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ABSTARCT

This thesis addressed that graphene is a regular monolayer of carbon atoms settled in a 2D-
hexagonal lattice; that is listed among the strongest material ever measured with strength
exceeding more than hundred times of steel. However the strength of graphene is critically
influenced by temperature, vacancy defects (VD). Defects are at all believed to worsen the
mechanical toughness and reduce the strength of graphene sheet. Revealed boldly that stiffness
and strength are the key factors in determining solidity and life span of any technological devices;
besides at the time of production defects can change the structural properties of any engineering
material. A systematic MD simulation (MDs) study is performed in this thesis toward
understanding the defects on the mechanical properties of graphene, that the MD simulations
provide important comprehensions. Simulation of sheets with vacancy defects indicates that a
single missing atom could diminish the strength by nearly 25%. Also MD based atomistic
modeling was performed to predict and quantify the effect of non-bonded interactions on the
failure morphology of vacancy affected sheets of graphene. Defective sheet of graphene containing
VD was simulated in conjunction with the non-bonded interactions experienced due to the
presence of pristine sheet of graphene. In this study, the author, revealed mechanical properties
and failure morphology of bi-layer graphene sheets under the influence of single, double and multi-
vacancy defects. It was concluded on the basis of atomistic simulations that non-bonded
interactions as well as stiffness of pristine graphene sheet has significant impact on the failure
morphology of the defective sheet of graphene. Non-bonded interactions in conjunction with

defects can be further used for modifying the brittle nature of graphene to ductile.
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CHAPTER 1

INTRODUCTION

Graphene is a mixture of closely packed carbon atoms arranged in a two-dimensional (2-D)
hexagonal lattice which is bounded together in repeated pattern. It is also an outstanding material
lonely with an enormous number of amazing properties which repeatedly gross it into the title of
“wonder material” which is a road map on the way to guide the community toward the
development of products [1].The remarkable mechanical behavior and properties of graphene-
based non material's has concerned with important study concern in recent years, in line for to
their encouraging forecasts, now adaptable divisions for example micromechanics [2],
microelectronics [3], and thermal [4] application with desired mechanical properties, and electrical
conductivities [2-4]. The trial and hypothetical revision of graphene, two-dimensional (2D), is a
tremendously growing field of today’s condensed matter research. The causes for this is massive
methodical attention were diverse, on the other hand one might highlight some key inspirations.
Keeping in view of the science based interest generated via graphene and its promising upcoming
contribution toward electronic engineering and sensing applications, so group of research effort
are steadfast hooked on considering the configuration and properties of graphene in this thesis.
Owed toward its excellent mechanical behaviour, thermal and electrical conductivities of graphene
could also use for more conventional purposes as compared with carbon nanotubes, which was
quiet restricted to aerospace industries. Graphene is known to have very-high stiffness in addition
strength until now an extensive scatter have been witnessed in the mechanical properties [1-4].A
single sheet of pure graphene sheet was reported to have high young's modulus of about
1.0TPa[1],fracture strength of 130 GPa [1],ultimate tensile strength (ost) 100GPa [2],thermal
conductivity of 5000 W/mK [3-4],shear modulus of 280GPa [5-6],longitudinal sound velocity of
20km/s [5,7-9],melting temperature of 4900K [5,10] and also it has electron mobility of
250,000cm2/Vs at room temperature[1]. Graphene makes experiments possible that give new turns
to the wonders in quantum physics application in electrical, mechanical are the most important in

microelectronics engineering as a component material ;as a super conducting material; like micro-



chips clear conducting electrode and solar cells[10-14].Because of its special properties, it is
increasing the research endeavor to evolve recent engineering applications for instance nano-
actuators [15-16],nano-sensors [15, 20], gigahertz oscillators [15, 18], drug deliver[15, 19].
Accounting these nanotechnologies, graphene is also recorded amongst topmost possible
nanofillers aimed at emerging as nano composite material thru enhanced properties, thermal and

electrical conductivities which put into effect us to look toward it [15, 19, and 20].

Arm-chair Direction

1007
11111

Figure 2. Atomistic modelled of graphene configuration.

Whereas currently reports on graphene are a material that can be utilized in numerous disciplines
including, but not limited towards, bio-engineering, amalgamated materials, energy technology
and nanotechnology according to previously had done paper by some authors. Still material
manufacturing developments and chemical action may familiarize structural defects in graphene;
for instance single, di- and multi-vacancies are recently studied by Gorjizadeh et al. [16] validated
the conductance drops in defective graphene sheet. Pei et al. [17, 18] premeditated the effect of

functionalized clusters proceeding to study properties of graphene. Banhart et al. [19] revised,

3



conceivable structural defects in graphene and their special effects for its potential applications.
Regrettably, there are very few studies of defects on the effects of mechanical properties of
graphene and consequently more work is abundantly required. This work presents molecular

dynamics simulation exploration taking place for the origination of crack length.

Table 1.List of Properties for a Single Sheet of Graphene

Property Value
Young’s modulus [1] 1.0TPa
Rupture strength [1] 130GPa
Tensile strength [2] 100GPa
Thermal conductivity [3-4] 5000w/mK
Shear modulus [5-6] 280GPa
Longitudinal sound velocity [5,7-9] 20km/s
Melting temperature [5,10] 4900K
Specific surface area [11] 2630m?/g
Optical transmittance [12] 97.70%
High electron mobility [13] 250,000cm?/V/s

1.1 Production techniques

The industrial intake of graphene materials (GMs) will need enormous measure and less price
fabrication techniques, though provided that a stability among comfort of manufacture and last
material value, definite as on-request made-to-order properties according to the final use. One
advantage of graphene is that, unlike other nano materials, it can be completed on huge and
economical scale by means of bottom up (atom by atom growth) or top-down (exfoliation from

bulk) techniques. So far, the production methods can be classified into two categories:



» Bottom up methods
» Top down methods
Bottom-up processes inculcates, when graphene is manufactured by a variety of methods, such as:
1. Epitaxial growth on metal Carbides [20]
2. Chemical vapor deposition (CVD) [21]
3. Arc discharge [22]
4. Freeing carbon nanotube’s [23] (CNT’s)

CVD and epitaxial growth on silicon carbide (SiC) are the most joint and widely used; but they
every so often make insignificant extents of huge-size, from defect-free graphene sheet. They may
be more applicable than the mechanical cleavage method [24]. The techniques of top-down
approach, we start with a bulk material and then break it into smaller parts by means of mechanical,
chemical or other forms of energy. A schematic representation of the building of nanostructures

with down up and above down lines (besides differences between them) is given at Fig.2.



Bottom up

Figure 3.Schematic representation of the building up of nanostructures.
Top-down processes reveal that, graphene sheet can be synthesized/manufactured by several ways;

such as,

1. Micromechanical exfoliation of graphite [24]

2. Direct sonication of graphite [25]

3. Chemical reduction of organically treated Graphite Oxide (GO) [26]
4. Thermal exfoliation/reduction of GO [27]

As mentioned above, the micromechanical exfoliation of graphite as a method to produce single
graphene sheet is the one that caused the outburst/arisen in this research field in 2004 [24] in upper-
down procedures, graphene or sheets are produced by separation/exfoliation of graphite or graphite

spin-offs, such as graphite oxide (GO).



Graphene is typically formed from graphite by a top down approach, either by chemical or physical
exfoliation [24].In general ,graphene sheets are produced through chemical vapor deposition

(CVD) [23] ,mechanical exfoliation [21],chemical exfoliation [21],condensed graphene oxide [21].
1.1.1 Mechanical Exfoliation

Mechanical exfoliation was the unique technique towards preparing graphene. With both sides of
highly oriented pyrolytic (thermo chemical decomposition with absence of oxygen or any halogen)
graphite adhered by adhesive tape, graphene is obtained through repeated tear, due to the weak
van der Waals force in graphite layers. Graphene was first prepared by Novoselov and Geim and

their colleagues with this method [28].
1.1.2 Epitaxial Growth Method

SiC is used as input material in this technique. Single or multi-layer graphene is arranged by
removal of silicon atoms in the process of sublimation at high temperature. The width is decided
by heating temperature, this technique to prepare graphene was first adopted by Berger et al. [29].

1.1.3 Chemical Vapor Deposition

This technique is extra approach that is widely studied and used except redox method. Gaseous
carbon source is bubbled into reaction chamber directly, and graphene is obtained due to the
precipitation of supersaturated carbon or the surface catalytic cracking of carbon source on metal

substrates.
1.2 Applications of graphene as a nano material/nanofiller.

Possible applications of graphene consists of electronics, light processing, energy storage,
generators, sensors, plasmonics, meta-materials, along with numerous medical and other industrial
processes improved by the use of novel graphene materials. An indication of graphene applications
was presented in applied applications; the problem of hydrogen storage and transportation, mostly
for usage in mobile applications, must be skilled before hydrogen can become a widespread power

source.



