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PREFACE

The aim of present research work has been to study the Molecular Dynamics
Simulation of Interfacial Properties of Carbon Nanotube Reinforced Polymer
Composites. The study focuses on to find the effect of chirality, Nanotube length and
diameter on properties of Carbon Nanotube (CNT) polymer composite using Molecular
Dynamics (MD) simulation. The author also studied the damping and variation of
damping loss factor with fiber volume fraction and fiber ratio and thermal conductivity
of CNT reinforced polymers. The research work also include analysis of the effect of
Stone-Wales and vacancy defects on thermo-mechanical properties The entire work
carried out for this investigation has been presented in nine chapters.

Chapter-1 introduces Carbon Nano Tubes (CNT’s), types of CNT’s their
properties, production, purification and applications along with introduction to polymers
and Natural rubber, CNT defects and functionalized CNT Polymer composites.
Chapter-2 begins with exhaustive survey of literature regarding CNT’s, properties and
applications of CNT’s and CNT polymer composites. After comprehensive literature
review problem formulation, scope and objectives of the study has been described.
Chapter-3 describes about the materials under investigation and the methodologies
employed. The parameters used for the present investigation has also been described in
this chapter. Chapter-4 includes the findings and discussions of the study regarding the
effect of chirality, nanotubes length and diameter on the interfacial properties of CNT
reinforced polymer (NR) composites. Chapter-5 contains the results prediction of
mechanical properties of CNT reinforced composites with fiber volume fraction and
fibre ratio using MD simulation along with discussion of results. Chapter-6 includes the
results and discussion regarding effect of Stone-Wales and vacancy defects on thermo-
mechanical properties of CNT reinforced polymer nanocomposites. Chapter-7 deals with
the results and discussion of the effect of functionalization of CNT’s on the modulus of
CNT composites and also predicted the thermal conductivity of the functionalized
SWCNT/NR composite. Chapter-8 includes the prediction of damping of CNT’s
reinforced polymer composites using MD simulation. Chapter-9 contains the salient

conclusions of the study regarding the study and the future scope of the study.

v



ACKNOWLEDGEMENTS

The author has great privilege to express his immense sense of gratitude to Dr.
Raja Sekhar Dondapati, Associate Professor, School of Mechanical Engineering,
Lovely Professional University, Phagwara, for his valuable guidance and untiring
efforts throughout the tenure of this work. He has been an inspiring force where targets
appeared to be difficult during the course of work. His timely help, constructive
criticism and painstaking efforts made the author capable to compile the thesis in its
present form.

It is a matter of great privilege and pride for me to express my sincere thanks
and immense gratitude to Dr. Sumit Sharma, Assistant Professor, Mechanical
Engineering Department, National Institute of Technology, Jalandhar for his valuable
and intellectual guidance throughout the tenure of this work. His involvement,
unflinching encouragement, amiable nature and easy accessibility have been immensely
helpful to me.

Deep sense of gratitude is expressed to authorities of Lovely Professional
University, Phagwara, for permitting the author to pursue his research work and
extending necessary facilities during the experimental and analysis work. I also express
my sincere thanks to Dr. Gurpreet Singh Phull, Head, School of Mechanical
Engineering Lovely Professional University, Phagwara, for their cooperation and
support. I would also acknowledge the support extended by IIT Delhi, IIT Roorkee and
IIT Ropar for providing computational facilities in order to complete the simulations.

I wish to thank my friends and colleagues, for their moral support and help to
keep things in perspective. Thanks are due to Dr. Rajeev Sobti, Professor & Dean,
School of Computer Engineering Lovely Professional University, Phagwara, Mr.
Navdeep Singh, Associate Professor & Dean, Division of Examination Lovely
Professional University, Phagwara, and Mr. Raj Chawla for their everlasting support.
Author is highly obliged and wishes to owe thanks to the technical staff of Lovely
Professional University, Phagwara. The path towards this thesis spans several years of
work, the author acknowledges his debt to all those who have helped along the way and
seek apology that he could not mention personally one by one.

I humbly dedicate this work to my father, Late Sh. Mulkh Raj Dhawan, my
mother Mrs. Adarsh Dhawan and parents-in-law, who are the source of inspiration and

encouragement behind this research work. The author sincerely acknowledges the help



extended by them during the tenure of this work by sacrificing their comforts. At the
same time, a sense of forgiveness is recorded for inability to provide probable help and
attention they required during the entire duration. I would like to express my reverence
and great admiration for brothers, sisters, brother-in-laws, sister-in-laws, nephews and
nieces for their continual support and encouragement during the course of this work.

A sense of apology is due from my son, Naman Dhawan, who probably missed
many precious moments of his childhood from fatherly love and affection. The wife of
author, Deepika Dhawan, deserves special thanks and appreciation for him persistent
moral support and giving her best to the growing son during the tenure of this work by
sacrificing her comforts. Author is falling short of words to express gratitude to her for
the determination shown to bear extra household responsibilities during the tenure of
this work.

Above all, author is highly indebted to Great and Gracious Almighty God who

blessed him with spiritual support and courage at each and every stage of this work.

MANISH DHAWAN

Vi



LIST OF FIGURES

Figure 1.1 Types Of CINT ...ttt st st 3

Figure 1.2 Schematic diagram showing how a hexagonal sheet of graphite is 'rolled' to

form a carbon NANOLUDE [3]....ueeeeeee e 3
Figure 1.3 Armchairt SWONT ..ot 4
Figure 1.4 Zigzag SWINT ...ttt et st 4
Figure 1.5 chiral CNT ...ttt 4
Figure 1.6 Stone-Wales Defect in armchair type (5,5) SWCNT .......cccoviiiiniiiinieennne. 16
Figure 1.7 Vacancy Defect in armchair type SWCNT (5, 5) oeovveriiiniiniiiniecieecee, 16
Figure 1.8 Functionalized SWCNT of COOCH . ....ccooiiiiiiiiiiiiiiieieeeeeeeeeeee 16

Figure 2.1 (a) Schematic of partially embedded CNT pull-out from polymer matrix (b)
Energy variatition during the pullout of CNT [3]....cccoviiiiniiiiniiiiieerieeeee 20

