© Elsev-
ier. Adapted with permission from Elsevier.®® Permission to
reuse must be obtained from the rightsholder.)

review articles on graphene,!l"12:2021:23-28.30.35-37.46-65.74-77
Although, a greater number of review articles on different
aspects of graphene such as synthesis, properties, and applica-
tions are published, there is, however, an opportunity to review
defect engineering of graphene and their effect on the mechan-
ical and thermal properties of graphene.

1.2. Importance of Graphene Defect Engineering

So far, most of the research on nanofillers is circumvent
around its pristine form; however, structural defects which are
inevitable during the production process'!:!%20-30:33.36.39-69
affect the mechanical properties as well as thermal and electri-
cal conductivities’® of graphene and graphene-based nano-
composites. Due to the method of production, chemical’®-*
and heat treatment,81 as well as electron and ion beam irradia-
tion,®*~®% it is hypothetical to obtain a pristine form of gra-
phene. 738657

Investigating the effect of these defects on the mechanical
properties, thermal and electrical conductivities of graphene
are a key fact for the fundamental research in the field of nano-
fillers. Due to this reason, recently researchers diverted their
research focus from exploring effect of defects on the mechan-
ical and fracture properties of graphene. In 2015, Liu et al.®®
published a small-scale review on defects generation and heal-
ing in graphene. Production of graphene for different applica-
tions generally depends upon controlling these defects,®
either by removing them or by intentionally engineering
atomic structure to gain specific properties.”®*

Yadav et al.®* investigated the effect of defect engineering
for graphene by combining both Stone-Thrower-Wales (STW)
and vacancy defects for improved hydrogen storage. Terrones
et al.” provided an idea about defect control engineering-
based tailoring of graphene’s electronic, chemical, mechani-
cal, and magnetic properties. Liu et al.”® introduced dopant
and STW defects to improve gas sensing properties of

graphene.’” In addition to studying the mechanical properties,
fundamental understanding of the fracture mechanisms in gra-
phene is not only scientifically interesting, but also practi-
cally important for preventing or controlling fracture in
graphene.”®%°

There are many studies on the mechanical properties and
strength of pristine graphene carried out in the frame of molec-
ular dynamics (MD), finite element, and experimental work.
Studies on carbon nanotube (CNT), the rolled counterpart of
graphene, suggest that the fracture in a honeycomb lattice of
graphene may take two distinct”® %~ paths: brittle cleavage
rupture or ductile failure by plastic flow instability. The activa-
tion of these two fracture mechanisms is mediated by tempera-
ture and loading rate. Because of the short-ranged covalent
bonding between the sp” hybridized carbon atoms, the defor-
mation of graphene generally involves the localized process of
bond breaking or bond rotation whereas the sublimation by
evaporation of carbon atoms can occur at high temperature.”®

The aim of this article is to review the existing numerical
techniques for simulating the mechanical, fracture, and ther-
mal conductivity of graphene sheets in the presence of geo-
metrical defects. An attempt has also been made by the
authors to illustrate the challenges associated with the numeri-
cal modeling of defects in a monolayer of graphene.

2. NUMERICAL MODELING TECHNIQUES

FOR GRAPHENE

As illustrated in Figure 3, experimental and numerical
methods are commonly used techniques for characterizing dif-
ferent types of nanofillers. Atomic force microscope (AFM),
scanning electron microscope (SEM), transmission electron
microscope (TEM), X-ray diffraction (XRD) raman spectros-
copy,*® X-ray photoelectron spectroscopy, and near edge X-
ray absorption fine structure spectroscopy''' are widely used
experimental techniques for characterizing nanofillers and
nanocomposites. Nanofillers have the tendency to agglomerate
under the influence of non-bonding attractive interaction,
which ultimately limits the uniform dispersion of these nano-
fillers in matrix. Dispersion of nanofillers in matrix is still con-
sidered a challenging task in addition to cost and time

Characterization
of Nanofillers
Y : Y
Experimental § X
Measurement Comnutational
Ab-initio Methods Modified Continuum Semi-empirical
Maodels Methods

FIG. 3. Characterization of nanofillers.
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involved in these types of experiments. These challenges moti-
vate researchers to explore alternatives for characterizing these
nanofillers and nanocomposites. Due to the tremendous
improvement in the computational techniques, computational-
based simulations are emerging as a better alternative for
characterizing these nanofillers and nanocomposites. Compu-
tational models at the nanoscale can be classified in three sub-
sections: ab-initio (First principal),”**"''*"12! semi-empirical,
and modified continuum models. Ab-initio approaches, such
as the Hartee-Fock method and density functional theory
(DFT), are more accurate, but are also considered highly com-
putationally intensive.>¥%°*!22" Ab-initio techniques can be
used for modeling nanostructures containing up to a few thou-
sand atoms, whereas the structures, such as graphene, with
thousands of atoms are normally considered as computation-
ally intensive or inappropriate to be modeled with this method.
A couple of continuum-based models, such as shell model and
finite element-based models, are also employed by the
researchers for characterizing the properties of nanostruc-
tures.'?*133 In addition to these continuum-based models,
molecular mechanics-based finite element models are exten-
sively used by the researchers for simulating mechanical prop-
erties and fracture behavior of nanofillers, such as CNT and
graphene.'>>'27134199 I finite element-based atomistic
approach, bonded behavior between carbon-carbon atoms is
simulated with the help of beam element and properties of
these beam elements are derived from molecular mechanics.®
Many attempts have been made by the researchers to improve
the efficiency of these finite element-based atomistic models
by incorporating different potentials for modeling the bonded
interactions, but still these models are incapable of modeling
the multi-physics problems that can be easily modeled in
semi-empirical techniques. In order to reduce degrees of free-
dom, continuum-based models are computationally efficient
but not as accurate as ab-initio and semi-empirical methods.

Semi-empirical methods, such as classical molecular
dynamics (MD)'*%'" and tight-binding molecular dynamics
(TBMD),'"®!"7 are considered less computationally intensive
as compared to the ab-initio method, and are more accurate
than the continuum-based approaches.'*>!”® The details of the
semi-empirical techniques, such as classical molecular dynam-
ics, are covered in the following section.

2.1 Molecular Dynamics (MD)

Molecular dynamics is always considered a powerful tool
for simulating biological molecules and chemical com-
pounds.'”® For the last couple of years, application of molecu-
lar dynamics-based simulations has been extended to model
the material properties of conventional as well as unconven-
tional materials such as nanofillers and nanocompo-
sites, ! 1434 860911797186 Bhiire success of any molecular
dynamics-based simulation depends on the molecular potential
opted for simulating the atomic interactions. A significant

amount of progress has been made by the researchers in devel-
oping potentials for characterizing material properties for a
range of materials. The principle of MD is to attain the force
of each atom subjected by the interaction potential among the
contiguous atoms. MD simulations follow the motion of all
the atomic nuclei in the system by treating them as classical
Newtonian particles'®” (because real systems of atoms at finite
temperature are in constant motion) and integrating the equa-
tions of motion:

dzl" 8U(r1,r2, ...... I”N)
ma(ﬁ)a:— :f& a:l...N, (1)

where N is the number of atoms, m,, is the mass of atom e, r,,
is the position of atom «, and f, is the time-dependent force
acting on atom « due to external effects and the presence of its
neighbors, (d® r/dt*) is the acceleration of atom & and U is the
potential energy of the whole system.