1.2.1 Electronic devices

Graphene have already proven for its high potential toward impacting most ICT (information
communication technology). The boundless potential of graphene is bear witness by increasing

number of chip-producers currently energetic in [30].
1.2.2 Energy Storage and conversion

Storing and converting are essential for energy production and saving. Graphene today also used

as energy storage and converter replacing aluminum solar panel in different application.
1.2.3 Sensors

Quickly growing usage of sensors through society and the request for less cost. Improved devices

with less power feeding, depend critically on the occurrence of new sensor materials and concepts.
1.2.4 Composites

These applications need little cost, high-progression ability in solvents and polymers and tunable
chemical properties. A benefit of graphene over other nano-materials is that it can be formed either
by lower-up assembly of smaller atoms and molecules or higher-down exfoliation of graphite

masses.
1.2.5 Biomedical Applications

Using nano-technology expected at usage of, diagnosis, intensive care and regulating of biological
schemes is called “nanomedicine” [31]. The exceptional properties of graphene deliver principally
infinite options for several applications; the biomedical applications of graphene-centered polymer
nano-composites. The first report on biomedical application of graphene emerged in 2008 [32, 33],
subsequently graphene and graphene-based nano-materials have been utilized in a myriad of bio-
applications (e.g., drug and gene delivery, nano-medicine, bio-imaging and potential cancer
therapies). Adding to the above; Robust and light weight mixtures would also certify us to build
new cars, airplanes, and other structures using less material and energy, and contribute directly to

a more sustainable world, see Fig. 3.
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Figure 4.Summary uses of graphene in dissimilar subdivisions fluctuating from conductive ink,
chemical sensors, light emitting devices, composites, energy, to touch panels and high frequency
electronics. (Source: From the Royal Society of Chemistry), volume 7 page 4608.



1.3 Definition of problem

1.3.1 Why atomistic modelling

Failure elements of any material eventually tips to its total configuration and intended function.
Computational modeling, in particular atomistic and molecular simulation, is becoming
increasingly important in the development new technologies. At nanoscale, the effects of single
atoms, individual molecule, or nano structural features may dominate the material behavior. Thus
novel modeling and simulation approaches are a vital component in enabling the engineering
design process. Atomistic models, by providing a material description that starts at a fundamental
scale, are thus expected to be important not only for scientists but also for engineers. In addition
that atomistic modeling provides an essential narrative of the materials behavior and materials
deformation phenomena. The atomistic modelling includes the physical basic numerical
implementation and examples of atomistic models for specific materials, as well as a brief
introduction into multi-scale simulation methods. We also review analysis methods, in particular
picturing schemes that can be used to cite useful information from large atomistic systems. The
significance of the atomistic viewpoint for failure processes and the enormous computational
burden associated with such problems makes modeling and simulation of failure a promising and

exciting area of research on material.
1.3.2 Why vacancy defect

Graphene is the toughest material; however its performance is pointedly weakened by vacancy
defects. So far the researchers used molecular dynamics simulations to investigate mechanical
properties like tensile behavior of a graphene which contains a single vacancy (SV), double
vacancy (DV) and multiple defect (MV) where the stress concentration around the vacancy defect
leads to material distortion/alteration in shape. On the other hand, both material production
methods and chemical handling may possibly announce structural defects in graphene as
mentioned above. There are numerous studies carried out taking place on the strength and elastic
properties of defect-free graphene via first-principle, molecular-dynamics, and continuum
mechanics simulations; however it is in its infancy stage regarding vacancy defect. In general
vacancy defect can deteriorate the mechanical properties of graphene, thus why the author intended

to study vacancy defect for modifying the failure behaviour of graphene sheet.
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1.5 Objective of the Research

>

Developing an atomistic model in molecular dynamics built environment toward studying
its mechanical properties.

Validation of interatomic potential for the modeling of single and multiple sheets of
graphene.

Reviewing the properties of pristine as well as defective graphene sheet;

Exploring the effect of vacancy defects on single as well as multiple graphene sheets.

To understand the transition in the failure mechanism of defective graphene sheets under
the influence of non-bonded interactions in the bilayer sheets of graphene;

Also studying non-bonded interactions simulation as well as stiffness of pristine graphene
to quantify their impacts independently.

On the road to examine the contemporary statistical methods for simulation of graphene
sheets in presence of vacancy defect to comprehend the behaviour of the stress-strain
relationship ;

To study various areas of graphene applications for its leading, innovative and promising
material;

Characterizing to give detail description using molecular dynamics simulation regarding
mechanical properties;
Looking out the effect of mechanical properties at different vacancies, such as single

vacancy, double vacancy and multiple vacancy.

As a roadmap to guide the community towards the development of products based on

graphene, related two dimensional (2d) crystals and crossbreed systems.

1.2 Thesis out line

The work that are designated in this thesis are all done on graphene using molecular dynamics

simulation. Chapter 1 describes the theoretical background that is most relevant to the contents of

this thesis. In chapter 2, I overviewed the basic concepts of molecular dynamics simulation and

mathematical modelling used in this thesis. The contents focus on general concerns on mechanical

properties of graphene. The main focus of the atomistic modelling in this thesis is on mechanical

properties with vacancy defect and temperature. In chapter 3, we use to reveal molecular dynamics
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simulation to validate Airebo potential using the massively parallelized modelling code LAMMPs
software package (open software), and the atomic interactions are described by the CH.airebo
potential in addition to necessary parameters. The amazing mechanical performance and properties
of graphene based nanomaterials has attracted momentous research interests in current years so in
chapter 4, we studied effect of vacancy defect. In chapter 5, we modelled the effect of non-bonded

interactions on failure morphology of a defective graphene sheet.
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CHAPTER 2

EXTENSIVE LITRATURE REVIEW OF EARLIER WORKS

Carbon is the powerful force after numerous technological revolutions in the 19th century, energy
fabrication by burning carbon was essential to the industrial revolution in the 20" century, carbon-
based plastics transformed the manufacturing industry in the 21% century, graphitic carbon or

graphene might be a key constituent in a third technological uprising.

Over all, development of publications on graphene shown in Fig.4 below is increasing, without

decreasing.
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Figure 5. Publications on graphene from 2000-2014 (thus over all 18000 are expected at the end
of 2014.publication on graphene earlier to 2000 were not outlined, Source: Web of science [34]

In general the study of the given below literature indicates the overview of graphene properties

using molecular dynamics simulation by different researchers.
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Rajasekeran G. Narayanan P and Avinash Parashar [2016]%: They revealed that all-inclusive
thoughtful of tough configuration property relations was necessary for developmental innovative

for graphene based materials and nanocomposites for engineering applications.

Lee et al [2008]%: Has experimentally explored the elastic properties of pure form of graphene is
described towards the importance of high stiffness of (1+0.10Tpa), which was in general measured

the best value for young’s modulus in graphene.

Frank et al [2007]%" and Rasuli et al [2010]%: Used the atomic force microscopy (AFM) based
direct method aimed at finding the mechanical properties of thin atomic sheets of graphene and
the same technique had also been used to estimate mechanical properties of few-layer thick

graphene cantilever.

Suk et al [2010]%: Used atomic force microscopic (AFM) techniques to determine mechanical
properties of graphene and the results were validated with the finite element modelling. On the
other hand numerical techniques had been achieved.

Shen et al [2014].4%: For investigating result of, Shen et al and his scholar group employed
molecular dynamics based simulations to study the effect of aspect ratio of graphene on its elastic
properties of graphene. His group revealed that stiffness of graphene was, size and temperature
dependent property that young’s modulus decreases with increase in temperature and shear

modulus was reported weakly dependent on the temperature.

Jiang et al [2009] #': Expected stiffness of graphene with respect to size of graphene and with
high temperature. The scholars reported early in their molecular dynamics simulation that young’s
modulus of graphene usually shows increment with the increase in the size of the sheet.

Tsai and Tu [2010]*%: Recently in the year 2010, they performed a molecular dynamics based
study on single sheet, and graphite fragments. They performed the molecular dynamics based
simulation with two different types of ensembles, and they decided that modified NPT ensembles
(Constant number of atoms, pressure and temperature of simulation box) for an upgraded accuracy
on behalf of simulation to reveal the mechanical behavior of graphene, as compared to
conventional NVT ensembles (number of atoms, volume of simulation box and temperature of

simulation).
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Ni et al [2010]** Studied the elastic properties of graphene using molecular dynamics simulations.
He shown in his exploration work, elastic properties and fracture behavior of graphene was

modelled regard to the direction of loading.

Parashar and Mertiny [2012, 2014].44-45: Same conclusion has also been made using numerical
simulation to study the buckling stiffness of graphene. Additionally tensile loading via molecular
dynamics modeling also achieved to simulate the double clamped twisting experimentation with
the single layer of graphene. In their work, the relationship among the centerline deflection and
accumulated forces has been derived from molecular dynamics in aggregation with the continuum

theory.

Reddy et al. [2009, 2003, 2014, 2010, 2013, and 2012] 46 47. 48, 49-56: |n their continuum based
approach they studied the significance of energy minimization with respect to different elastic
properties. Additionally to molecular dynamics simulation, finite division accounted by many

scholars for estimating elastic behaviour of the sheet.

Y.Y Zhang et al [2011].5": He applied molecular dynamics simulations to reveal the bilayer
graphene sheet tied by arbitrarily distributed sp3 inter-layer bonding. The inter-layer bonds in the
bilayer graphene sheet remained created by showing increment moving two atoms with the same
planar coordinates (one in upper layer and the other one in the lower layer) to the sp3 bond distance.
Also, they used the bonding atomic interface in graphene sheet is defined by the reactive empirical
bond order (REBO) potential. The aforementioned was found from the simulation outcomes that
the occurrence of sp3 bonds can meaningfully boost the inter-layer contact and reducing the inter-

layer space.