Figure 2.2 Possible vectors for chiral fibers [8]........ccccuvevviiiiiiiiniiiiiiiiiiieeeieeieeee 21

Figure 2.3 Variation of Young's modulus and Bulk modulus with radius for different

types Of SWONTS [21] ceeeeiiieeeeeeeeee e 24

Figure 2.4 The reconstructions of the one- and two-atom vacancy defects considered

Figure 2.5 Stone-Wales defect (a) and defect-free (b) armchair (5,5) SWCNTs,
C70H20. Atom numberings are indicated. The carbon atoms of the Stone-

Wales defect region of 1 are shown in blue for clarity [45] ......ccccoveveernnnnne. 30

Figure 3.1 Molecular model of 10 repeat units of one NR chain consisting of 132 atoms

......................................................................................................................... 42
Figure 3.2 Flow chart containing the steps adapted in simulation.............ccccccecveenenennnen. 47
Figure 4.1 Molecular Unit Cell with NR matrix with a size of 2.12 nm X 2.12 nm X

5.58 nm reinforced with a (5, 5) CNT with a length of 5.58 nm..................... 53
Figure 4.2 Molecular Unit cell with NR as Matrix reinforced with CNT after

EQUILTDIATION ..t 53

vii



Figure 4.3 (a) A monomer of NR (b) Molecular model of 10 repeat units of 1 NR chain

consSiSting Of 132 AtOMS. ....cccuviiriiiiiiiieriieeeiee et 55

Figure 4.4 RVE of NR matrix consisting 5036 atoms (a) cross section view (b) side

VIEW ...ttt ettt ettt ettt ettt e ettt e e et e ettt e e a et e e ab e e e bt e e e bttt e e ab e e eabe e e ab e e et e e e eaneeeenne 55
Figure 4.5 Variation of energy increment during the pullout of SWNCT (5, 5) ............ 56
Figure 4.6 Effect of nanotube length on energy increment of SWNCT (5, 5) ............... 57
Figure 4.7 Variation of energy increment with nanotube diameter............c..cccceeveeennen. 58

Figure 4.8 Snap shots of SWCNT pull out through the NR matrix. (a) 0.1 nm

displacement, ... (b) 1.5 nm displacement, (c) 2.0 nm displacement, (d) 3.0 nm

displacement, (e) 4.5 nm displacement, (f) 5.5 nm displacement. ................ 59
Figure 4.9 Dependence of interfacial shear stress on nanotube diameter....................... 61
Figure 4.10 Dependence of surface energy density on nanotube diameter .................... 61
Figure 5.1 Simulation cell for an armchair (5, 5) «...oovvveeriiiiiiiiieeeeee 67

Figure 5.2 Variation in Young s modulus (E;;) with Aspect ratio for armchair (5,5) with

VarYING V.o 67

Figure 5.3 Variation in Shear modulus, Transverse modulus and Bulk modulus of

Armchair (5,5) SWCNT/NR composites with varying I/d at V¢= 0.08........... 68

Figure 5.4 Variation in Young s modulus with Aspect ratio for chiral (4,6) with varying

Figure 5.5 Variation in the shear modulus, transverse modulus and bulk modulus of

chiral (4, 6) SWCNT/NR composites with varying I/d at Vi=0.08................ 69
Figure 5.6 Variation in Young s modulus for zigzag (8,0) with varying I/d. ................. 70

Figure 5.7 Variation in the shear modulus, transverse modulus and bulk modulus of

Zigzag (8, 0) SWCNT/NR composites with varying 1/d at V¢=0.08.............. 71

Figure 5.8 Comparison of Young's modulus for different types of SWCNT/NR
composites with varying 1/d at Vi=0.08. .......cooovirriiiiriiieieeeeeeeee e 71

Figure 5.9 Simulation cell for an armchair (5, 5) with Vi =0.04 ........cccoverriiniiiiinnne 76

Figure 5.10 Variation in Young's Modulus with varying Volume fraction V{ for an

armchair (5,5) SWCNT/NR COMPOSILE ...ccouvveervrieriieiniieeniieeeieeeniee e 77

viii



Figure 5.11 Variation in Shear Modulus, Transverse modulus and Bulk Modulus with

varying volume fraction (Vf) of Armchair (5,5) SWCNT/NR composites..... 78

Figure 5.12 Variation in Young s modulus E11with varying volume fraction V{ for

chiral (4,6) SWCNT/NR COMPOSILE ...ceevvreeirieeiieeeiieeeiieeeieeeeieeesreeesvee e 79

Figure 5.13 Variation in the shear modulus, transverse modulus and bulk modulus of a

chiral (4, 6) SWCNT/NR composite with increase in volume fraction........... 80

Figure 5.14 Variation in young's modulus for zigzag (8,0) with varying volume fraction

Figure 5.15 Variation in the shear modulus, transverse modulus and bulk modulus of

Zigzag (8, 0) SWCNT/NR COMPOSILE ....eovveriieiiiiriieniieeieeniieeieenieeeieesee e 81

Figure 5.16 Comparison of Young s modulus for different types of SWCNT/NR

COMIPOSIEES +.neeeeutteeeiteeeite e ettt e ettt e ettt e eabbeeeabt e e e bt e essbeeeeabeeesabeeeembeeeeabeesanaeeenane 82
Figure 6.1 Schematic view of SWCNT with Stone-Wales Defect........c.ccccoceeieenncnnen. 84
Figure 6.2 Schematic view of the SWCNT with Vacancy Defect.........c.ccccocueeueenncnen. 84

Figure 6.3 Armchair type (5, 5) SWCNT having both ends terminated by hydrogen

Figure 6.4 Packing of NR around SWCNT in a simulation cell............ccccceoienennnennen. 86

Figure 6.5 Variation of Young's modulus (E;;) in (5,5) armchair SWCNT/NR

composite with the number of defects............cooeeviiiiiiiiiiiin, 88

Figure 6.6 Variation in Transverse modulus (Ej,) in (5,5) armchair SWCNT/NR

composite with number of defects.........cccoovviiiiiiiiiiiiiniiee e, 88

Figure 6.7 Variation in Shear modulus of (5,5) armchair SWCNT/NR composite with

NUMDET OF AEEECES .. oo e e e eae e e e aaas 89

Figure 6.8 Variation in Bulk modulus in (5,5) armchair SWCNT/NR composite with

NUMDET OF AEEECES .o oot e e e e eeee e e e 89

Figure 6.9 Variation of energy increment with pull out displacement of the pristine and