There are three main steps in the MD-based simulation.
Step one involves the evaluation of the potential energy and
estimation of forces based on the current atomic positions and
velocities. This is a modular component of the simulation,
since any of the atomistic models can be used as the force
model at this point.'”® For simulations with temperature con-
trol, the atomic forces are also modified by the thermostat
algorithm during this step (most of the researchers are using
Nose-Hoover'**~'% thermostat for modeling graphene).

In step two, the coordinates and velocities of the atoms are
updated according to the integrator algorithm. According to
the velocity-verlet (VV)'® algorithm the coordinates and
velocities of the atoms are updated as:

r(to +At) =r(ty) +v <t0 + %) At )
At
v(to+AH=v (to + 7) +a(ty)At 3)

where r, v, and a are the position, velocity, and acceleration of
an atom, respectively; £, is the initial time, At is the time step.
For constant stress simulations, the shape and size of the simu-
lation box may also be updated during this step. In order to
obtain stress-strain (o-g) curves, one can use the following
virial stress equation'®"'*? to estimate atomic stress of indi-
vidual atoms during deformation:

o 1 1 Q. oo i i
oijzm Em ViV +ﬂ; r'fxﬂfaﬂ , 4)

where i and j denote indices in Cartesian coordinate system; o
and B are the atomic indices; m® and v* are mass and velocity
of atom «; 7y is the distance between atoms o and B; and o~
is the atomic volume of atom «. The atomic volume can be
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taken from the relaxed graphene sheet with a thickness of
0.34 nm.""'*? Similarly, thermal conductivity (k) of the sim-
ulated atomic configuration can be estimated by using the fol-
lowing equations:

J
Cum ®
J— Z Ntmnsfer (mhvl%l - chE) 0.5 (6)
ttramfer

where °T / ¢ is temperature gradient along the heat flux direc-
tion, A is cross sectional area, J is the heat flux, #;4uep, and
Niransfer are summation time and number of exchange, respec-
tively, and h and ¢ refer to hot and cold atoms, respectively.
Finally, step three provides the useful output from the simu-
lation. This may involve collection of statistical data (for time
averages of temperature, pressure, etc.) or the writing of
atomic trajectories for post processing and visualization.
Young’s modulus (E), fracture strength (o), and fracture strain
(¢y) can be derived from the simulated o-¢ curves; the Young’s
modulus value can be calculated as the initial slope of the o-¢

curves. 101

2.1.1. Interatomic Potentials

Interatomic potentials employed in MD-based simulations
are a mathematical description of the potential energy of the
atomic system. The goal of interatomic potentials or force
fields is to give numerical or analytical expressions that can
estimate the energy landscape of a large atomic system. As
stated earlier, entire success of any atomistic simulation
depends on the interatomic potential employed for simulating
the bonded and non-bonded interaction between the atoms. It
is desired that the potential accurately reproduces the mechani-
cal, fracture, and thermal characteristics of the material under
consideration. Most of the potentials employed in atomistic
simulations of metals, nanofillers, and nanocomposites have
been empirically devised and validated against either experi-
mentally or higher fidelity modeling data.'”®

A variety of interatomic potentials or force fields have been
developed, ranging through different levels of accuracy and
complexity and the simplest form of atom-atom interaction is
pair potential, the potential energy of which only depends on
the distance between two particles. The total energy of the sys-
tem is given by summing the energy of all atomic bonds over
all o particles in the system. The general form of potential
energy for a set of atoms is given by:

1 N N
Vtora = 5 Z Z ¢(rotﬁ) @)
2. 555

where 744 is the distance between particles o and 3 and ¢(r0,,3)
is the potential energy between particles o and 3. Generally,

symmetric and ordered structures of carbon-based nanofillers
(e.g., CNT’s, graphene) can be modeled using the cluster
potentials such as CHARMM or AMBER, but these potentials
have limited application and cannot be employed for modeling
bond breaking.'”® As this limitation is quite severe, it is more
common to use the Tersoff-Brenner potential for simulating
the bond breaking and formation in carbon-based nanofil-
lers.'”® More transferable behavior can be obtained with the
more costly tight-binding (TB) or tight binding-bond order
potentials (TB-BOP) approaches, or with the more recently
developed reactive force-field (ReaxFF) model.!”
Researchers are extensively using Morse potential, reactive
empirical bond order (REBO) pote:ntial,194 and, most recently,
introduced adaptive intermolecular reactive empirical bond
order (AIREBO) potential'® for simulating and characterizing
the mechanical properties, thermal conductivity, and fracture
behavior of CNT and graphene. As compared to other poten-
tials, Morse is a two-body potential; hence, its accuracy is lim-
ited with large systems such as graphene and CNT. AIREBO
potential is an improved form of REBO potential, which
includes a component for non-bonded interactions and one
more component for four body torsional interactions. Usually
four-body torsional term is considered important while model-
ing the curved structures such as CNT. Bonded interactions
are considered to be primarily responsible for maintaining the
structural strength of carbon based nanofillers, but in large sys-
tems such as graphene these non-bonded interactions also have
significant contribution in imparting strength to the structures.
Mathematically AIREBO potential is defined as:

EAIREBO: %ZZ E;]E_EBO +El[/J+ Z Z Ellgtl(/)m , (8)

i A ki) ik

where i,k and [ refers to individual atoms, E is the total
potential energy, Eé" is the component representing non-
bonded Lennard Jones potential, Effg” represents the four-
body torsional term in AIREBO, and Ef**° is the REBO
potential. REBO potential consists of attractive and repulsive

terms, as described below in Eq. 9):

Eg_EBO =f(rij) (Egepulsive + bing?ttractive) , )
where b;; is the bond order which regulates the bond strength,
f(r;j) is the cut off function. Cut off function limits the bonded

interaction between the nearest neighboring atoms lying
within the cut off distance.

2.1.2. Cut-off Radius

A basic assumption in the development of many inter-
atomic potential is that atomic interactions are inherently
local, the idea is that beyond some bond length atoms interact
so weakly that they make essentially no contribution to the
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total energy. To be consistent with this view, the interatomic
potential energy function must be constructed in such a way
that the energy contribution due to a given atom is only
affected by atoms within a specified distance called cut-off
radius and denoted by r,,. A smaller value for cut-off radius
improves the computational efficiency, but on the other hand
it reduces the accuracy of the simulations, hence cut-off radius
is usually defined in such a way that accuracy of the calcula-
tions will not be affected.