He et al [2014]°8: In their research work they have used the molecular dynamics based approach
for simulating the consequence of STW tilting angle defect (STW1 and STW?2) on the mechanical
properties of graphene. Stated in their paper that by means of STW1 defective graphene, the
stiffness in arm chair is lower than zig zag direction, whereas the contrary tendency reported with
STW?2 imperfections. More or less the scholars have also endeavored the road to model result of

STW imperfection.
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Canadija et al *°: studied the outcome of atom disposition and concentrated toward bending
behavior of graphene. This one decided commencing the finite element modelling having

imperfections lying in the center of graphene has more impact on bending stress.

Jing and his research team ©: studies the effect of STW and vacancy defect to see their effects

on stiffness of graphene using molecular dynamics simulation.

Zhang and his group implemented molecular dynamics simulations for describing the outcome
of single, di- and STW defects toward thermal conductivity of graphene [61].They also used defect
density (which was well-clear as per the defected divided by the number of atoms in the pristine

form); wherever each defect is preserved individually [62].
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CHAPTER 3

MATHEMATICAL MODELLING TECHNIQUES FOR GRAPHENE

Experimental and mathematical approaches exist for illustrating different sorts of nanofillers Fig.5.
Atomic force microscope (AFM), scanning electron microscope (SEM), transmission electron
microscope (TEM), the X-ray diffraction (XRD), Raman spectroscopy,40 X-ray, photoelectron
spectroscopy, and near edge X-ray absorption fine structure spectroscopy [63] were extensively

recycled investigational procedures for characterizing nanofillers and nanocomposites.

Characterization of
graphene nano filler

!

Experimental Computational Methods
Measurement (Atomistic modelling)

Ab-initio methods Mog'f'ledéom'mlju_”l‘:EM Empirical and semi
Example: DFT based Lno eds' xamphe. empirical. Example:
approaches ased approaches MD,TBDFT

Figure 6. Description of nanofillers.

These dares inspire scholars to explore alternatives describing these nanofillers and
nanocomposites. Because of remarkable progress in the numerical methods, numerical simulations
are developing as a better alternative for describing these nanofillers and nanocomposites.
Numerical models at t nanoscale classified in three subsections: Ab-initio (first principal) [64],

semi-empirical, and modified continuum models.
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3.1 Basic Concept of Molecular Dynamics Simulation

The origins of molecular dynamics are rooted in the atomism of classical time. In the former few
decades, molecular dynamics simulations (MDs) have emerged as a very useful and significant
tool to connect the predictions of theoretical models with experimental results, also to explain
many of the microscopic mechanisms behind the measured properties. The expectation of
materials’ properties from their chemical alignment is crucial for the improvement of products at
industrial level. Molecular dynamics simulations plays a vital role in the study of these materials,
as they set up a very effective way not only for the computation of their macroscopic physical and
chemical properties, but also for clarifying the atomistic mechanisms that determine these

properties, thereby providing a link between the micro and macro levels.

Goal of atomistic simulations were demonstrating, examining, and accepting the motion of the
each atom. Molecular dynamics computes the time reliant on performance of molecular system by
integrating the equations of motion. Essential algorithm of molecular dynamics can be labeled in

three steps:

(1) Initialization;

(2) Equilibration and,
(3) Calculation.

Molecular dynamics simulations may be considered as a technique of atom chasing. Molecular
dynamics (MD) is a mechanics based computer simulation method in which the time evaluation is
a set of interrelating atoms is trailed by integrating their equation of motion. There are three main

computing methods for molecular close simulations;
» Mechanics technique,
» Molecular dynamics technique and,
» Monte Carlo technique.

In the technique of molecular mechanics, the properties of the system are calculated by
considering first a collection of static microstructures. These microstructures are created by

starting from an initial configuration where the particles are randomly arranged in the simulation
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box. They are typically characterized by exceedingly large values of the potential energy because
of the presence of atom-atom overlaps, thus the energy should be quickly minimized for these
overlaps to be removed. The molecular dynamics method was built on second law equations of
motion and elucidates standard comparisons of motion at individual phase. These equations are
numerically integrated and the result of the integration yields the positions and velocity of
individual particle or atom arrangement in course of time. In this way it is possible to study the
time evolution of the simulated model system. And after system equilibration (at the prescribed
temperature or pressure conditions), one can extract all the dynamical and structural properties of

the system.

In the Monte Carlo method, thermodynamic average values are calculated via stochastic sampling
of a very large number of configurations of the microscopic system. Monte Carlo techniques can
efficiently exceed large energy barriers, thus allowing for the fast relaxation of the simulated
system. But because the system is not allowed to evolve naturally in time, this technique cannot

offer any information about the dynamical behavior of the system.

Molecular dynamics simulations follow the motion of all the atomic centers in the system by giving
them as classical Newtonian particles (because the real systems of atoms by the side of fixed
temperature are in persistent motion) and integrating the equations of motion:

2 (1)
f = .dz (i=1...N
Lo ri( )

_ @)
f=mr

Where; f force of atom, 1), mass of atom, r acceleration of atom

_ 0L (3)
ari

fi=
Where; (i=1....N) g ., potential energy and [';, position of atom

A system of atoms are allowed to move under these accelerations for a time period called time

step. In stage two the new positions and velocities of the atoms are obtained using a numerical
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integration method such as velocity Verlet method [65]. According the velocity Verlet method,

also variation in r and v with At is graphical presented below;

v (to + %) =v(t,) + —[c'i (tg)At], (4)

r(t, + At) =r(t,) +v (to + %) At, )

At
v(t, +At) = v (to + 7) + a (t,)At.

(6)

Where r,v and d are the position, velocity, and acceleration of an atom, respectively; to is the initial

time; At is the time step. Variation in r and v with At is graphically presented in Fig. 6.
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Figure 7. Change in position and velocities of atoms with time; where a system of atoms are
allowed to move under these accelerations for a time period called time stage.

To obtain stress-strain (a-€) curve, using the following virial stress equation to estimate atomic

stress of individual atoms during deformation:

off = 1/v(%m“vi“v]?‘ £ wl flg) )
B=1n

Here, i and j denote indices in Cartesian coordinates system; « and f are the atomic indices; m“

and v are mass and velocity of atom a; 7, Was the space between a and f atoms and V is the

surrounding volume of atom « and the atomic capacity can be taken from the simulated graphene

sheet with a width of 0.34nm [66]. In the same way, thermal conductivity (k) of the relaxed atomic

arrangement expected using the below mathematical modelling:
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] oT (8)

=260
_ [Z Ntransfer (mhvizl - vaCZ)O'S] (9)
/= t
ransfer
Wherever aa_T was temperature deviation sideways the heat; A is cross- sectional area, J is the
X

heat flux, transfer and Nansfer are summation time and number of exchanges, respectively and c

refer to hot and cold atoms, respectively.

In conclusion, stage three offers the useful outcome from the simulation. This may involve
collection of statistical data (for the period modes of temperature and pressure, etc) or the writing
of atomic trajectories for post giving out. Stiffness (E), breakage strength (o), and rupture strain
(&r) can be derived from the simulated o-¢ curves; the Young’s modulus impact can be calculated

as the initial slope of the o-¢ bends.
The strain energy stored in a graphene sheet at a particular strain is calculated by;

U.=E.—E, (10)

Lr =1L, (11)

&= LO

Where; strain energy initial potential energy at strain &, similarl ,is the potential ener
. gy p gy Y, p gy

of the unstrained graphene sheet in demand to gain the stress-strain (¢ — ¢) relation of graphene

,a third order polynomial is fitted on the strain (&) and the strain energy for each unit volume (U)

data in the form of, U = +Ce+ K , where D is the third order elastic modulus, E is

3 2
young’s modulus ; C takes into account any residual stress in the graphene sheet and K gives full
flexibility to the model. This one should be noted that young’s modulus in this study is somewhat
different from the conventional young’s modulus which is defined as slope the linear part of (¢ —

€) curve of graphene. However, the (o — €) curve of graphene is no-linear. Therefore; stiffness has
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remained well-mentioned as the primary slope (o — €) curve stress (o) is obtained by taking the

first derivative of the strain energy in Eqn (above) with respect to ¢ as;

U
G=—=De?+Ec+C (12)
de
02U, (13)
y = de
v

A typical flowchart for an MD would look something like Fig.7. Amongst those steps the portion
that, the greatest computational challenging is the force calculation. The effectiveness of an
molecular dynamics simulation consequently rest on the performing force calculation as merely

such as possible lacking negotiating the physical explanation.

Set particle

~~

Assign particle velocities

Ny

Calculate force on each particle

<5

Update particle positions and
velocities to the next step

No < 5

Save particle positions, velocities
and other properties to file

7

Reach preset
time steps?