SW defective SWCNT/NR COMPOSILE.....ceruvreererieeireeeireeeiieeeiieeeieeeeiee e 92

Figure 6.10 Variation of energy increment with Pull out Displacement of the pristine

and vacancy defective SWCNT/NR composite........ccceecverveenieeiieeniennieennens 92

iX



Figure 6.11 Variation in surface density with the increased number of Stone-Wales

defects of the SWCNT/NR COMPOSILE.....ceeruieeriiiiniiiiniieeeiieeeieeeeiee e 93

Figure 6.12 Comparison in interfacial shear stress between SW and Vacancy defect of

SWCNT/NR composite with increase in number of defects .........cc.cccecueenene. 93

Figure 6.13 Variation in thermal conductivity of armchair (5,5) defective SWCNT/NR

composite with number of defects..........coovviiiiiiiiiiiiiniiii e, 99

Figure 6.14 Comparison of the results of Molecular Dynamics for armchair (5,5)

defective SWCNT/NR composite with VI =8 % for thermal conductivity with

the series and parallel MOdels ..........cc.oovviiiriiiiiiiiiiiiiee e 100
Figure 7.1 Functionalized SWCNT of COOCH......cccutiiiiiiiiiiieniieeeieeeeeeeiee e 103
Figure 7.2 Functionalized SWCNT of COOH.........cooooiiiiiiiiiiiiiiiiiieeeceeeeees 103
Figure 7.3 Functionalized SWCNT of OH ........ooiiiiiiiiiiiiieeeeceees 103
Figure 7.4 CNT packed With NR ......cccciiiiiiiiiii e 104
Figure 7.5 Simulation cell consists of 2874 atOmS ........ccccveerriieeriiieeniiieeniieenieeenieeenns 104

Figure 7.6 Variation in Young's modulus of armchair (5,5) SWCNT/NR composite with
increase in hydroxyl group (-OH).......cccooiiiriiiiiniieecee 106

Figure 7.7 Variation in Young's modulus of armchair (5,5) SWCNT/NR composite with
increase in carboxyl group (<COOH) .......coooiiiriiiiiiiiiiieeeeeeeeeeee e 107

Figure 7.8 Variation in Young's modulus of armchair (5,5) SWCNT/NR composite with
increase in ester Zroup (-COOCHS) ....c.cuiiviiriiiiiiiniiiieeeeeee e 108

Figure 7.9 Comparison of Young's modulus for Armchair (5,5) SWCNT/NR composite

between different types of functionalised group ........ccccceevvveencveeniiieeniinenne 108

Figure 7.10 Comparison of thermal conductivity for armchair (5,5) SWCNT/NR

composite with different functional groups..........ccecceeeviieiniieiniieiniienneenne 112

Figure 7.11 Comparison of the results of MD for armchair (5,5) functionalized
SWCNT/NR composite with V¢ = 8 % for thermal conductivity with the series

and parallel MOAEIS ......cccuiiiiiiiiiieeeeeeeeee e 113

Figure 8.1 Energy dissipation during loading and unloading cycle ..........cccccocveeuneenee. 117



Figure 8.2 Variation in damping loss factor (n;;) for different configuration of

SWCNT/NR composite with volume fraction for fixed aspect ratio ............ 118

Figure 8.3 Variation in damping loss factor (n;;) for different configuration of

SWCNT/NR composite with aspect ratio for fixed volume fraction ............ 119

Figure 8.4 Variation in damping loss factor (n;;) for Defective armchair (5,5)

SWCNT/NR composite with number of defects ..........cccoeveeeviiiiniieiniennnne. 120

Figure 8.5 Variation in damping loss factor (1;;) for different functional groups attached

to armchair (5,5) SWCNT/NR composite number of functional groups....... 120

xi



LIST OF TABLES

Table 3.1 Packing parameters for SWCNT/NR cOmMPOSIte .......coevvveerveeeririeenrieenreeennne 47
Table 3.2 Geometry optimization parameters for SWCNT/NR composite.................... 48
Table 3.3 Dynamics run (NPT) parameters for SWCNT/NR composites.........c............ 48
Table 3.4 Dynamics run (NVT) parameters for SWCNT/NR composites...................... 49

Table 3.5 Mechanical properties simulation parameters for SWCNT/NR composites .. 49

Table 5.1 Cell parameters for different SWCNT/NR Composites with varying aspect
TALO (J/Q) et e e e e e e eean 65

Table 5.2 Comparison of Molecular Dynamics Results of Young's Modulus (E;;) for

different aspect ratio with Mori-Tanaka's approach. .......c..cccceceerniiiinnnnnn 75

Table 5.3 Cell parameters for different SWCNT/NR Composites with varying Volume
FLaCtion (V) uuumeeeiie et e e e e e et areeeaeeeean 76

Table 6.1 Percentage decrease in pull out force of defective SWCNT from NR matrix as

cOmMPAred £O PIISTINE ...coveeririeiieriieieeeee ettt sneeneesane e 91

Table 6.2 Percentage decrease in ISS and surface density of defective SWCNT from NR

matrix as compared tO PriStINE........ccceeeruieerrireeriiieeriieeeireeeieeesreeesbeeesaeeeeenes 94

Table 6.3 Percentage decrease in Thermal conductivity of defective SWCNT from NR

matrix as compared {0 PrISTIINE. ......cevueerrieerieriienienreenee ettt enees 99

Table 6.4 Comparison of thermal conductivity results of MD for armchair (5,5)
defective SWCNT/NR composite with V¢ =8 % with the series and parallel
IOAEIS. ..ot 100

Table 7.1 Reduction in Young's modulus of armchair (5,5) SWCNT/NR composite with

variation in functional groups attached in percentage ...........cccceevveenveenenne. 109