To investigate the effect of defects in graphene, Wu and
Wei'”” used a value of 1.92&, while Jhon et al.'®® used the
value of 2.0A as the C-C bond cut off radius in order to avoid
unphysical results before the bond breaking. In order to study
the effect of cut-off radius on the tensile strength of graphene,
different cut-off radius used in different research works is
compiled in Figure 4. It can be inferred from the trend shown
in Figure 4 that tensile strength of graphene continuously
decreases with an increase in cut off radius from 1.75-
1.92 A.' It can also be inferred from the data plotted in the
same figure that estimated value of tensile strength is almost
constant for the value of cut-off radius higher than 1.92 A1

Inflection point is defined as the value of strain at which
bond breaking takes place, cut-off radius smaller than this
point has spurious effects on the estimated tensile strength,
whereas a higher value usually have no impact on the esti-
mated tensile strength.'”®

3. DEFECTS IN GRAPHENE

So far, most of the research progress made in the field of
graphene is with respect to its pristine form, but recently it has
been established that different productions techniques exposed
pristine form of graphene to different type of defects. As dis-
cussed earlier in this article, imperfection is generally

300

X
150 - X

XXX XXX

Tensile Strength (GPa)

¢ +—-r-—r—mr—r—rr—rrrrrrrrr—r—rTrrrr

L75 18 1.85 1.9 1.95 2

Cut of radius (&)

FIG. 4. Relationship between simulated tensile strength and
C-C bond cut-off radius (© Elsevier. Adapted with permission
from Elsevier.'”® Permission to reuse must be obtained from
the rightsholder.)

introduced in the graphene sheets, due to different methods of
production, 224470112118, 144.154-176.199-204  (pomical  treat-
ment,79’205 and irradiation. 33783206207 Tphe mechanical, ther-
mal, and fracture properties of graphene are extremely
susceptible to lattice imperfections. Defects in a graphene
sheet can be classified as intrinsic (inbound defects)’’ and
extrinsic defects (presence of foreign particles). Defects in the
graphene can also classified as point defects (e.g., vacancy, as
atoms, interstitials, and Stone-Thrower-Wales defect) and line
defects (e.g., dislocations and grain boundaries). In this article,
effect of these defects has been elucidated with respect to their
impact on the mechanical properties, thermal conductivity,
and fracture properties of single sheet of graphene.

3.1 Pristine Form of Graphene

Stiffness is considered the most measured mechanical prop-
erty of any material system. Before discussing the effect of
defects on the mechanical properties, thermal conductivity,
and fracture behavior of graphene, an overview is provided
about common properties of a pristine form of graphene. Lee
et al.>*® experimentally investigated the elastic properties of
pristine form of graphene and reported the value of Young’s
modulus as 1 + 0.1TPa which is generally considered as the
most commonly used value of Young’s modulus for graphene.
Frank et al.>® used the atomic force microscopy- (AFM)
based direct approach for obtaining the mechanical properties
of atomically thin sheets of graphene and the same technique
had also been used by Rasuli et al.”** to estimate mechanical
properties of few-layer thick graphene cantilever. Suk et al.***
also used AFM-based techniques to determine mechanical
properties of graphene and the results were validated with the
finite element-based models. Zhang et al.'"®® simultaneously
determined mechanical property and number of graphene
layers using instrumented nano-indenter. In their research
work,'® a linear relationship between the number of layers
and hardness of graphene was reported. Navarro et al.**? used
tip-induced deformation experiment for determining elastic
properties of chemically derived single graphene sheet.

On the other hand, numerical based techniques had been
employed by Shen et al.>'® for investigating the effect of tem-
perature and dimensions of graphene on the Young’s modulus.
Shen and his research team employed molecular dynamics-
based simulations to study the effect of aspect ratio of gra-
phene on the elastic properties of graphene. It was finally
reported in their research work that Young’s modulus of gra-
phene is a size- and temperature-dependent property. It was
concluded in their research work that Young’s modulus
decreases with increase in temperature and shear modulus was
reported weakly dependent on the temperature.

The results published by Shen et al.*'® was found to be in
accordance with the earlier published results of Jiang et al.'”
and also Jiang et al. estimated the Young’s modulus of gra-
phene with respect to size of graphene and simulation temper-
ature. It was reported in their molecular dynamics-based
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research article'”® that Young’s modulus of graphene usually

increases with the increase in the size of the sheet, but value is
saturated after a threshold size of the graphene sheet. The
trend for Young’s modulus with respect to temperature
reported in the research article'”® was contrary to the one
reported in Shen et al.*'®

In 2010, Tsai and Tu'®® performed a molecular dynamics-
based study on single layer of graphene sheet and graphite
flakes. They performed the molecular dynamics-based simula-
tion with two different types of ensembles, and concluded that
modified NPT ensemble (Constant number of atoms, pressure
and temperature of simulation box) has a better accuracy for
simulating the mechanical behavior of graphene, as compared
to conventional NVT (number of atoms, volume of simulation
box, temperature of simulation) ensemble. In addition to this,
it was also reported in Tu'®” that mono-layers of graphene has
better reinforcing properties than the graphite flakes.

Ni et al.'®* also studied the elastic properties of graphene
sheet with the help of molecular dynamics based simulations.
In their research work, elastic properties and fracture behavior
of graphene was simulated with respect to the direction of
loading. It can be inferred from the numerical modeling results
of Ni and his research team that graphene has higher strength
while loading along direction aligned with the bond direction
(longitudinal direction). The same conclusion was aslo made
by Parashar et al.>'' in their numerical simulation to study
buckling strength of graphene. In addition to tensile loading,
molecular dynamics-based modeling was also performed to
simulate the double-clamped bending experiment with the sin-
gle layer of graphene.?'? In that work with bending, the rela-
tionship between the centerline deflection and concentrated
forces has been derived from molecular dynamics in conjunc-
tion with the continuum theory. In their continuum-based
approach, Reddy et al.?'? discussed the importance of energy

1.6

minimization with respect to different elastic properties. In
addition to molecular dynamics, finite element-based approach
has also been employed by many researchers for estimating
elastic properties of graphene.'?*12°-210-214=221

Young’s modulus of pristine graphene estimated by differ-
ent researchers is compiled in Figure 5. The large deviation in
Young’s modulus ranging from 0.80-1.367 TPa is attributed
to different measurement techniques, simulation methods,
types of boundary conditions (temperature range, types of
loading, directions of loading, size, number of layers, and
types of potential used), however the mean value of Young’s
modulus is ~ 1.041 TPa.