Save/analyze data and print
results

Figure 8.Stream graphic representation of molecular dynamics simulation.
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3.2 Molecular Dynamics Ensembles

The main objective of MD simulation is to replicate a material’s structure at atomic scale and
predict macroscopic properties without directly depending on experiments. There are different
types of ensemble averages used in MD simulation. Among these first three types of ensembles
are widely used in MD simulations. This an ensemble is a group of all the promising states of a
real system. The micro canonical statistical ensemble (NVE) describes an isolated system with a
given number of particles N, a constant volume V, and a constant energy E. Molecular dynamics
simulations obviously fit the NVE ensemble since energy is preserved by second law equations of
motion. The canonical statistical ensemble (NVT) describes scheme with a given number of
particles N, a constant volume V, and a constant temperature T. The isothermal-isobaric statistical
ensemble describes a system with a given number of particles N, a constant pressure P and a
constant temperature T. It is the most common ensemble used in molecular simulations, because
it reproduces the behavior of a material in real conditions of pressure and temperature. The micro
canonical N, V, and E (NVE) ensembles, the canonical (NVT) ensembles, and the isothermal-
isobaric (NPT) ensemble are frequently used in MD simulations. The contractions N, V, E, T, and
P stand for the number of atoms, volume, energy, temperature, and pressure of the system,
respectively and these quantities are kept constant during the simulation. The goal of molecular
dynamics simulations is to deliver evidence about the physical properties of a macroscopic system.
A difficulty to overcome in these calculations was, that they are computationally time taking,

limiting in most cases the size of the simulated system to only a few thousands of particles.
3.3. Integration of the motion equations

The rules of motion are termed by ordinary differential equations, where the relevant functions,

such as position or velocity depends only on time in classical particle dynamics.

x(t + At) = x(t) + x At.. (14)
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3. 4 Verlet algorithms

The Verlet algorithms are easy, precise and, as we will see below, time reversible, which explains
why they are widely used in MD simulations. Verlet’s algorithm is derived by the Taylor expansion

of the position. Original form of the Verlet equations is gotten by utilizing a Taylor expansion at

times t -dt and t +dt:

r()de?  r(t)des (15)
r(t+dt) =r() +v(t)dt + > c + -
. 2 .ee 3
(e —de) = r(e) — v(e)de + oo T (16)
Summing the two equations gives:
, )
r(t+dt) = 2r(t) — r(t —dt) + UOL (17)

2
With #(t) calculated from the forces at the current positions. The calculation of the velocities is

obtained by subtracting eq. (16) from eq. (15): Verlet algorithm needs two steps to grasp the future
location from the current and previous location info. Initialization of algorithm can thus be done
by using the initial space and velocity information and applying the Euler method as given in
Equation (15).The preliminary velocity supply is given according to statistical mechanical
requirements of the system. Verlet algorithm does not use velocity information afterwards.
Velocity at time t, can be designed using the central difference technique, which stated as equation

below;

o(6) = [x(t + At)zgtx(t — At)] (18)

From a mathematical point of view, the problem of the potential energy minimization belongs to

the general category of optimization problems. The main goal of the optimization problems is to
choose appropriate values for the variables x1,x2,x3,....,xN so as to optimize (minimize or
maximize) a scalar function f(x1,x 2x3, ....,xN) . In molecular simulation problems, this
function is the potential energy of the system U (rN); its optimization corresponds to the
minimization of its value. So, the target is to find the optimal values of the particle positions in the

system so that the total potential energy reaches a minimum.

24



3.5 Interatomic Potentials for Graphene

Potential field is one of the best mathematical account of the potential energy of a system
interrelating particles. The key objective of this inter atomic potential field is to give mathematical
description terminologies by approximating the energy landscape of a large atomic system.
Various researchers concluded that all achievement of any atomistic simulation is relays on the
success of interatomic potential which is active for simulating the bounded and non-bounded
interaction b/n the atoms [67]. A lot of interatomic potentials or force fields have been advanced,
ranging via different levels of precision and densely however the simplest form of atom-atom
interaction is pair potential; the potential energy of which only rest on the space among two atoms.
Total energy of the scheme given by adding the energy of all atomic links ended all a particles

which is happening to the scheme. The overall arrangement of potential energy description is;

1 N N
Utor = 2 z Z P (raﬁ)
=ﬁ= =

Where raﬂis the distance between particles . and g , ¢(raﬂ) is the potential energy between

(19)

particles o and g .

The general form of a potential field can be expressed as;

Etot = Ecovalent + Enon—covalent (20)

Where; E;,; total energy, E.ovaien: COValent energy and E,,on—covalent: NON-COvalent energy

Ecov = Ebond + Eangle + Edhedral + Eout of plane (21)

Enon—cov = Eelectrostatic + Evanderwals (22)

Scholars had used Morse potential field; reactive empirical bond order (REBO) potential field and
adaptive intermolecular reactive empirical bond order (AIREBO) potential field for simulation of
graphene and carbon nano tubes [68]. AIREBO potential was an improved version of REBO
potential, which contains an element for non-bonded interfaces and one more component for four
body torsional interfaces. AIREBO [39] and [69]. Potential field is an extension of the commonly
used REBO potential field; where AIREBO addresses some of the short coming in the REBO

potential. Absence of the non-bonded interaction in REBO potential makes its poorly suitable for
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systems with significant intermolecular interactions such as graphite [70]. AIREBO potential

contains three sub- section potentials. They are;

1. Reactive empirical bond order (REBO),
2. Lennard-Jones and,;

3. Torsional potentials;

Wherever the REBO potential provides the energy stored in particle links; the Lennard-Jones
potential contemplates the non-bonded interfaces among the atoms, and the torsional potential
captures the energy from torsional interactions amongst particles. AIREBO potential consists of

three parts that can be expressed mathematically as follow,

Eltors (23)

1 L
EAIREBO _ i Y [ES.EBO + Eij] + Dkzij Dizijk ijk |

From this wherever i,j,k and | states to each particle, E is the sum of potential energy, E ;J is the
an element which representing non-bonded Lennard Jones potential, = :JTE“ stand for the four —

body torsional term in AIREBO, and ;_‘EBO is the REBO potential . REBO potential be made

up of two mathematical elements; which consists attractive and repulsive terms as described

below.

Ei};EBO _ f(rij)(Egepulsiue + by Ei/}ttractive) (24)
] )
Where b i is the bond order which regulates the bond strength, f (r;;) is the cutoff function

limits the bonded interaction among to the nearest neighboring atoms lying within the cut off

distance.
3.6 Cut-Off Radius

On the way to exist the inter-atomic potential energy function must be constructed in such way
that the energy involvement allocated to a given atom is only affected by atoms within a specified
distance which is called cut-off radius denoted by (rcur. A lesser value for cut-off radius improves
the computational efficiency, also on the other pointer it diminishes the exactness of the
simulations, hence cut off radius is frequently explained in a way that exactness of the calculations
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will not be affected. To investigate the effect of defects in graphene, Wu et al. [71] used a value of
1.924, while Jhon et al. [71] used the value of 2.04 as the c-c bond cutoff radius in order to avoid

unphysical results before the bond breaking.

To study the consequence of cut-off radius on the flexible strength of graphene, different cut off
radius used in different research works is compiled in Fig.8. [72]. However, experiments [73] and
ab initio calculations [74] have given smooth nonlinear stress-strain curve without any strain
hardening. It can be concluded from the trend shown below in Figure 4; that flexible strong point

of graphene is continuously slow down through an increment in cut off radius from 1.75-1.92

A[75].
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Figure 9. Association among modelled tensile strength and C-C bond cut-off radius (adapted He
et al.75).

In order to further investigate the effect of cut-off function on the fracture simulations and also to
find an appropriate cut-off radius for the crack simulations of graphene, potential energy of C-C
bond between atoms 1 and 2 in Fig.9 is arithmetically gained with the increment of bond length r;

where the relative positions of other atoms were kept unchanged.
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Figure 10. The system used to investigate the cut-off effect. The arrows indicates the straining
direction and r is the initial bond length.
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CHAPTER 4

MOLECULAR DYNAMICS SIMULATION TO VALIDATE AIREBO
POTENTIAL

On the way to simulation of graphene, molecular dynamics simulation (MDs) was built that
contains 800 carbon particles by regular size of, Lx =49.2A and Ly= 42.6A or (4.92nm by 4.26nm)
shown in Fig .10. All the parameters mentioned in above are predefined parameters in MD
simulation. However some MDs parameters such as time step, strain rate, and boundary conditions
are user defined parameters. Selection of these parameter has an influence on the MD simulation.
The size of monolayer graphene sheet we considered was 49.24 x 42.64 as mentioned above given
dimension; were achieved via the modelling programmed LAMMPs software package (open
software), besides the atomic interfaces are described by the CH.airebo potential, where cutoff
parameter AIREBO was modified as 2.0 to avoid nonphysical high force. In our case periodic
boundary condition was applied in all directions. Larger time steps increase the computational
effectiveness and lesser time steps may upturn the exactness of the simulation. Therefore, the time
step controls the trade-off among exactness and computational effectiveness in a MD simulations;
so that if a time step is selected too large, the system might become unstable. However, scholars
ought to use time steps from 0.1 fs to 1 fs to simulate uniaxial tensile tests of graphene [77, 78].
Actually, mostly they have used AIREBO potential field applied in LAMMPS MD simulator for
the simulations. Therefore; it is interesting to investigate the effect of time step on the simulation
of the uniaxial tensile test of graphene. In MD simulations the other parameter is, a tensile test
which performed by applying strain to the nanostructure at persistent strain rate. Scholars had
establish, that the failure point of graphene be contingent on the strain rate [79-80]. On the lower
strain rates, the system have more time to relax and reach equilibrium state; and the outcomes

would be more exact. Practical strain rates, used in this investigation
is 5x10° divided by 1x10'? or 5x1073 % which is possible in this simulation due to effective