Table 7.2 Work done in past by various researchers with different functionalised groups

using different methods ...........coociiiriiiiiiiiee e 110

Table 7.3 Comparison of results obtained for functionalised armchair (5,5) SWCNT/NR

composite with results obtained by other researchers with different matrix. 111

Table 7.4 Variation in thermal conductivity with Percentage increase of functional

EEOUPS eeeititeeeeiiteeeeettteeeestttteesattteeesaabtteeesabteeeseasbeeeenasbteeesassaaeesansbeeessnnseeeenn 111

Xii



Table 7.5 Percentage decrease in Thermal conductivity of functionalized SWCNT/NR
matrix as compared to un-functionalized SWCNT/NR.........cccocevrviiieinennns 112

Table 7.6 Comparison of the results of MD for armchair (5,5) functionalized
SWCNT/NR composite with Vi= 8 % for thermal conductivity with the series

and parallel MOAEIS ......cccuiiiiiiiiiieiee e 114

xiil



CNT
COMPASS

CVD
EMD
FVF

ISS
LAMMPS
MD
MWCNT
NEMD
NEMS
NPT

NT

NVE
NVT
PMMA
PmPV
PP

PVC
PVT

SW
SWCNT

LIST OF ABBREVIATIONS
Carbon nanotube

Condensed Phase Optimized Molecular Potential for Atomistic
Simulation Studies

Carbon Vapour Deposition
Equilibrium Molecular Dynamics
Fiber Volume Fraction

Interfacial Shear Strength

Large-scale Atomic/Molecular Massively Parallel Simulator
Molecular Dynamics

Multi-Walled Carbon Nanotube
Non-equilibrium Molecular Dynamics
Nanoelectromechanical systems
Isothermal-Isobaric ensemble
Nanotube

Micro-canonical ensemble

Canonical ensemble

Poly-methyl metha-acrylate

Poly m-phenylene vinylene
Polypropylene

Polyvinyl chloride

Pressure Volume Temperature
Stone-Wales

Single-Walled Carbon Nanotube

Xiv



LIST OF SYMBOLS

Longitudinal Young’s modulus of composite
Transverse Young’s modulus of composite
Young’s modulus of fiber

Young’s modulus of matrix

Young’s modulus of composite

Aspect ratio of CNT/CNF

Volume fraction of fiber

Surface density

Interfacial Shear Stress

Pull-out forces

XV



ABSTRACT

The discovery of CNT in 1991, started a new era in the world of materials
science. The light-weight and ultra-tough materials replaced many other existing
reinforcements to generate light weight composite materials with extraordinary
mechanical properties. The purpose of this research is an investigation of the interfacial
properties and mechanical properties of carbon nanotube reinforced Natural rubber
composites as well as the different factors which affect the properties. The present study
predicts the interfacial properties of the single-walled carbon nanotube (SWCNT)
reinforced Natural rubber (NR) nanocomposites by using a series of pullout simulation
using Molecular Dynamics (MD). Material Studio 2017© has been used as the tool for
predicting all the properties. The variations in the potential energy and the pull-out force
for the SWCNT reinforced NR nanocomposites was determined and the effects of
nanotube length and diameter were studied for the pullout. In addition, the interfacial
shear stress (ISS) and the surface density (y) were predicted. The results showed that the
incremental energy change increased sharply to a peak value at a specified displacement
in the first stage and remained steady between specified peak values in the second stage.
The average energy increment in the second stage (AEy) was found to be independent of
the nanotube length. ISS and y decreased with increasing SWCNT diameter and
converged at 113.47 MPa and 0.11 N/m.

Pristine carbon nanotubes (CNTs) exhibit exceptionally high mechanical
properties. However, defects such as Stone-Wales (SW) and vacancy, which appears
during manufacturing process, affect the performance of CNTs. In this study, armchair
type single-walled CNT was considered and 1, 2, 4, 6, 8 and 10 vacancy defects and
SW defects were introduced. Molecular Dynamics (MD) simulation was performed for
investigating the effect of point and SW defects. All the defects follow the symmetric
pattern for single walled carbon nanotube. Simulation has been done with CNTs packed
in Natural rubber (NR) and mechanical properties were obtained. It is observed that as
the number of vacancy defects or Stone Wales defects increases, the Young’s modulus
for CNT/Natural rubber composite successively degraded. However, in both the cases,
the rate of decrease in young’s moduli observed. Comparative study leads to a better
design for NR-CNT composites. Further, a computational study based on Molecular
Dynamics simulation is used to predict the mechanical and thermal behavior of carbon

nanotubes (CNT) reinforced Natural rubber (NR) composites. A single-walled (5,5)

XVi



armchair type CNT is employed for this purpose. In this study, a comparison has been
made between pristine and functionalized CNTs. The functionalization groups used in
this study were carboxylic (-COOH), ester (-COOCH3) and hydroxyl (-OH). The studies
showed improvement in elastic properties of developed composites in the presence of
functionalization group. In addition, the effect of volume fraction and 1-25% addition of
functionalization group has been studied. The obtained simulation results show better
load-transfer capacity in developed polymer system and improved elastic modulus.
Thermal properties of developed composite systems were studied by non-equilibrium
Molecular Dynamics method (NEMD). The addition of functionalized CNTs shows
enhanced mechanical and thermal properties. Despite the different types of theoretical
studies conducted on the macroscopic elastic behavior of CNTs, there remain the
controversial issues regarding damping characteristics. Now a day, the damping
properties of single walled carbon nanotubes were explored with great interest.
Vibration produced in the structures due to dynamic loading creates unsafe operating
conditions for the operator. It is essential to find the damping capacity of the material.
Therefore, the damping loss factor has been calculated. With the addition of small
percentage of CNTs, damping capacity of the material is improved due to the stick slip
phenomena. It has been observed that the damping loss factor decreases with the
increase in volume fraction and aspect ratio due to the slippery and curvy nature of

single walled carbo nanotube reinforced polymer.
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Chapter 1