Resistance to crack propagation or fracture toughness is
undoubtedly also among the important properties for structural
materials. In a stressed component fracture by brittle cleavage
or ductile rupture is determined by the competition between
bond-breaking®® at the crack tip and plastic deformation and/
or bond rotation in the surrounding area of the crack. The
crack initiation in graphene sheet is accompanied by the break-
ing down of the carbon-carbon bonding. Once the crack is ini-
tiated, it will quickly propagate through the whole graphene
sheet even without being stretched, indicating the crack propa-
gation in graphene is a spontaneous process.*® Dynamic and
static fracture properties of graphene sheet and CNT, which is
suitable for nanocomposites at high strain rate impact loading,
were studied using modified Morse potential in Niaki et al.>*'
In Niaki et al.>*! it was concluded that the dynamic fracture is
dependent on nanostructure size and independent of strain-
rate.

The fracture properties of single-layer graphene sheet esti-
mated by different researchers in both armchair and zigzag
directions are illustrated in Figures 6 and 7, respectively.

In addition to exploring the mechanical properties,
researchers are also keeping their focus on exploring the

--=-=-Avg.'E'=1.041TPa
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FIG. 5. Young’s modulus of pristine graphene. Molecular Dynamics - [179, 180, 182, 184, 210, 222-225], Experiments - [199,
208, 225], Continuum Mechanics - [213, 215, 224], Density Functional Theory (DFT) - [226-228], and Finite Element Method -

[217,229].
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FIG. 6. Critical stress and strain of pristine graphene in Arm-
chair direction. Molecular Dynamics - [1, 91, 174, 183, 186,
191], Quantum Mechanics - [226, 232], and Structural
Mechanics [233].

thermal properties of graphene and the effective ways to mod-
ulate its thermal conductivity.”>>*** Due to sp2 bonding
between the carbon atoms in graphene, it has extremely high
in plane thermal conductivity of 20004000 W/mK at room
temperature.>*> The upper limit corresponds to isotopically
purified graphene with large grain sizes,>**** whereas the
lower bound corresponds to isotopically mixed sample or gra-
phene with small grain size. Any naturally occurred disorder
or foreign particle in the lattice of graphene leads to more pho-
non scattering and lower the values of thermal conductivity. In
pristine graphene, phonon scattering or dispersion from the
edges leads to the modulation of thermal conductivity.?** Gen-
erally, Umklapp and edge scattering are more common scatter-
ing phenomenon in single sheets of graphene. It was reported
in the research work of Yang et al.** that Umklapp scattering
is negligible if graphene nano ribbon length is smaller than the
phonon mean free path (<775 nm). In small size graphene
sheets (<775 nm) edge scattering dominated the scattering
mechanism. It was concluded in the same article**® that the
shorter the ribbons the stronger the edge scattering will be.
Edge scattering phenomenon in shorter graphene ribbons will
lead to reduction in thermal conductivity. The boundary scat-
tering will be weakened with increased ribbon width. How-
ever, the increased number of phonons and the smaller energy
separation between phonon modes promote the probability of
Umklapp scattering in wider graphene nanoribbons.

3.2. Effect of Defects on Graphene

This section elucidates the effect of different types of
defects on the mechanical properties, thermal conductivity
and fracture behavior of graphene. During the last couple of
years, a significant amount of contribution has been made in
the field of modeling these defects for a single layer of gra-
phene sheet. This article updates the current state of art in sim-
ulating the effect of these defects on the single layer of
graphene sheet.

3.2.1. Stone-Thrower-Wales (STW) Defects

One of the unique properties of the graphene lattice is its abil-
ity to reconstruct by forming non-hexagonal rings.*”*° The STW
defect is the 90° rotation of two carbon atoms connected by
short-ranged covalent bond with respect to the midpoint of the
bond. As illustrated in Figure 8, transformation of four adjacent
hexagonal unit cells into two pentagonal and two heptagonal unit
cells,”” due to 2 pentagons and 2 heptagons transformations
STW defects, are also known as 5-7-7-5 defects.

In addition to the above-mentioned classification, STW
defects can also be sub classified according to their orientation
in the graphene. As illustrated in Figure 8, pentagons can be
separated by heptagons either horizontally (Figure 8a) or at an
angle (Figure 8b), the former and later are known as STW1 and
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FIG. 7. Critcal stress and strain of pristine graphene in
Zig-zag direction. Molecular Dynamics - [1, 91, 174,
186,191,234], Quantum Mechanics - [226,232], and Structural
Mechanics [233].
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FIG. 8. Formation of Stone-Thrower-Wales defects (a) STW1 defects and (b) STW2.

STW2 defects, respectively.! During the last couple of years,
researchers are extensively studying the effect of these defects
on the mechanical and fracture properties of graphene. In 2013,
Robertson and his team reported the recent advances in atomic
resolution imaging of graphene. They used the aberration cor-
rected high resolution transmission electron microscopy for
inferring the deviation in the structure of pristine graphene due
to defects such as vacancy, STW, impurities etc.

The most significant contribution in this field has been
made by using numerical-based approaches. Ansari et al.'*
used molecular dynamics based approach to study the impact
of STW defects on the Young’s modulus of graphene. Those
simulations were performed with Tersoff-Brenner potential
and Nose-Hoover thermostat for managing the interatomic
interactions and temperature of the simulation box, respec-
tively. From their research work, it can be inferred that failure
strain and intrinsic strength of single graphene sheet is signifi-
cantly reduced, whereas Young’s modulus is slightly affected
in presence of defects such as STW and vacancy. In addition
to that, lower impact of defects in the armchair direction has
been reported in the same research work.'*

Xia et al.?'® proposed a finite element-based atomistic
model for characterizing the elastic constants of graphene
sheet with or without defects. In their proposed finite element
model, commonly used modified Morse potential has been
employed for simulating the atomic interaction between the
atoms. They also introduced the interaction approach for
modeling the formation of STW defects in carbon based nano-
fillers. In 2013, Bohayra et al.**° investigated the impact of
defect concentration on the mechanical properties of graphene.
STW and di-vacancy defects were considered during the
modeling, and it was reported in their article that with the
increase in defects the elastic modulus of graphene decreases
gradually. Di-vacancy defects were reported to have more
impact on the elastic modulus of graphene as compared to
STW defects. Similar trends were reported in the Hao et 211.,251
where it was concluded that concentration of STW defects
have mild impact on the Young’s modulus as compared to
thermal conductivity of the graphene.

The mechanical properties of graphene are influenced by
different possible prompting factors (like number and types of

STW defects, distance between two STW defects and position
of STW defects), Wang et al.*>* studied the same by using
molecular mechanics-based finite element method and they
found that mechanical properties of grapheme with STW
defects are dependent on chirality. Fan et al.>* showed depen-
dency of formation energy of STW defects with concentration
of defects and applied strain direction; this indicates aniso-
tropic behavior of strain energy under high strain, so one can
use graphene for strain-based devices. Rodrigues et al.'”’
studied the effect of STW defects on edge reconstruction of
zigzag graphene by first principle calculations and recently
Dewapriya et al.'>* simulated the influence of free edges on
the mechanical properties of graphene by using molecular
dynamics.