computational efficiency. Scholars had used several strain rates starting from 0.0005 pico per
seconds to 0.01 pico per second [81]. In order to investigate the effect of strain rate on the failure
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point of graphene, a set of MD simulations were performed on a graphene sheet of size 5 nm x 5
nm under the strain rates of 0.01 pico per seconds, 0.001 pico per seconds, and 0.0001 pico per

seconds. Therefore, in our case, in order to become computationally feasible, strain rate of the
order of 5 *10° (5x10‘3%), is generally used in MD simulations. The other parameter is time

combination using Nose-Hoover with non-Hamiltonian equations of motion considered to produce
space plus velocities tasted from the canonical (NVT), isothermal-isobaric (NPT), and isenthalpic
(NPH) ensembles. Molecular dynamics simulation takes place in a simulation box where the size
of this simulation box is determined by boundary conditions. The most commonly used boundary
condition is the periodic boundary condition since it can represent an infinite number of atoms by
performing the simulation in only a single unit cell. In general the tensile load was applied to the
graphene sheet alongside to both armchair and zigzag directions. The model was accompanied at
a strain rate of 0.005 psand at a time step of 0.001 ps. The model was firstly simulated to a
minimum energy state with the conjugate gradient energy minimization. Then, Nose—Hoover
thermostat [82, 83] were active to equilibrate the graphene sheet at a certain temperature by means
of periodic boundary conditions. Recalling that adaptive intermolecular reactive bond order
(AIREBO) potential was [84] applied in the software package LAMMPS [85], to simulate covalent

bond formation and bond breaking.
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Figure 11. Model of graphene sheet: same tension alongside (a) zig-zag way and (b) armchair way.
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Figure 12.0n the way to confirm mathematical method, the fracture strength of a pristine graphene
sheet was initially calculated. Stress-strain bends of pristine graphene sheet under same tension
along zigzag way (black colour) and armchair way (red colour) at 300K.

In the direction of validating the mathematical method, the rupture stress of pure graphene sheet
was initially designed. Consequence of minimal stress-strain bend next to the temperature of 300

K, subjected to tension load alongside both armchair and zigzag directions shown above Fig.11,
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was revealed, that fracture stress beside the armchair and zigzag way is calculated as 91 and 106
GPa, separately. In Cauchy stress; the rupture stiffness was 100GPa and 126 GPa and the rupture
strain is 0.13 and 0.22 correspondingly. These results were promise new examination, i.e., ot =130
GPa and er =0:25 [86] as well as previous numerical simulation [87], verifying dynamism and
exactness of our mathematical approach. One of the most important output from MD simulation
was the potential energy of the graphene sheet at the time of relaxation period. Deviation of
potential energy of the sheet with time is shown in Fig.12. Potential energy is almost constant
during the relaxation period was (up to 5ps) then start to increase with the applied strain with a

strain rate of 0.005 ps-1.
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Figure 13. Change in the potential energy with time.
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Also graphene can be subjected to higher temperature at production stage as well as when graphene
based devices operate at higher temperature. As we discussed above Chemical vapor deposition
(CVD) is one of the most commonly used methods of graphene manufacture; that products
graphene at a temperature of around 800 K. Therefore, understanding the temperature behavior of
graphene helps to fabricate best excellence graphene founded devices. Studying the effect of high

temperature on mechanical properties of a substantial armchair and zigzag is presented.

In the temperature range of 200K, 300K and 450K, the breakage stress with vacancy was evaluated

subjected to load; along armchair and zigzag way. Modelling was held at temperature of 200K,
300K AND 450K as shown in Fig.13. (a), and (b) Shows the fracture strength o for the graphene
sheets without defect at temperatures of 200 K, 300 K, and 450 K.
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Figure 14. Stress versus strain curves; (a) Zigzag direction graphene sheets at different
temperatures, (b) Armchair direction graphene sheets at different temperatures.

This section at all reviewed the concept behind MD simulations. A set of MD simulations were
done in order to examine/study the result of some MD parameters are, potential field, strain rate,
and time step. Non-physical characterization in the stress-strain curve was convinced by default
cut-off function of REBO potential that can be removed by changing cut-off radii to 24. Strain
rate does not mark Young’s modulus, however the higher strain rate outcome in a greater decisive
stress and strains. Time step does not have an impact on the stress-strain graph. The intermolecular

interfaces and torsional interactions of AIREBO potential do not affect the stress-strain curve.
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CHAPTER 5

RESULTS AND DISCUSSIONS

The incredible mechanical character and properties of graphene-centered nanomaterial’s
fascinated momentous exploration interests currently; outstanding to their promising forecasts in
multipurpose subdivisions for example micromechanics, microelectronics, and thermal
applications. It’s known to have ultra-high stiffness and strength, yet a wide scatter have been
observed towards mechanical properties. Pure graphene sheet were reported high stiffness
resembling graphite (~1.0 TPa), in addition to its greater strength (90GPa~100 GPa on behalf of
tensile load and 50GPa~60 GPa used for shear load) that it arises from a combination of high
stiffness, rare elasticity and resistance to rupture. Also the imperfections of material production
procedure, device or composite fabrication, chemical treatment, particle irradiation and
mechanical loading can all encourage defects. In this thesis paper consequence of a lack
imperfection on strength of graphene will be held because, if an atom removed from the lattice, its

neighbours will become unstable because of their sp? bonds are not saturated [88].
5.1 Vacancy Defects

Lack of atoms from the lattice of graphene is frequently labelled as vacancy defects, which can be
further sub classified as; single, di- and multi- vacancy weaknesses are centered on number of
atoms absent from the lattice. VVacancy defects can reduce the strength of graphene by around 50%.
This section presents a detailed study of the result imperfection weaknesses along armchair and
zigzag way. Molecular dynamics simulations presented in this section have been conducted with
PBCs where the edges of the graphene sheets have not any impact on the simulation outcomes.
Nevertheless, the finiteness of sheet could have an effect on the MD simulations with fracture. In
direction to explore the consequence of finiteness, a set of armchair sheets of various sizes were

exposed to the uniaxial tensile test at 300 K.
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» Deficiency one carbon atom from the graphene frame proceeds a mono-vacancy;
» The di-vacancy can happen by the elimination of two carbon particle.
» The deletion of two or more carbon atoms can takes to a multi vacancy defect which is
larger and have a more complex defect configuration.
The same conclusion has been made in this thesis paper, that stiffness of graphene with mono- is

lower as compared to di-vacancy imperfections with same number of lost atoms.

5.2 Modelling and Methodology

The dimension of the graphene monolayer sheet was measured as 49 .24 x 42.6 A. The initial
vacancy imperfections were arbitrarily dispersed on sheet plane affording to a prearranged defect
ratio, which is defined as the ratio of misplacing atoms against total atoms in the complete pure
sheet. The engineering strain rate was 0.005 ps™* besides the strain rise was applied in each 50000
time periods. The mechanical test where implemented to develop the stress versus strain curve
relations and the associated parameters, namely stress-strain and the value of simulated graphene

in zigzag and arm-chair directions are shown below in table 2 &3.
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Table 2.Mechanical properties: Stiffness of pristine and imperfection investigated.

Imperfection types

Methods adapted

Tensile strength (GPa)

Young’s

modulus (TPa)

Pristine graphene | Molecular dynamics 91 0.89
(Arm-chair direction)

Pristine graphene | Molecular dynamics 106 0.91
(Zigzag direction)

Single Vacancy Molecular dynamics 86 0.8
Double Vacancy Molecular dynamics 76 0.74
randomly distributed | Molecular dynamics 64 0.58

vacancy

Table 3. Fracture Properties of defect free and defective graphene sheet investigated.

Types of Defects

Methods Adopted

Fracture

Strength (GPa)

Fracture Strain

Pristine graphene Molecular dynamics | 106 20%
SV defects Molecular dynamics | 80.1 12.8%
Dv defects Molecular dynamics | 57.12 16.95%




Stress (GPa)

Initially we analyzed the structural distortions of graphene sheets with defects. The defective

graphene sheets are created from pure graphene films by eliminating atoms. Once structural

relaxation at zero temperature; the atoms on the sheet have a tendency to re-arrange their local

places to set of scale the spatial stress. Stress-strain relations exhibit numerous stress crests besides

total multiple breakage performance as shown in Fig.14.
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Figure 15 Stress-strain bends of unperfected (a) zigzag (b) armchair direction; where PG (pristine
graphene), SVc (single concentrated vacancy), DV (di-vacancy), MV (multi-vacancy).
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The stress -straining bends with a cluster-type vacancy at 300k were presented below Fig.16.
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Figure 17. Stress-strain bends containing group type vacancy under tensile deformations along (a)
Zigzag (b) armchair direction. Results of pristine graphene sheets with low and high defect ratio
was revealed using single vacancy distributed, (a) pristine graphene (PG) (0%), single vacancy
distributed (SVD) (0.5%), (1%) and (1.5%) (b) Pristine graphene (PG) (0%), single vacancy
distributed (SVD) (0.5%), (1%) and (1.5%).