Introduction

In simple words, Carbon nanotube (CNT) is depicted as graphene sheet molded
into a cylinder. In structural form, CNT is constructed from hexagonal rings of carbon.
They can either be single layered or multi layered, and from this layering we derive its
types, i.e. if CNT is single layered it is called as Single walled carbon nanotube
(SWNT), or if it is multi layered it is called as Multi walled carbon nanotube (MWNT).
A simple classification of CNT 1is shown in Figure 1.1[1]. Till now CNTs have
fascinated many researchers because of their distinguished properties including physical
properties as well as mechanical, thermal and electrical properties. CNTs were unknown
three decades ago. Carbon Nanotubes are thin, as well as long hollow cylinders of
carbon. It was the year 1991 when CNTs were discovered by Iijima [2]. As of late,
greater fervor has been started for their comprehension and a lot of study has been
performed. Still, the physical properties are yet being explored and researched upon. An
unrestrained range of thermal, physical and electronic properties has been shown by the
CNT’s. All the above discussed properties vary with the type of nanotubes that are not
just limited to SWNT or MWNT, both these types are having large amount of variety
based upon various parameters such as length of nanotubes, their aspect ratio, functional
group attached or angle of twist, etc. In most of the cases, even steel and Kevlar have a
lower tensile strength than the carbon nanotubes.

The structure of CNT is created by carbon atom’s layer and in hexagonal mess,
these carbon atoms are tightly bonded with each other. Graphene is made of carbon’s
layer having thickness of one carbon atom. A carbon nanotube can be formed by
wrapping in the cylindrical shape and bonding together. A nanotube having a single
outer wall of carbon is known as a single-walled carbon nanotube and nanotube having
multiple walls (cylinders inside another carbon cylinder) is known as multi-walled

cylinder carbon nanotube.
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1.1 Types of CNT

1.1.1 Single Walled Carbon Nanotube (SWCNT)

By rolling a sheet of graphite along chiral axis, we can obtain single walled
nanotube. SWNT carries very large density of current without heating because of its
ballistic nature of conduction of electrons and photons. Carbon materials have excellent
thermal conductivity, electrical conductivity, specific heat capacity. Its structure is 1-
dimensional axial symmetry. SWCNT can be produced by placing a small amount of
iron a dimple in a cathode and mixture of benzene and argon atmosphere is very
necessary in this method. This strategy is called curve release technique. SWNT can
likewise be delivered by vanishing of hot change metal containing carbon and took after
by buildup cool finger. Single-walled carbon nanotubes can be made in various outline,
for example, Chiral, Zigzag and Armchair. The CNT configuration relies upon the
technique for wrapping graphene into a barrel. For instance, one outline can be framed
by rolling the paper from its corner and other plan can be made by rolling the sheet of
paper from its edge. The structure of single-walled nanotube is represented through a
chiral vector (n, m). In the figure 1.2, the chiral vector is defined.

Nanotube's electrical properties can be specifically influenced by its outline. The
nanotube will be called as metallic (highly conducting) when n - m is a numerous of
three, in general the nanotube is a semiconductor. The Armchair configuration is
constantly metallic whereas different plans can make the nanotube a semiconductor.
SWNT can be sorted as-Armchair write, Zigzag compose and chiral compose. It has

been talked about below —

(1)  Armchair Type CNT
The type of CNT as shown in Figure 1.3 is an achiral nanotube and it has been
decided on basis of “Symmetric classification”, achiral means the nanotube structure is
symmetrical; When chiral vector becomes n = m, then chiral = (n, n). The value of

chiral angle (0) is 30°, we call it as armchair.

(i)  Zigzag Type CNT
When chiral vector becomes, m = 0, then chiral = (n, 0). The angle of chirality

(0) is 0°, we term it as Zigzag type of CNT, and it is shown in Figure 1.4.

(iii)  chiral Type CNT
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The nanotube is with a spiral symmetry is called as chiral and it does not give it
a mirror image. A chiral nanotube has general n and m values, therefore chiral =
(n, m). The angle of chirality (0) lies in between 0 and 30, therefore 0° < 6 <
30°, it is depicted in figure 1.5.

Carbon nanotubes

|~

Single wall carbon nanotube

Figure 1.2 Schematic diagram showing how a hexagonal sheet of graphite is rolled' to form a carbon

nanotube [3]
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Figure 1.3 Armchair SWCNT
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Figure 1.4 Zigzag SWNT

Figure 1.5 chiral CNT

1.1.2 Multi-Walled Carbon Nanotube (MWCNT) Structure

Multi-walled CNT can be produced by evaporation of carbon from anode and
deposition at cathode. CVD grown carbon nanotube is impure in comparison to arc
discharge carbon nanotube. It happens due to the presence of Nano catalyst particles.

4
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MWNT structures grown by the CVD process are high defect densities prone and this is
the major drawback of this CVD technique. MWNT is five times stronger than carbon
fiber.

1.2 Properties of CNT

CNT has extraordinary mechanical, thermal and electrical properties and only
carbon atoms rearrangement is responsible for this unique property. Some of the

properties are as follows:

1.2.1 Electrical Conductivity

Metallic CNT is highly electrically conductive material. The conductivity of
CNT can be determined by chirality. Depending upon a chiral axis, both the metallic as
well as semiconducting properties can be exhibited by CNT. In the case of MWCNT, its
electrical conductivity is very complex due to non-uniform distribution of current by
inter-wall interaction over the individual tube. However, in the case of metallic
SWCNT, it has been observed that current is uniformly distributed across different parts

of metallic SWCNT.

1.2.2 Strength and Elasticity

CNT acts as an ultimate high strength fiber. SWCNT has a higher modulus of
elasticity than steel and it makes it as a highly resistant fiber. Although CNT can bend
on pressing on the tip and it retains its original state when forces will be removed. It has
been reported that SWCNTSs are having a Young’s modulus of elasticity is about one

TPa.

1.2.3  Thermal Conductivity and Expansion

In graphene, sheet-carbon atoms are strongly bonded with three carbon atoms
and due to this strong in-plane bonding properties, CNT can show properties like
superconductivity below 20K. CNT are having extraordinary strength and stiffness
against axial strains only due to the strong C-C chemical bonding. Moreover, single
wall carbon nanotube exhibit high flexibility against non-axial strains due to zero in-

plane thermal expansion and the greater inter-plane.