In Baimova et al.,> once again the molecular dynamics-
based approach was employed for simulating the impact of
STW in conjunction with edge and temperature effects on
the single sheet of graphene. Simulations were reported to
be performed at zero and finite temperatures to estimate the
activation energy of fracture in graphene. It was concluded
in the same article that hydrostatic pressure and tension has
significant effect on the mechanical properties of arm-chair
graphene in presence of STW defects, whereas no impact
was reported for the same defects in zig-zag configuration
of graphene. He et al.'”® employed the molecular dynamics-
based approach for simulating the effect of STW tilting
angle (STW1 and STW2) on the mechanical properties of
graphene. They reported that with STW1 defective gra-
phene, the strength of arm chair configuration is much lower
than the zig-zag, whereas the opposite trend was reported
with STW2 defects.

Some of the researchers have also attempted to model the
effect of STW defect on the fracture strength of single gra-
phene sheet."'*?'® Wang et al.' employed the molecular
dynamics based atomistic simulations for investigating the
fracture strength of graphene in presence of STW and vacancy
defects. It was reported in their research work that defects
such as STW significantly reduced the fracture strength of gra-
phene. Their research work also helps in concluding that simu-
lations performed at increased temperature and strain favors
the formation of STW defects via bond rotation. It can be
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inferred from Xiao et al.>'® that STW defects significantly
reduce the failure strain, ultimate strength of nanofillers.
Authors made an attempt in Figure 9 to compile the effect of
STW defects on the Young’s modulus of graphene studied by
various researchers.

Zacharias and his research team performed molecular
dynamics-based simulations to study the effect of temperature
and STW defects on the thermal conductivity of a single gra-
phene sheet.”>* It was concluded in their simulation results
that increase in STW defects and temperature has a negative
impact on the thermal conductivity of the graphene. In a simi-
lar study, it was established that the variation of thermal con-
ductivity with changes in temperature is less significant in the
presence of larger number of STW defects.>>> Moreover, in
the same research work®> the thermal conductivity in arm-
chair direction was reported lower than the zigzag direction
regardless to the number of defects. Yang et al.** also
employed a molecular dynamics-based simulation to study the
STW defects and their orientation on the thermal conductivity
of the graphene. It was reported in the research work®*’ that
arrays of STW defects perpendicular to the direction of heat
flow can be regarded as grain boundaries, which might act as a

a) b)

barrier to the phonon transmission and limit the mean free
path. 2

3.2.2. Vacancy Defects

The absence of atoms from the lattice of graphene is usually
termed as vacancy defects, which can be further sub classified
as mono-vacancy, di-vacancy, and multi-vacancy defects based
on number of atoms absent from the lattice of graphene. The
absence of single carbon atom from the graphene lattice yields
a mono-vacancy, which left the graphene lattice with three
under coordinated edge carbon atoms, each of them possesses a
single dangling bond;”° an atomistic model of pristine graphene
is shown in Figure 10a. Removal of the highlighted carbon
atom in Figure 10a, forming mono vacancy with metastable
configuration which can undergo Jhan-Teller distortion®**° and
reconstructing the pattern, os shown in Figure 10c.

The di-vacancy can be created by the removal of two car-
bon atoms from the pristine graphene or coalescence of two
mono vacancies, as demonstrated in Figures 11a—c. It can be
inferred from Figure 10c (mono-vacancy) and Figure 11c (di-
vacancy) that one can expect under coordinated carbon atoms
in mono vacancy, whereas the di-vacancy does not have any
under coordinated carbon atoms after reconstruction, it can be
concluded from this sub section that di-vacancy are more sta-
ble under irradiation as all of the carbon atoms are sp>
bonded.***°

In general, graphene sheet can have chances of forming
STW defects in addition to di-vacancy and can form different
configurations.”"*° The bond highlighted in red in the atomis-
tic model of 5-8-5 (Figure 11c) configuration can go through a
STW rotation and yielding 555-777 structure as shown in atom-
istic model of 555-777 (Figure 11d) configurations. The bond
highlighted in red (Figure 11e) can also go through STW rota-
tion and forming 5555-6-7777 structure, as shown in atomistic
model of 5555-6-7777 (Figure 11f).

The removal of more than two carbon atoms can lead to a
multi-vacancy defect which is larger and have a more complex
defect configuration as illustrated in Figures 12a and 12b. An

<)

FIG. 10. (a) Atomistic model of a graphene sheet, (b) removal of C-atom highlighted in (a) forming mono-vacancy with
metastable configuration (three dangling bond), and (c) reconstruction of graphene lattice after Jahn-Teller distortion due to

metastable configuration.
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FIG. 11. (a) Atomistic model of pristine graphene; (b) removal of C-atoms highlighted in (a) forming DV with four dangling
bonds; (c) atomistic model of reconstructed structure of graphene sheet with DV into stable 5-8-5 configuration; (d) SW rotation
of highlighted atoms in (c) forming 555-777 structure; (e) atomistic model of 555-777 configuration; and (f) SW rotation of

highlighted atoms in (e) forming 5555-6-7777 structure.

even number of missing atoms from the graphene lattice usu-
ally leads to a complete reconstruction, whereas an odd num-
ber of vacancy defects no such reconstruction is possible. Due
to this reason, even numbers of vacancies are energetically
favored structures. The same conclusion has been made in
Jing et al.*>* that Young’s modulus of graphene with mono
vacancy defects is lower as compared to di-vacancy defects
with the same number of missing atoms.

Effect of these vacancy defected graphene lattice was
investigated by many researchers >*50-181.214.251.256.260-262 A ¢
reported earlier, Robertson et al.”” employed the aberration
corrected electron transmission microscopy to investigate the
effect of vacancy on the mechanical properties of graphene. In
addition to this experimental work, one pioneering research
was published in 2004 discussing the characterization of
defective graphene sheets with the help of transmission elec-
tron microscope (TEM).>®3

Zandiatashbar et al.” discussed the effect of defects on the
mechanical properties of graphene. It was reported in their
experimental work® that elastic modulus of graphene sheet is
maintained even at a high density of sp3 type defects, whereas
the overall 14% reduction in the fracture strength was
observed for a defective graphene as compared to pristine gra-
phene. On the other hand, a significant reduction in the
mechanical properties was reported in the same paper with
vacancy defects.? Zandiatashbar et al.? also provided a trend
between the Raman spectra of defective graphene and its
mechanical properties, which helps in identifying the defective

graphene sheets that are still functional. Jian et al.®® proposed
a molecular dynamics-based atomistic model to study the
effect of different vacancy configurations (e.g., rectangular
and circular), size and concentration of these vacancy defects
on the Young’s modulus of the graphene sheet as referred in
Figures 12¢ and 12d. The atomistic model®*® helps in conclud-
ing that vacancies aligned in the direction perpendicular to the
loading direction has more impact on the Young’s modulus of
the defective graphene. In addition to that a linear reduction
in the Young’s modulus was observed with the increasing
concentration of mono atomic vacancy defects.®® The same
atomistic model was further extended to study the effect of
these defects on the fracture strength, crack initiation, and
propagation.®® Blunting of vacancy edges was reported in
Jian et al.*® and fracture behavior of defective graphene
was reported to be the function of shape of the vacancy in
the lattice of graphene as illustrated in Figures 12c and
12d. When a material contains multiple defects, it is
expected that the stress concentration of these defects
superposes if the separation distances of the defects are
low, which causes a more reduction in the strength.