The material becomes less strong on the other hand extra ductile, decreasing ultimate strengths
and inflating fracture strains. Slight drops in stress-strain relations are supposed to originate from
geometric redisposition on the graphene sheet (to dissipate the accumulated loads or energy).The
effect of multiple defects on strength depends on the residual dangling bonds induced by vacancy
defects, which weakens the bond structure significantly and enhances the mobility of carbon atoms
strongly. The multiple stress peaks pose difficulty in determining the fracture point. However, the
entire energy of scheme increases with incremental strain preceding last fail. Therefore, we define
fracture point as the highest energy point. This phenomenon also directs large strain, even if strong

point remains almost unchanged, the potential energy of the system can still be increased.
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intended for

large drop of the total energy

It should be noted that the ultimate strength is the maximum stress in the stress-strain

while the fracture strain is determined from the spontaneous

Failure morphology of the graphene with uniformly distributed vacancies during strain failure vs
vacancy defect ratio were displayed in Fig.17. a very instance, concentrated stress occurred near
unperfected; at that moment breakages happens opening from were vacancy defect started then
growth in the direction of nearby defects where fracture starts randomly from the defect of
vacancies exist. We now turn to analyze the mechanical properties at failure point for defective

5.3 Mechanical properties under tensile deformations
increment curves. Without defect the ultimate tensile strength is 91GPa and 106 GPa

armchair and zigzag graphene, separately.
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Figure 18.Steps of breakage development in graphene having evenly concentrated vacancies. The
vacancy defect ratios.



On behalf of through evenly concentrated defects, correlation among stress, strain besides defects

are revealed below Fig.18 & 19. Obviously the stress decreases with the increase in vacancy defect

and the strain failure decreases with increase vacancy defect. On or after this we decided that in

contrast, stiffness to some extent drops by rise in vacancy Fig. 19 defect; because lack of an atom

implies vacancy defect that graphene is more sensitive to vacancy where carbon bond breakage is

happen at the time.
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Figure 19. Breakage strong point of unperfected graphene sheet on stress and strain against the
number of vacancy defect ratio in Zigzag direction. Both lines remain the outcomes of quantized

fracture mechanics (QFM).
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CHAPTER 6

EFFECT OF NON-BONDED INTERACTIONS ON FAILURE
MORPHOLOGY OF A DEFECTIVE GRAPHENE SHEET

6.1 Introduction

Graphene is a two dimensional planar arrangement of carbon atoms. Sp2 hybridized hexagonal
arrangement of carbon atoms in the structure of graphene is attributed for its exceptionally high
mechanical, thermal and electrical properties [89]. Remarkable mechanical properties of
graphene-based nanomaterial has concerned crucial research interest in recent years, due to their
promising forecasts in adaptable branches such as micromechanics [90], microelectronics [91],
and thermal [92] applications. In addition to these nanotechnologies, graphene is also listed among
the top potential nanofillers for developing nanocomposites with improved mechanical properties,
thermal and electrical conductivities [93-94]. Diversified field of applications, exceptional
properties have motivated researchers for exploring new production techniques for developing
graphene. Graphene can be produced by means of chemical vapor deposition (CVD) [95],
mechanical exfoliation [96], chemical reduction of graphene oxide sheets [97], etc. On the other
hand, both material production methods and chemical treatment may introduce structural defects
in graphene, such as single, double and multiply vacancies. Recently, Vacancy defects in single
sheet of graphene has been extensively studied by many researchers [98, 99, and 100]. Jing et al.
[101] studied the effect of single and di-vacancy defects on the mechanical properties of single
sheet of graphene. They predicted that di-vacancy defects are less detrimental to mechanical
properties of graphene as compared to single vacancy defects. Jian et al. [102] performed
molecular dynamics based simulations to study the effect of different vacancy configuration, size
and concentration of vacancy defects on the mechanical properties of graphene. Gorjizadeh et al.
[103] has proven that the thermal conductance of graphene deteriorates in defective graphene
sheets. Banhart et al. [104] reviewed possible structural defects in graphene and their effects and
potential applications. Parashar et al. [105] employed finite element based atomistic models to

study the effect of non-bonded interactions on the fracture strength of graphene. They predicted
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an overall improvement in the fracture toughness of graphene in presence of non-bonded
interactions. Yuan et al. [106-107] employed molecular dynamics based simulation to study the
structural stability of multiple sheets of graphene as well as sandwich structures of graphene with

boron nitride.

In addition to deteriorating the mechanical properties of graphene, these defects has also been
studied for modifying the failure behavior of graphene sheet [108]. Despite having exceptional
mechanical properties, thermal and electrical conductivities, graphene sheet is limited with its
applications due to brittle failure, exhibited by these sheets. In this article, authors has made an
attempt to quantify the effect of non-bonded interactions on the failure mechanism as well as
failure morphology of defected sheet of graphene accompanied by a pristine graphene sheet. An
effort has been made to understand the transition in the failure mechanism of defective graphene
sheets under the influence of non-bonded interactions in the bilayer configuration of graphene.
During the simulations, non-bonded interactions as well as stiffness of pristine graphene was

studied separately to quantify their impacts independently.
6.2 Details of molecular dynamics simulation based model

Molecular dynamics based simulations were performed to study the effect of non-bonded
interactions on the mechanical behavior and failure morphology of defective graphene sheet.
Success of any molecular dynamics-based simulations entirely depends on the interatomic
potentials chosen for simulating the atomic interactions. Significant amount of advancement in
conjunction with computational techniques has already been made by the researchers in
developing potentials for capturing the realistic properties for the range of materials. In this study,
AIREBO (adaptive intermolecular reactive bond order) potential was used to compute the
interatomic forces between carbon atoms in graphene. Simulations were performed with single
cutoff distance of 1.95A as proposed in the work of [109]. AIREBO potential consists of
summation of pair potential REBO (Eij RE8°), non-bonded Lennard Jones potential (Ej-’) and
torsional component between carbon atoms (Eij°"®), also described with the help of mathematical
expressions in Eqn (22) above recalling are mentioned below;

Eltors (23)

1 L
EAIREBO = =3 iz [EiR}EBO + B+ Sewij Tisi i ijk |
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Here, i, j, k and | refers to individual atoms, E is the total potential energy of the system estimated
with the help of AIREBO potential., In order to perform this study a graphene sheet consisting of
800 atoms was generated in the simulation box. The dimensions of single sheet of graphene was
kept fixed at 46.599A and 49.19A (as shown in Fig.1) along the zig-zag and arm chair direction
respectively. In plane periodic boundary conditions were imposed on the simulation box. The
interlayer spacing between the sheets of graphene in bilayer graphene was kept at 3.45A. During
the simulations, NPT (isothermal- isobaric) ensemble in conjunction with an integration time step
of 1fs was enforced. After achieving a minimum energy configuration of graphene, atoms at a
temperature of 1K, tensile loading was applied at a strain rate of 0.005ps™. In order to avoid
thermal effects on the failure mechanism of graphene, simulations were performed at such a low
temperature of 1K. Stress strain response was estimated in this study with the help of virial stress
component [110, 111], which can be calculated with the help of mathematical expression given in

Eqn... (7), above are used again;

1 P i (24)
off = 1/v(§m“vi“vf‘ + Z réﬁ fap) s
B=1n
Here, i and j denote indices in Cartesian coordinates system; a and £ are the atomic indices; m“

and v are mass and velocity of atom a; 7, is the distance between a and § atoms and V is the

surrounding volume of atom
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Second model (Fig.20b): Bi-layer sheets of graphene with an interlayer spacing was developed in
molecular dynamics. Schematic representation of this model with two single sheets of graphene
with van der Waals interactions between them is shown in Fig.20b. In this model, one graphene
sheet is in pristine form, while it is accompanied by a defective graphene sheet (vacancy defects).
In this model the interlayer spacing between the graphene sheets has been minimized for energy,
which resulted in AB stacking sequence as shown in Fig.21. After minimization the interlayer
spacing is maintained at 3.41A. Particularly this model has been developed to study the effect of
non-bonded interaction as well as stiffness of pristine graphene on the failure morphology or

mechanism of defective graphene sheet. This model is now referred as BG (LJ-on) in rest of the
paper.

Third model (Fig.20c): Once again, bilayer sheets of graphene were used to develop this model.
In order to study the independent impact of stiffness of pristine graphene on the failure morphology
or mechanism of defective graphene the non-boned interactions were kept switched off as shown
in the schematic (Fig.20c). As non-bonded interactions between the layers of graphene is
neglected, hence, the system energy minimized with AA stacking. This model is further referred
as BG (LJ-off) in rest of the paper.

6.3  Results and discussion

Molecular dynamics based simulations were performed to capture the failure morphology of
pristine graphene either as a single or in bi-layer sheet configuration. These simulations were
performed with the help of three models discussed above to study the effects of non-bonded
interactions on the mechanical behavior of pristine graphene. Stress and strain response estimated
along the zig-zag and arm chair directions of pristine graphene are plotted in Fig.22. It can be
observed from Fig.22 that the mechanical properties of pristine graphene is not affected by the

non-bonded interactions.
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Figure 23. Stress-strain curves of pristine graphene under (a) zigzag and (b) armchair direction;
where SG (single graphene sheet), BG (LJ-On) (bilayer graphene sheet with non-bonded
interactions) and BG (LJ-Off) (bilayer graphene without non-bonded interactions).

In order to get a better insight on the failure mechanism of the pristine form of graphene under the
influence of tensile loading, snapshots of the simulation box were taken at the time of initiation of
the failure as provide in Fig.23.
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Figure 24. Failure morphology of pristine single and bilayer sheets (a &d) along zig-zag and arm
chair directions with model #1 respectively (b & e) along zig-zag and arm chair directions with
model #2 (c & f) along zig-zag and arm chair directions with model #3.