1.2.4  Field Emission

The field emission phenomenon can be observed when from the metal tip to the

vacuum tunneling of electrons occurs by the strong electric field. It results from the
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small diameter of nanotubes and the high aspect ratio. The field emitters are best for
flat-panel display application. Due to the emission of light and electrons the properties

of field emission occurs in MWCNT.

1.2.5 Aspect Ratio

For CNTs, the high aspect ratio is unique and exciting properties, inferring that
similar electrical conductivity of other conductive additives can be achieved by
applying a lower load of the CNT. It has been observed that unique electrical
conductivity has been possessed by the high aspect ratio of the CNT as compared to the
conventional additive materials such as chopped carbon fiber, carbon black, or stainless

steel fiber.

1.2.6 Absorbent

Due to the unique properties like superior electrical properties, extraordinary
mechanical strength, larger flexibility and lightweight, CNT and its composites have
been emerging as perspective absorbing materials. Therefore, for use in water, gas and

air filtration, only CNT will be an ideal candidate.

1.3 Production of CNT

There are many methods available which is being used for producing carbon

nanotube, some of them are discussed here:

1.3.1 Arc Discharge Method

Carbon arc discharge method is most commonly used method for producing
CNT in easy way. By using this method, CNT can be separated from catalytic metals
and soot by the help of produced complex components. CNT are produced by using Arc
vaporization and in this method two carbon atoms will be placed in an enclosure from
end to end and will be separated by 1 mm. Usually Inert gas is filled in the enclosure at
low pressure. An immediate current of 50 to 100 A between two cathodes is connected
for making a high temperature release. By the high temperature release carbon terminals
surface vaporized and consequently a little anode (bar molded) gets shaped. In high
return, the CNT generation is completely subject to plasma curve consistency. CNT can

likewise be delivered with fluid nitrogen by method of arc discharge.
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1.3.2 Laser Method

In 1996, for producing CNT a technique was used called as a dual-pulsed laser.
This synthesizing technique was produced CNT with purity of 70 %. Nowadays, for
producing CNT laser vaporization process is being used. In this process produced CNT
are having diameter 10-20 nm more and 100 um or more in length. Average diameter
and size distribution for CNT depends on catalyst composition, growth temperature and
other process parameters. For producing high quality CNT in small amount laser
vaporization and arc discharge methods are used in recent years. These two methods are
also having some drawbacks like:
(i)  Evaporation by carbon source is being used by this method and for scaling the
production with standards of industry level it follows very unclear approach.
(11))  The produced CNT is mixed with residues of carbon by the method of arc
discharge. Therefore, purification, manipulation and assembling of CNT for
making nanotube device architectures of practical applications are quite

difficult.

1.3.3 Chemical Vapour Deposition

In this process, by catalytic CVD of acetylene CNT in large amount can be
produced over cobalt and iron. Along with the MWNT, fullerenes and bundles of
SWNT can be produced by the carbon/zeolite catalyst. At 1000 ° C, high yields of
SWNT can be obtained by Catalytic decomposition of H,/CH,4 mixture over nickel, iron
and cobalt. In this method by using the decomposition of CH4 over the newly formed
nanoparticles, lower proportions of MWNT and higher proportions of SWNT can be

achieved.

1.3.4 Ball Milling

Ball milling is one of the simple methods for producing the CNT followed by
subsequent annealing. From boron nitride powder and carbon, CNT can be produced by
thermal milling. In this method, in a stainless-steel container that consists of four
hardened steel balls the graphite powder will be placed. At room temperature, for
milling process argon is introduced for up to 150h and the steel container is purged
using the milling process, under an inert gas flow at 1400°C for 6h the graphite powder

is annealed. More MWNT and few SWNT can be produced by this method.
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1.3.5 Other Methods

Different Methods CNT can likewise be created utilizing fire blend, electrolysis,
amalgamation from mass polymer, utilization of sun powered vitality and low-
temperature strong pyrolysis. In electrolysis technique, an electric current is being in
liquid ionic salt between graphite anodes for delivering CNT. As a cathode, high
immaculateness carbon bar is utilized. By consuming the cathode at high softening
point, a wide scope of CNT created. In the fire blend technique, for working the

hydrocarbon reagents at a raised temperature a segment of the hydrocarbon gas.

1.4 Purification of CNT

After synthetization, by separating it from other entities purification of CNT is
done, like carbon nanoparticles, residual catalyst, amorphous carbon and other
unwanted species. For removing the unwanted impurities from CNT classic chemical
methods has failed. Therefore, for purifying the undesirable impurities, intercalation,
liquid phase and gas phase like basic methods are used. Generally, for removing the
nanoparticles, a microfiltration operation is carried out using membrane filters. In this
method, amorphous carbon and unwanted nanoparticles are removed without any

chemical modification in the CNT. The different purification methods are as follows:

1.4.1 Gas Phase

It is a most successful technique. For nanotubes, significant enrichment can be
produced by this method. The combination of repeated extraction with nitric acid and
high-temperature oxidation and hydrochloric acid is being used by this method. In this
method, nanotube’s stability is considerably improved with a negligible reduction of

impurities for instance residual catalyst and non-nanotube forms of carbon.

1.4.2  Liquid Phase

It is an effective purification method. All the essential steps of this method are
as follow
Step 1: For removing large graphite, particle preliminary filtration is used.
Step 2: for removing catalyst particles and fullerenes, dissolution will be used.
Step 3: Microfiltration
Step 4: Centrifugal separation and
Step 5: Chromatography
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In this process, CNT is subjected to the liquid phase oxidation step with
hydrogen peroxide (H202) solution. Amorphous carbon can be removed by itself
without any damaging of tube wall damage. Thus, CNT can be easily separated in the

separation’s last stage.

1.4.3 Intercalation

It is used for insertion of a molecule (or ion) into compounds having layered
structures. Between adjacent layers, Vander Waals gap can be expanded by this
technique, which requires energy. Between the dopants and the solid charge transfers
and due to this energy will be supplied. It has some drawbacks also at oxidation stage
some amount of nanotube may be lost. The final material may contaminate with

intercalates residue.