Yadav et al.”* used DFT calculations to study the signifi-
cance of van der Waals forces on hydrogen molecule absorp-
tion. They studied the effect of point defects on hydrogen
binding ability of graphene. Sharma et al.'’? also performed
molecular dynamics based simulations to study the effect of
point defects on the mechanical properties of CNT. Effect of
graphene with pinhole defects (Figure 12d) were explored by
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b)

FIG. 12. (a) Atomistic model of pristine graphene; (b) removal of C-atoms highlighted in (a) forming multi vacancy defects; and
(c) and (d) Rectangular profile and Circular profile (pinhole) of multi-vacancy defects, respectively.

Georgantzinos et al.>>* using structural mechanics approach

(nonlinear) and examined the impact of hole size on elastic
and failure-related properties.

Jing and his research team>* also used molecular dynamics-
based simulations to study the effect of STW and vacancy on
the Young’s modulus of graphene. Atomistic modeling per-
formed by their team helps in concluding the reduction in
Young’s modulus with the increase in concentration and
degree of defects. Reconstruction in vacancy-induced gra-
phene sheets usually helps in stabilizing the Young’s modulus.
The same atomistic model proposed in Jiang et al.>* further
extended to study the effect of hydrogenated defects on the
Young’s modulus of the graphene. It was reported in the
results that hydrogenation of vacancy defects have positive
impact whereas STW defects have negative impact on the
Young’s modulus of the defective graphene. The trend and
results reported in this Jiang et al.** agreed with the results
presented in Mortazavi and Ahzi.**° Yang et al.*®* also used
the molecular dynamics-based approach for characterizing the
effect of randomly distributed vacancy defects on the mechan-
ical properties of graphene sheet. Recently, Tapia et al.”'® pro-
posed the finite element-based atomistic model to study the
effect of distribution and concentration of vacancy defects of
the elastic constants of graphene sheet. It was reported in
Tapia et al.?'” that position of these vacancy defects has sig-
nificant impact on the shear modulus and Poisson’s ratio of

graphene. Finite element-based atomistic model was used by
Canadija et al.>'® to study the effect of vacancy location and
concentration on the bending behavior of graphene. It was
concluded from the finite element model that vacancy defects
lying in the center of graphene has more influence on the bend-
ing strength of graphene. Importance of location of vacancy
defects are also examined by Santana et al.®> by using DFT
calculations, mono-vacancy defects in graphene near the edges
are energetically favor than the same in the middle of the gra-
phene sheet. In Figure 13, the authors made an attempt to
compile the effect of vacancy defects on the Young’s modulus
of graphene studied by various researchers.

Authors also made an attempt to plot the average change in
Young’s modulus of graphene due to STW and vacancy
defects Figure 14. The results plotted in Figures 9 and 13 with
respect to STW and vacancy defects is averaged and compiled
in Figure 14. It can be concluded with the help of Figure 14
that vacancy defects are more detrimental to the Young’s mod-
ulus of single sheet of graphene as compared to STW defects.

On the other hand, it is believed that if the locations of defects
are distinct enough such that their affected areas are distinct, their
behavior is similar to a material with single defect.'® Finite ele-
ment based atomistic model had been proposed by Baykasoglu
et al."** to study the effect of STW and single vacancy on the
arm chair and zig zag configuration of defective graphene. Large
deformation and nonlinear properties were considered for
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simulating the bonded atoms of graphene with the help of modi-
fied Morse potential. It was concluded in Baykasoglu et al.'**
that large deformation and nonlinear geometric effects are impor-
tant on the fracture behavior of graphene sheets. The results show
that graphene sheets exhibits an orthotropic fracture behavior and
these defects significantly affect the mechanical performance of
the graphene sheets.'**

The contribution of various researchers to investigate the
effect of STW and vacancy defects on mechanical properties
of graphene is compiled and tabulated in Table 2.

It was reported in the Mortazavi and Ahzi*° that even a
0.27% concentration of vacancy can reduce the thermal con-
ductivity by 50%. Thermal conductivity of defective graphene
sheet reduces at a rapid rate at small density (0.2%) of defects,
but reduction becomes gradual at higher concentration of
defects.?®” The same trend was reported in the research work
of Hao et al.*®® and Sevik et al.*®

Zhang and his team performed molecular dynamics-based
simulations to compare the effect of single vacancy (SV), di-
vacancy (DV), and STW defects on the thermal conductivity
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FIG. 14. Average decrease in Young’s modulus with STW
defect and vacancy defect of graphene sheet.

of graphene.”®” They used defect density (defined as the num-
ber of defects divided by the number of atoms in the pristine
graphene), where each defect is treated as an individual scat-
tering center, independent of the defect type or the number of
atoms that forms it.>*’

At small defect density (i.e., 0.2%), the SV-defective gra-
phene possesses the highest thermal conductivity, followed by
DV and STW graphene. In other words, the presence of small
amount of SV leads to the smallest reduction in thermal conduc-
tivity. Based on the present defect density definition, at the same
defect density, all the defective graphene have the same number
of defective centers. However, in each defective center, one
atom is missing in the SV-defective graphene while two atoms
are missing in DV-defective graphene. The total missing atoms
in SV-graphene are half of those in DV-graphene. Therefore,
more phonon—defect scattering is stimulated in DV-graphene
and consequently it undergoes more severe deterioration in ther-
mal conductivity than its SV-counterpart.”®’