It can be seen that the failure morphology of graphene sheet in Fig.23 is almost independent to the
non-bonded interactions. A brittle nature of failure can be observed in zig-zag as well as arm chair

directions of graphene sheets under the influence of tensile loading.
6.4  Effect of defect concentration on the failure mechanism of graphene

Simulations were performed with varying concentration of single vacancy defects in single and
bilayer sheets of graphene. Mechanical properties and failure morphology of graphene was studied
with the help of three models defined in the previous section (model #1, model #2 and model#3).
Separate simulations were performed with zig-zag and arm chair configurations of the graphene
sheets. Initially, simulations were performed with the single sheet of graphene with varying
concentration of single vacancy defects in graphene. After performing the simulations with single
sheet of defective graphene, simulations were performed with bilayer sheets of graphene with the
help of model #2 (non-bonded interactions were considered between the defective and pristine
graphene) and model #3 (non-bonded interactions were not considered between the defective and
pristine graphene). In order to capture the effect of non-bonded interactions as well as the stiffness
of pristine sheet in bilayer configuration of graphene on the defective graphene, failure strength as
well as strain was recorded only for the defective sheet in all the simulations. Failure strength and
strain predicted for the defective graphene sheet (either single or accompanied by pristine graphene

in bilayer) under the influence of tensile load in zig zag direction is plotted in Fig.24.
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Figure 25. (a) Fracture stress (b) fracture strain of graphene sheets while subjected to tensile
loading align with the zig-zag direction of graphene.

It can be observed from Fig.24a that up to 1.0 % concentration of vacancy defects, no significant
difference in terms of fracture strength has been observed in defective sheet of graphene, while
comparing single defective graphene sheet with BG (LJ-on) and BG (LJ-off) models of bilayer
configuration of graphene. On the other hand, at 1.5% concentration of single vacancy defects,
defective graphene in BG (LJ-on) and BG (LJ-off) has shown slight improvement in strength as
compared to isolated defective sheet of graphene. Overall, less than 5% improvement in the
fracture strength of defective graphene was observed, while modelling the defective sheet next to
a pristine sheet connected with non-bonded interaction, BG (LJ-on), whereas almost similar
improvement was also observed with bilayer graphene sheets without non-bonded interactions,
BG (LJ-off), at the same % concentration of vacancy defects. It helps in identifying the fact that
the stiffness of pristine graphene in bilayer configuration of graphene is having more contribution
as compared to non-bonded interactions in improving the strength of defective graphene. No
significant variation in the fracture strain is observed for zig-zag configuration of graphene with
model #2 and model #3. In order to get a better insight on the influence of the non-bonded
interactions, as well as stiffness of pristine graphene on the failure morphology of defective sheets,

snapshots taken at the initiation of failure along the zig-zag direction is provided in Fig.25.

50



' BRBDREDRBDRDD DD DB

P RRDEOBEPLOIPRIBDRERR

R R AR R A R R R R R s

PRV ADEIENRRNDRS S B

b2 B @ SRR RE RN E DD RE R

I RUOCERRDERDPEEDDDRD DY

) 60 0D b W G B W D W @ D W W W

I R BRGERBBNBBDBEE B GG

I BBDECRBREIPRRBRPDOR DD

 BBBBREBYDBHDNCHD DD

> 8 W W G W WIS W @ W R DR

B g g g Do By g g g g g g g g g g g g

' ERRDEREDDER DD DD DD

> € W W W B WD R W

Al et b L LR A Al

I RBEE B RSP TDE B DG WD

P B WD R TR TR RN R

I B R PERPABENERDE RGB!

A2 2R AR AL AL AL

PP 4% {
A I I I I I I A AL AL
I BERDTED BB NS W

YL LYY T I I I I Y

I BEDEOEDRNR D DD WD R D

R R A A A A R R R R AR R R

' RRBREDERDRNED D DB ® O
R

I R BBDBEDEDDNEDERDDRE B!

) 5 B @ B W G W W BN WD W ® B

B B e A e A B B B B R B B B A,

r RBRGBENEDDRDRROR D RRDMD

B g g g Bog g gy g g g gy gy g g g B g g g

B BERERDD DB ®DD G TR

b @ B B DWW DN e RN R BB

b W G 6D B B @ BRI AR M B

I BRBBRRIIRRDDREE DR H R

» 8 8D I > B W & DWW YD DWW B B

Figure 26. Failure morphology of zig-zag configuration of defective graphene with varying
concentration of single vacancy defects, (al to a3) failure morphology of defective graphene with
model #1 (al1)-0.5%, (a2) 1.0% and (a3) 1.5%, (b1 to b3) failure morphology of defective graphene
with model #2 (b1)-0.5%, (b2) 1.0% and (b3) 1.5%, (c1 to c3) failure morphology of defective
graphene with model #1 (c1) 0.5%, (c2) 1.0% and (c3) 1.5%.

It can be inferred from Fig.24 that non-bonded interactions as well as stiffness of pristine graphene
are important for the failure morphology of defective graphene sheet. Snapshots of the simulation
box provided in Fig.25 (c3) for defective graphene sheet in BG (LJ-on) with 1.5% vacancy defects
indicates that the failure initiates at two different region, subsequently and helps in achieving a
higher failure strength. This initiation of failure at two different location helps in distributing the
energy among these points, which can be attributed for the slightly higher failure strength for

defective graphene sheets in bilayer configuration connected with non-bonded interactions.
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Figure 27. (a) Fracture stress (b) fracture strain of graphene sheets while subjected to tensile
loading align with the arm chair direction of graphene.

Similar to zig-zag direction, improvement in the failure strength of defective graphene was also

observed along the arm chair direction with higher percentage of single vacancy defects as shown

in Fig.26. Maximum improvement of 6.5% is observed in fracture strength of defective graphene

when it was connected with pristine graphene with non-bonded interactions that is represented by

BG (LJ-on). Similar to strength, improvement in fracture strain was also observed in arm chair

direction at 1.5% concentration of single vacancy defects. Significant improvement of 15% is

observed in fracture strain at 1.5% concentration of single vacancy defects for defective graphene

in bilayer configuration as shown in Fig.26b.
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Figure 28. Failure morphology of arm chair configuration of defective graphene with varying
concentration of single vacancy defects, (al to a3) failure morphology of defective graphene with
model #1 (al1)-0.5%, (a2) 1.0% and (a3) 1.5%, (b1 to b3) failure morphology of defective graphene
with model #2 (b1)-0.5%, (b2) 1.0% and (b3) 1.5%, (c1 to c3) failure morphology of defective
graphene with model #1 (c1)-0.5%, (c2) 1.0% and (c3) 1.5%.

In order to investigate the physics behind the improvement in the fracture strength and strain of

defective graphene in bilayer configuration of graphene, snapshots at the time of initiation of

failure is considered in Fig.27. It can be observed in Fig.27 (b3 and c3) that at the higher

concentration of single vacancy defects (1.5%) failure triggers from the vacancies at two separate

53




locations. Distribution of loading with the help of non-bonded interactions as well as pristine
graphene sheet accompanied the defective graphene can be attributed to the higher strength of
defective graphene in bi-layer configuration of graphene. Molecular dynamics based simulation
helps in concluding that at higher percentage of single vacancy defects, bilayer sheets of graphene
shows higher strength and strain values for the failure of defective graphene sheet. Improvement
in the strength of defective sheet was observed in the presence of another sheet of pristine graphene
connected together with non-bonded interactions, but no transition from brittle behavior was

observed in the failure morphology.
6.5 Effect of single, double and multiple vacancy defects

In addition to the percentage concentration of vacancy defects, simulations were also performed
with different type or geometries of vacancy defects starting from single, double and multiple
vacancy defects. In this subsection, concentration of vacancy defects was kept constant at 1.5%,
but the geometry of vacancy defects were varied from single to double and multiple vacancies (6
atoms removed from a single place) as shown in Fig.9. In this subsection simulations were
performed only with model #1 (isolated defective graphene) and model #2 (defective graphene in
bilayer configuration connected with pristine graphene via non-bonded interactions) that is BG
(LJ-on).
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Figure 29 .Snapshots taken from the simulation box with different geometry of vacancy defects at
the same concentration. Here in the snapshots, SV, DV and MV refers to single vacancy double
vacancy and multiple vacancy defects.

Failure strength and strain obtained from simulations performed with single, double and multiple
vacancy defects lying in single sheet of graphene as well as in BG (LJ-on) are provided in Fig.29,

while the direction of tensile loading was align with the zig-zag direction.
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Figure 30. Failure stress and strain for single, double and multiple vacancy defects modeled with
isolated single sheet of graphene (model #1) as well as with bilayer sheets of graphene (model#2)
along the zig-zag direction. SG and BG refers as single sheet and bilayer sheet of graphene
respectively.

It can be predicted from Fig.29 that failure stress increases for a defective sheet of graphene in a
bilayer configuration of graphene that is BG (LJ-on). Same concentration of defects has generated
different failure stress and strain with single, double and multiple vacancy defects. Double vacancy
defects can be inferred more stable as compared to single and multiple vacancy defects. Bilayer
configuration of graphene has produce higher failure strength as compared to single defective
graphene sheet. In order to study the physics behind the increase in failure strength of defective
sheet in bilayer configuration of graphene, snapshots taken from the simulation box at different
time steps are provide in Fig. 30 and Fig.31 with di-vacancy and multi-vacancy defects

respectively.
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Figure 31. Failure morphology with single sheet as well as bilayer sheets of graphene along the
zigzag direction containing double vacancies in defective sheet. (al-a3) failure morphology of di-
vacancy defects in at increasing time step in an isolated sheet of graphene (b1-b3) failure
morphology of di-vacancy defects in at increasing time step in a bilayer graphene.