1.5 Applications of CNT

The outstanding properties of CNTs make then very useful and thus expand its
application area from thermal conductivity, field emission, energy storage, conductive
properties, molecular electronics based on CNTs, conductive adhesive, structural
applications, thermal materials, fibers & Fabrics, catalyst supports, biomedical
applications, air & water filtration and some other applications. Due to unique atomic
arrangements, CNT is having outstanding properties like mechanical strength, large
current carrying capability, excellent thermal conductivity and long ballistic transport
length. Due to having extraordinary properties, it is used in biological fields,
microelectronics/Nano electronics, optics, spintronic, material science and mechanical
fields. Especially, Graphene nanoribbons (GNRs) and CNT are being used in Nano
electronics field such as devices that can store energy, the devices that can convert
energy including photovoltaic and thermoelectric devices, a display for field emission
and sources of radiation, NEMS, nanometer semiconductor transistors, ESD protection,

passives and interconnects. The usage of CNT in various fields is discussed below.

1.5.1 Structural Applications

CNT is having unique properties and qualities that act as structural materials.
There are following applications given below:
(i)  Textiles
(ii)) Body Armor

(iii)  Concrete
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(iv)  Polyethylene

(v)  Sports equipment
(vi)  Bridges
(vii)  Flywheels

(viii)  Fire protection
1.5.2  Electromagnetic Applications

CNT can be fabricated as electrical insulators, conductors and semiconductors.
Some of the applications are listed below:
(1)  Bucky paper
(i1))  Light bulb filament
(iii))  Magnets
(iv)  Solar cells

(v)  Electromagnetic antenna

1.5.3 Electroacoustic Applications

In the field of electroacoustic CNT can be used in loudspeaker

1.5.4 Chemical Applications

CNT tremendous applications are listed below:
(i)  Air pollution filter

(i1)  Water filter

(iii)  Chemical Nanowires

(iv)  Sensors
1.5.5 Mechanical Applications

CNTs can be used in mechanical engineering. Some of the applications are
listed below:

(i)  Oscillator
(i)  Waterproof

1.6 Polymer

A polymer can be defined as a macromolecule, which is formed by the repeated
units of several simple molecules called monomers through covalent bonds. Polyester,
Polyethylene, Teflon, PVC, Bakelite, Nylon, are the examples of polymer.
Polymerization has been defined as “the chemical reaction in which monomer is

converted into polymer”. Monomer needs the initiator, but it cannot undergo

10
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polymerization. In this study, Natural rubber has been taken as a polymer and has been

created using Material Studio 2017. Repeat unit has been taken as 10 and it is of a

single chain. “Diene” library has been used for creating Natural rubber in MD

simulation.

1.6.1 Classification of Polymers

a) Based on their origin polymer:

(@)

(ii)

Natural polymers: the polymers, which are acquired from natural sources
like plants and animal, called Natural rubbers. Natura polymer include
Starch, Protein, Cotton, Silk, Wool, Cellulose and Glycogen.

Synthetic polymers: the polymers, which are synthesized from simple
molecule, are called synthetic polymers. Polyethylene, polyester, Teflon,

PVC and Nylon are the examples of synthetic polymers.

b) Based on their thermal behavior:

@

(ii)

Thermoplastics polymer: The polymer that becomes soft on heating and hard
on cooling are called Thermoplastics. Teflon, Polyethylene, PVC and
Plexiglas are the thermoplastics polymer.

Thermosetting polymer: The polymers that undergo chemical changes, cross
likings on heating, and become permanently rigid, hard and infusible are
known as thermosetting. Urea-formaldehyde resin, Phenol-formaldehyde

resins and epoxy resin are the thermosetting polymers.

c) Based on their methods of polymerization:

@

(ii)

Addition polymers: The polymers, which are formed by addition
polymerization reaction in which self-addition of several olefin monomers to
each other takes place without elimination of by products, are called addition
polymers. PVC, Polystyrene, Teflon and polyethylene are the addition
polymers.

Condensation polymers: Condensation polymers are formed by
intermolecular condensation reaction through functional groups of
monomers with continuous elimination of byproducts. Nylons, polyesters

and phenol-formaldehyde resins are condensation polymers.

1.7 Natural Rubber

It is an elastic substance, which is obtained from latex sap of trees, belongs to

Ficus and general Hevea. In technical language, it is known as an elastomer. Natural

11
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rubber is a kind of rubber that also includes vulcanized rubber and it is finished into
various types of rubber products. It is also known by the name gum elastic. It has
unique properties such as excellent green strength and tack, high resistance to tearing,
chipping and cutting, with the improved fuel economy it has low rolling resistance. It
also having drawbacks like those that it has moderate resistance to damage caused by
environment like ozone, light and heat. It can be used as a spring material and it forms

strong barrier to water.

1.8 Defects in CNTs

There are two kinds of manufacturing defect can be found in the carbon

nanotubes. One is a vacancy and other is a stone-Wales defect..

1.8.1 Stone-Wales Defect

It is a defect, which takes place in crystal structure, and we can call it as a
crystallographic defect or structural defects. In this defect, the connectivity of n- bonded
carbon atoms change from its original position by an angle 90° rotation with respect to
the midpoint of their bond. Due to this effect, naphthalene-like structure is converted
into fulvalene like structure. This defect occurs in carbon nanotubes, graphene. Due to
this effect, structure of carbon nanotube is changed. Due to rearrangement, the
properties like electrical and mechanical properties are affected. The rearrangement is
an example of pyracyclene arrangement. The defect is responsible for nanoscale

plasticity. It can be determined by using vibrational spectroscopy techniques.

1.8.2  Vacancy Defect

When any atom removes from lattice, then that place will be vacant and it is
called vacancy. It is also called a point defect or Schottky defect. We can also call it as a
zero-dimension effect. This defect arises when lattice possesses imperfection. It is also

called as a crystallographic defect.