In contrast to the findings of Zhang et al.*’ are the results
published by Haskins et al.?’® In their research,?’® it was con-
cluded that SVs are more efficient in decreasing thermal con-
ductivity of graphene nano-ribbons (GNRs) compared to DV
and STW at the same defect density because of their less stable
two coordinated atoms. In the work of Haskins et al.,>’° the
defect density is defined as the number of defected atoms
divided by the total atom number in pristine graphene. The
revised values are close to each other, indicating that SV and
DV at the relative high density level have the same effect on
thermal conductivity. When the defect density is larger than
0.5%, the thermal conductivity of the graphene with three dif-
ferent defects is rather close to each other with minor differ-
ence.”®” With increasing defect concentration, the reduction in
thermal conductivity is dominated by the defect density rather
than the defect types. All the defective graphene with different
types of defects possess close thermal conductivity at the same
defect density.?®’ Pang et al.>’! used MD based simulations to
investigate the effect of triangular vacancy defects on the ther-
mal transport property of armchair graphene nano-ribbons.
Two important observations were reported in the same paper:
first, thermal conductivity of graphene nano-ribbons decreases
with increase in the size of defect; and second, the thermal
conductivity of these nano-ribbons becomes insensitive to
temperature range at higher concentration of defects.”’" Liu
and his team of researchers studied the effect of defect location
on the thermal conductivity of graphene nano-ribbons.*’?
Molecular dynamics-based atomistic models were developed
in their numerical investigations to study the effect of horizon-
tally or vertically aligned defects with respect to the direction
of heat flow. It was also reported in their work that thermal
conductivity of graphene nano-ribbons gradually decreases on
moving the defects from the edge to the middle of the gra-
phene nano-ribbons. Authors have made an attempt to compile
the research work of different scientists in the area of fracture
strength of graphene sheet and these are presented in Table 3.
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TABLE 2
Young’s modulus of pristine and defective graphene found by different researchers

Studied Conditions / Methods Young’s Poisson’s
by Types of Defects Adopted Modulus (TPa) Ratio
Jiang et al.'”® T = 100-500 K Molecular Dynamics 0.95-1.1 0.17
Shen et al.*'° T =300-700 K Molecular Dynamics 0.905
Lee et al.>* Pristine graphene Experiment 1+0.1
Tsai et al.'® NPT ensemble Molecular Dynamics 0.912 0.261

NVT ensemble 0.912 0.26
Kvashnin et al.*'* Vacancy defects Molecular Mechanics 1.08
Neek-Amal et al.'®! 0% vacancy defects Molecular Dynamics 0.501 £+ 0.032

randomly distributed 0.413 £0.019

vacancy defects

Ni et al.'®? Pristine graphene Molecular Dynamics 1.09 (average)
Reddy et al.*"? With mini of PE of graphene Continuum Mechanics 0.669 0.416

Without mini of PE of graphene 1.012 0.245
Liu et al.?*® Pristine graphene Density Functional Theory 1.05
Shokrieh et al.?' Pristine graphene Continuum Mechanics 1.04
Yanovsky et al.*** Pristine graphene Quantum Mechanics 0.737
Xiao et al.'® Stone -Wales defect Finite Element Method 0.98
Georgantzinos et al.>!” Pristine graphene Finite Element Method 1.367
Sakhaee-Pour '* Pristine graphene Finite Element Method 1.025
Jani Kotakoski et al.**° Grain Boundaries Molecular Dynamics 0.6
Zhu Jian et al.%¢ Vacancy Molecular Dynamics 1.090 £+ 0.003 0.2
R.Ansary et al.'®? Double Vacancy Molecular Dynamics 0.7985
Zhang et al.'®* T = 300-2000 K Molecular Dynamics 1.11-0.847

Isotope substitutions 1.085 (average)
R.Ansary et al.'* STW defects Molecular Dynamics 60% reduction
Nuannuan Jing et al.** Vacancy defects Molecular Dynamics 1.0186

STW defects 1.0244
Akihiko Ito®*? Vacancy defects Molecular Dynamics 0.817
Zhang et al.'®’ Pristine graphene Experiment 0.89
Daniel et al.**’ Pristine graphene Density Functional Theory 1.07 0.14-0.19
Hernandez et al.**® Pristine graphene Tight Binding 1.206
Gupta et al.** Pristine graphene Molecular Dynamics 1.272 0.147
WenXing et al.**? Pristine graphene Molecular Dynamics 1.026
Meo et al.** Pristine graphene Finite Element Method 0.945
Pei et al.'”! Hydrogen functionalized Molecular Dynamics 0.86

graphene
Hemmasizadeh et al.>** Pristine graphene Molecular Dynamics / 0.939
Continuum Mechanics
Neek-Amal et al.** Pristine bi-layer graphene Molecular Dynamics / 0.8
Experiment

Feng Hao et al.”! STW Molecular Dynamics 0.95

Vacancy Molecular Dynamics 0.93

3.2.3. Dislocations and Grain Boundaries

In general, vacancy and STW are considered as common

defects in graphene and are extensively studied by many
179-184,208,210,213-217,226,232,252,262,266,273

researchers, ! #3+86:123.

Limited research has been reported on class of defects such as
dislocations and grain boundaries. Fracture toughness is known

to be critically dependent on materials microstructures, and par-

ticularly on how dislocations are generated or multiplied at the
crack tip.”** This fundamental defect is of great interest to mate-
rial scientists; it is a form of defects in which an extra half plane
of atoms can deteriorate the strength of graphene.?”* Due to the
two-dimensional (2D) nature of graphene, only edge dislocations
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Fracture Properties of defect free and defective graphene sheet found out by different researchers

Studied by Types of Defects Methods Adopted Fracture Strength (GPa) Fracture Strain
Zhu Jian et al.%¢ Vacancy defects Molecular Dynamics 90.8 13.70%
R.Ansary etal.'®? DV defects Molecular Dynamics 108.8 18.41%
Yanovsky et al.>** Pristine graphene Quantum Mechanics 90 12.30%
M.C.Wang et al.! STW defects Molecular Dynamics 88.479 (SW1) 61.8 (SW2)

Vacancy defects 62.7
Xiao et al.*'¢ STW defects Finite Element Method 84.6 (average) 10%
Jani Kotakoski et al.**®  Grain Boundaries Molecular Dynamics 46 9%
Ni et al.'®? Pristine graphene Molecular Dynamics 195 (average) 38.17% (average)
Buet al.'®® Graphene Nanoribbons Molecular Dynamics 175 30.26%
Lee et al.>* Pristine graphene Experiment 130£10 25%
Pei et al."”" Pristine graphene Molecular Dynamics 121 22%
Niaki et al.>*! Pristine graphene Molecular Dynamics 115
Georgantzinos et al.>*>  Pristine graphene Structural Mechanics 129.46 28%
Z.Xu'" Pristine graphene Molecular Dynamics 98.00 21%
Liu et al.?*° Pristine graphene Density Functional Theory 110-121 19.4-26.6%
Ogata et al.>” Pristine graphene Density Functional Theory 107 20.80%
Zhang et al.'®* T = 300-2000 K Molecular Dynamics 125.87 —42.93 14.8% — 4.8%

Isotope substitutions 129 (average) 17% (average)
Ansary et al.™ Vacancy defects Molecular Dynamics 114.29 (average) 13.035% (average)

STW defects

117.26 (average) 10.195% (average)

were studied by the researchers.”’> Complementary pair
formed®? due to the removal of zigzag chain of carbon atoms is
shown in Figures 15a—c.