Failure morphology of single isolated defective graphene sheet (model #1) as well as defective
sheet in bilayer configuration of graphene containing di-vacancy defects can be further studied
with the help of progress in failure provided in Fig.30. Failure morphology of single defective
sheet as well as defective sheet in bilayer configuration are shown in Fig.30 (al to a3) and Fig.30
(b1 to b3) respectively. In both the cases with isolated sheet of graphene as well as with -bilayer
configuration, it can be inferred that failure morphology under the influence of tensile loading
along the zig-zag direction is almost same. Initially, bond breaking takes place at the edge of di-
vacancy defect, which further triggers the formation of 5-7 stable configuration at the same edge

and helps in sustaining more load before the final failure.
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Figure 32. Failure morphology with single sheet as well as bilayer sheets of graphene along the
zigzag direction containing multiple vacancies in defective sheet. (al-a3) failure morphology of
multiple vacancy defects in at increasing time step in an isolated sheet of graphene (b1-b3) failure
morphology of multiple vacancy defects in at increasing time step in a bilayer graphene.

Failure morphology of graphene containing multi-vacancy defects either in isolated or bilayer
configuration of graphene (BG (LJ-on)) is shown in Fig.31. It can be inferred from the snapshots
in Fig.31 that multiple vacancy defects eventually weaken the strength of graphene, hence have

minimum strength as compared to single and di-vacancy defects.

No noticeable change in failure morphology as well as strength was predicted for isolated sheet of
graphene as well as defective sheet in bilayer configuration of graphene containing multi-vacancy
defects. In addition to these snapshots of failure morphology, average value of maximum force
obtained over 50 integration time steps are shown in Fig.32. In Fig.32, force acting in line with the
direction of loading is plotted. Zig zag and arm chair direction are considered to be align with ‘X’

and ‘Y’ coordinates of the model.
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Figure 33. Average maximum atomic force along zig zag direction of graphene with (a) di-vacancy
defects, SD and BD refers to single and bilayer configuration of graphene (b) multi-vacancy
defects, SM and BM refers to single and bilayer configuration of graphene.

No significant variation in maximum force component is observed from Fig. 32 with respect to
single and bilayer configuration of graphene containing bi-vacancy as well as multi-vacancy
defects. This trend in Fig.32 is further validated the failure morphology reported in Fig.30 and
Fig.31, which also indicates towards the same failure morphology with single and bilayer

configuration graphene.
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Figure 34. Failure stress and strain for single, double and multiple vacancy defects modeled with
isolated single sheet of graphene as well as with bilayer sheets of graphene (model#2) along the
arm-chair direction. SG and BG refers as single sheet of graphene and bilayer sheet of graphene
with non-bonded interactions respectively.

Similar to zig-zag direction of loading, simulations were also performed with arm chair direction
of graphene. It can be seen in Fig.33 that as compared to single and multiple vacancy defects,
graphene containing di-vacancy sheets have shown lower strength when the load is applied along
the arm chair direction. Once again the defective sheet in bilayer configuration of graphene has
shown a better strength as compared to an isolated defective sheet of graphene. Despite the fact
that di-vacancy defects have lower strength as compared to single vacancy along the arm chair
direction, the bilayer configuration of graphene has shown a significant improvement over the
strength of defective graphene. An overall increase of 9% is predicted for the failure strength of
defective graphene in bi-layer configuration as compared to the strength of isolated defective
graphene sheet. In addition to failure stress and strain, failure morphology was also studied with
the help of Fig. 34 and Fig. 35.
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Figure 35 .Failure morphology with single sheet as well as bilayer sheets of graphene along the
arm-chair direction containing double vacancies in defective sheet. (al-a3) failure morphology of
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di-vacancy defects in at increasing time step in an isolated sheet of graphene (b1-b3) failure
morphology of di-vacancy defects in at increasing time step in a bilayer graphene

Failure morphology of single as well as defective graphene in bilayer configuration along the arm
chair direction at the time of initiation is shown in Fig.34 and Fig.35 for di-vacancy and multi
vacancy defects respectively. It can be inferred from Fig.34 (al to a3) and Fig. 34 (b1 to b3) that
the bond breaking starts simultaneously for to di-vacancy defects both in isolated defective as well
as bilayer sheet of graphene. Transition in the failure morphology can be seen in defective
graphene sheets of graphene in bilayer configuration of graphene as compared to isolated sheet of
graphene. Brittle nature of failure with the nature of bond breaking can be observed in Fig.34 (a3),
while the shift in the failure morphology from brittle to mild ductile is predicted in bi-layer
configuration of defective graphene that is BG (LJ-on). Defective sheet of graphene in BG (LJ-
on) has shown chain formation at the failure sites which helps in modifying the failure morphology
as well as the overall strength of defective graphene as well. More chains were formed in Fig.33
(b3) as compared to Fig.33 (a3), which eventually modifies the failure mode to ductile one from
the brittle.
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Figure 36. Failure morphology with single sheet as well as bilayer sheets of graphene along the
arm-chair direction containing multiple vacancies in defective sheet. (al-a3) failure morphology
of multiple vacancy defects in at increasing time step in an isolated sheet of graphene (b1-b3)
failure morphology of multiple vacancy defects in at increasing time step in a bilayer graphene

Similar to zig-zag direction of loading, arm chair configuration of graphene with multi-vacancy

defects have shown no variation in failure morphology with non-bonded interactions as shown in
Fig.35.
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Figure 37.Average maximum atomic force along arm-chair direction of graphene with (a) di-
vacancy defects, SD and BD refers to single and bilayer configuration of graphene (b) multi-
vacancy defects, SM and BM refers to single and bilayer configuration of graphene.

Average atomic force along the arm chair direction of loading is plotted in Fig. 36 for both di-
vacancy and multi-vacancy defects. Higher degree of local force vector can be observed for bilayer
configuration of graphene as compared to single defective sheet of graphene. This further emphasis

a higher failure strength for defective sheet of graphene in bilayer configuration.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 Summary of the current work and main results

Systematic Molecular Dynamics simulation (MDs) would be carried out to study the mechanical
properties of vacancy defective graphene from different position. This work based on the effect of
defects; on the mechanical properties and crack behavior of graphene has been carried out to study

structural-property relation, following value added points are derived from this study,

1. It is found that vacancy defects (VDS) can weaken the strength of graphene, where
impact of VDs is more significant due to higher number of dangling bonds.

2. ltcanbe concluded that af of graphene depends on number of VDs, distance between
the vacancy defects and temperature.

3. Effect of vacancy defects on the strength of graphene sheets have been investigated so
that it was found that finiteness of a defective graphene sheet has a significant influence
on the MD simulations that, MD simulation outcomes specified that vacancy defect can
reduce the strength of graphene sheet.

4. A single vacancy defect (one missing of atom) could diminish the strength of graphene
sheet by around 20%. Therefore, it is very important to reduce the defects in graphene
sheets during production stage, especially for sheets which will be used for structural
applications.

5. Molecular dynamics based simulations were performed to predict the effect of non-

bonded interactions on the mechanical behavior and failure morphology of defective
graphene sheet so that simulation were performed with an isolated defective sheet of

graphene or defective sheet of graphene accompanied by a pristine sheet of graphene.
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. Atomistic modeling with single as well as bilayer configuration of graphene was
performed with different defect concentrations as well as geometries of vacancy defects
such as single, double and multiple vacancy defects.

Di-vacancy defects have predicted higher strength in zig-zag configuration, whereas
lower strength in arm chair configuration while compared with the single vacancy
defects.

Shifting the failure morphology of graphene along the arm chair direction was observed
in bi-layer configuration of defective graphene containing di-vacancy defects.

It can be concluded that non-bonded interaction helps in achieving a uniform
distribution of load around the defects which triggers the failure simultaneously from
different regions and initiating of failure simultaneously from two different points help

in achieving a higher strength.
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7.2 Recommendations for future work

1. Therefore studying the future aspect of graphene defects, such as point vacancy, double
vacancy and multi-vacancies will give an overall picture of the effects in vacancy defects
on mechanical properties. After studying the double layer and triple layer defects we will
compare with point vacancy, di-vacancy (DV) and multi-vacancy (MV) to give overall
picture of the effects in VDs on mechanical properties. The better stability of the di-

vacancy in its different configurations formation is of a particular importance.

2. Scaled stress explanation is incapable to arrest the local stress distribution around a crack
of (vacancy defect) a graphene sheet. In reality, virial stress is also not a noble stress
measure to calculate local atomic stresses. Analysis of stress concentration around the

crack or defect tip of a graphene sheet can give a better insight of the effect of defects.

3. This thesis is primarily focused on the effect of defects. However, it has been found that
vacancy defects have a profound impact on the strength and stiffness which create unstable
on a material. Therefore, a study of the effect of vacancy-containing defects such as single
vacancy, di- vacancy and multi-vacancy will give an overall picture of the effects of

vacancy defect on mechanical properties of graphene.

4. Minding, the presence of defects significantly reduces the tensile strength. Overall, novel
properties seem to decrease as the number of defects increases, this may be happen due to
bond-bond interactions.
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