There are five different feasible mechanisms that illustrate
how these dislocation pairs are formed in graphene sheet: (i)
during the CVD growth, (ii) electron beam sputtering of car-
bon dimers, (iii) from surface adatom incorporation, (iv) from
a mono-vacancy, and (v) from a STW defect.?’® Lee and his
team”’’ proposed an atomistic model based on tight binding
molecular dynamics and ab-initio energy calculation to study
the formation of dislocations from point defects in graphene.
It was concluded in that article that the coalescence of 5-7

pairs with vacancy defects lead to the generation of dislocation
in graphene. It was pointed out in the Lee et al.>’’ that lower
energy barrier favors the ejection of adatoms from graphene
surface to form the dislocation in graphene lattice.

Butz et al.”’® reported one of the significant contributions
on characterizing the dislocations in the bi-layer graphene
sheets. In their research work both experimental as well as
numerical techniques were employed to study the dislocations
in graphene. Their observations were made with the help of
transmission electron microscope (TEM). It was experimen-
tally observed that in the absence of stacking fault energy,
leads to dislocation pattern that corresponds to AB—AC

<)

FIG. 15. (a) Atomistic model of single-layer graphene sheet; (b) the highlighted zigzag chain of atoms are removed; and (c)

yield a dislocation pair with two pentagon-heptagon cores.
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stacking order in graphene. Ab-initio based numerical
approach was reported in Yazyev and Louie?” to investigate
the thermodynamic and electronic properties of the topological
defects such as dislocations and grain boundaries. It can be
inferred from this review that numerical-based approach such
as molecular dynamics; tight binding molecular dynamics are
extensity used by the researchers to study the defects in gra-
phene. One more molecular dynamics-based study was
reported in Ariza et al.*”® to study the dynamic stability of dis-
locations in graphene lattice. Two conclusions have been
made after simulating dislocations in graphene. The first of
these dislocations are dynamically stable up to the temperature
of 2500 K and with the second, discrete dislocation theory is
capable of predicting the energies of these kind of systems.
Carpio et al.”®® also studied the evolution and stability of
defects such as dislocations in single sheet of graphene.
Bonilla et al.”’* reported in a letter that movement of disloca-
tion is an important parameter that determines the strength of
graphene.

Grain boundaries by definition are line defects (composed
of dislocation), separating graphene grains (domains/crystalli-
tes) with different crystal lattice orientations. More accurately,
each grain boundaries in a 2D graphene separates two grains
whose crystal lattices are rotated/tilted relative to each other
by a tilt mis-orientation angle 8, with the rotation axis being
perpendicular to the sheet plane.?*®

Even though mechanical exfoliation using “scotch-tape”
method shows exceptional properties,¢ still it is not suitable
for large-scale instrument fabrication. Since the chemical vapor
deposition (CVD) is currently the only way for producing
industry-scale graphene membranes and it leads to polycrystal-
line samples. This can significantly influence the properties of a
two-dimensional material and study of grain boundary in gra-
phene has become of fundamental importance.*®®

It can be inferred from the above sections that extensive
efforts has been made by the researchers to study the vacancy
and STW defects in graphene but, limited efforts has been
made by research community to study dislocations and grain
boundaries in graphene. Even the first experimental-**® based
study on polycrystalline graphene was carried out in 2011.
Nemes-Incze et al.?®' proposed selective oxidation of defects
and then atomic force microscope analysis to study the poly-
crystalline nature of graphene. It was claimed in Nemes-Incze
et al.?®! that proposed AFM technique is quick and easy for
quantifying the quality of graphene produced by chemical
vapor deposition. Rasool et al.?®? employed transmission elec-
tron microscope for characterizing the single and bi-crystals of
graphene that were synthesizes by CVD technique. Subse-
quently, atomic force microscope (AFM) was used to estimate
the mechanical properties of these graphene crystals. Mechani-
cal properties of graphene synthesized by CVD are largely
dominated by grain boundary, and at least mis-orientation of
grains and rotation of grain boundary line is required for char-
acterizing the effect of these grain boundary on the properties

of graphene. The same degrees of freedom, mis-orientation,
and rotation of grain boundary line was also pronounced as
important factors for characterizing the mechanical properties
of graphene in Wu and Wei.'®” Recently, Xu et al.”®* used
scanning tunneling microscopy to identify line defects by
experimentally. In 2012, Jhon et al.'”® used the molecular
dynamics based approach to study the effect of tilted and non-
tilted grain boundaries on graphene. In that numerical study,
simulations were performed with tensile as well as compres-
sive loading aligned parallel or perpendicular to the grain
boundaries. As compared to the fracture behavior of pristine,
and graphene with non-tilted grain boundaries, the graphene
with tilted grain boundary had shown a distinctive response to
tensile loading applied perpendicular to the grain boundary.
Atomic force microscopy was once again used by the authors
of Ruiz-Vargas et al.”®* for imaging grain boundary and rip-
ples in the single sheet of graphene. It was observed in Ruiz-
Vargas et al.® that grain boundaries significantly reduced the
breaking strength of graphene. Molecular dynamics-based
simulations were also reported in the same article to conclude
that grain boundaries are more detrimental to the strength of
graphene in the presence of voids. Kotakoski et al.?*® showed
that the presence of grain boundaries reduces the strength of
graphene by approximately 50% (down to~ 46 GPa), and the
results were also validated with the help of experiments. It can
be inferred from the discussions that mis-orientation angles of
grain boundary are important for the properties of the poly
crystalline material. Keeping this in mind, Liu et al.*®
employed the molecular dynamics based approach to study the
range of mis-orientation for the bi-crystals of graphene. Range
of mis-orientation starting from 0-60° was considered in that
numerical simulation.

From these discussions, one can easily infer that polycrys-
talline graphene is the only possible solution to achieve indus-
trial-scale large graphene sheets. Grain boundaries have
complicated impact on the properties of graphene sheet, as
large angle tilt boundaries (which have a high density of
defects) may be much stronger than that with low angle
boundaries.?®® Yi et al.?®® investigated the effects of tempera-
ture and strain rate on the strength of mono layer of graphene.
It was reported in the paper that a graphene sheet with tilt grain
boundaries are more affected by the defects as compared to
pristine form of graphene. Grain boundaries have detrimental
effect on the strength of graphene sheets at higher
temperatures.

In 2015, Chen et al.?®’ investigated the effects of grain
size, temperature, and strain rate on the mechanical proper-
ties of polycrystalline graphene by using MD simulations.
Mechanical properties like Young’s modulus and fracture
strength are considered as sensitive to grain size, tempera-
ture and strain rate. Yin et al.”®® investigated the effect of
line defects on single-layer graphene sheets by MD based
simulation. In their simulations, impact of location of
defects, number o