1.9 Functionalized CNT Polymer Composites

Since many researchers have done a great job with respect to CNTs, there is a
hidden zone and that is composites based on CNTs. Although numerous researches
were done, in this case also with varying resins but much more can be done here.
Researchers in the pursuit of better physical properties have tested and tried many
composites like epoxy or polypropylene etc. Quite an untouched area is

functionalization of CNTs, in which very less research has been done. Therefore, the

12
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main focus of this study is functionalization of CNT based composites and the resin
chosen is Natural rubber. This study is based on SWNT type of CNT, mixed with
Natural rubber as reinforcement, and Functionalization of CNT based composites.
Addition of additional functional groups to the surface of any material is called
functionalization. In other words, it is the process of adding new features, functions,
properties, or capabilities to a material by changing the surface properties of the
material. It is a fundamental technique used throughout materials science, chemistry,
and biological engineering, and nanotechnology. A pre-functionalized CNT is to be
mixed with polymer matrix by any of the composite forming methods.
Types of Functionalization:
(1)  Non-Covalent Functionalization
(1)  Pi-stacking
(iii))  Defect Functionalization
(iv)  Endohedral Functionalization
(v)  Sidewall Functionalization

For this study, sidewall functionalization is chosen, as it is very advanced, and a
proper care is taken to maintain the structural symmetry as well. Functional groups were
added by attaching the atoms of different functional groups of ester (-COOCH;3) to the
surface of SWCNT shown in figure 1.8.In this era of modern nanotechnology, method
of microscopic analysis is required to generate functional materials and investigation of
physical phenomena based on molecular level. There are different methods for
investigating the physical phenomena like “Monte Carlo” also known as “Molecular
simulation Methods” and “Molecular Dynamics Methods”. Both the above methods are
useful to analyze properties in thermodynamic equilibrium. Monte Carlo is not suitable
for investigating dynamic properties whereas Molecular Dynamics is used for investing
the dynamic properties in both equilibrium and non-equilibrium states, but MD is more
useful in a non-equilibrium situation. Apart from these above said two methods, there
are some others method which is useful for finding the physical properties in a
molecular level. These methods are as follows:-

(i)  Brownian dynamics methods.

(i1)  Dissipative particle dynamics.

13
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1.10 Molecular Dynamics Method

The MD methods concept is very straightforward and logical. Newton’s
equation of motion is used for governing the motion of molecules. This method is based
on computer simulation for microscopic analysis. Due to the number of molecules
interaction in areal system are large so it is very difficult to analyze it mathematically
the position of a particle at particular time but it can be evaluated easily in MD
simulations by the different ways. These ways are as follows:-

(i)  Vertex Method
(i)  Velocity Vertex Method
(iii))  Leap Frog Method

1.11 Monte Carlo Method

In the approach of MD method, molecules motion is modeled according to the
equation of motion therefore, it is applicable to thermodynamic and non-
thermodynamics equilibrium. However, in Monte Carlo Method, the concept of explicit
time and equation of motion is not used and thus it is used only as a simulation
technique for thermodynamic equilibrium. Thus, it is not suitable for the properties,

which are dependent on time.

1.12 Brownian Dynamics Method

When the dispersed fine particles are dispersed in a base liquid, then it is very
difficult to be treated by simulations by MD method. This difficulty is due to the
difference in motion time of the solvent particles and the dispersed particle. So MD is
not used as simulation technique for particles dispersions. Now to overcome this
complexity, the solvent molecules treated as a continuum medium rather than to

consider motion of each solvent molecule.

1.13 Dissipative Particle Dynamics Method

In this method, the characteristic time of motion of the solvent particles clusters
observed as virtual fluid particles, which is not so different from that of dispersed
particles. These virtual fluid particles called “dissipative particles”. The simulation of
both the motion of dispersed and fluid particles carried simultaneously. The technique
for conducting the simulation in dissipative particle dynamics methods is similar as that

of Brownian dynamics method.
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CNT based composites have the prospective to provide extremely tough and
ultra-light new materials. However, huge challenges remain in the growth of such
nanocomposites. Currently, fabrication of CNT based composites is still a challenging
and expensive process. Many fundamental issues extending, for example, from
characterizations, experimental techniques to simulation methods, have not been fully
addressed for the development of CNT-based composites. It is very complicated to
solve, test and expensive to conduct an experiment after establishing the analytical
model at the nanoscale. Computational approach can play an important role in the
development of the CNT-based composites through simulation results, which helps in
understanding, design and analysis of such nanocomposites. On the other hand,
Modeling and simulations of nanocomposites can be realized readily and cost
effectively on a computer. Characterizing the interfacial and mechanical properties of
CNT-based composites is just one of the important and urgent tasks that can be
completed by simulations. In this study, the effective mechanical and thermal properties
of CNT based composites have been evaluated using Molecular Dynamics (MD)
simulation.

Chapter wise description of dissertation is briefly described below:

Chapter 1: Introduction

This chapter gives brief introduction about the CNTs and their properties. The
different computational techniques that can be used for predicting mechanical and
thermal properties of nanocomposites also be briefly discussed. It provides an outline of
“Molecular Dynamics” (MD), “Monte-Carlo simulation”, “Dissipative Particle

Dynamics”, “Brownian Dynamics” and “Lattice Boltzmann” methods.

Chapter 2: Literature review

An exhaustive review of research has been carried out for various modeling
techniques. More specifically, we focus on classical atomistic simulation using
Molecular Dynamics at the nanoscale. Finally, some important conclusions have been

made.
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Figure 1.6 Stone-Wales Defect in armchair type (5, 5) SWCNT

Figure 1.7 Vacancy Defect in armchair type SWCNT (5, 5)
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Figure 1.8 Functionalized SWCNT of COOCH;
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Chapter 3: Materials and methodology

The materials used in this study have been listed along with the MD
methodology. The optimization and dynamics steps of simulation have also been
explained in this chapter. In context to the molecular modeling, the force field
parameters were explained which is required to describe the properties of the single

walled carbon nanotubes reinforce with polymer composite.

Chapter 4: To analyze the effect of chirality, nanotube length and diameter on the
interfacial properties of CNT reinforced polymer composites.

In this chapter, Simulations have been performed for studying the effect of
Chirality of polymer/carbon nanotube (CNT) composites, composed of single wall (5,5)
CNT have been performed with different length and diameter. The pullout simulations
have been performed for finding the effect of length and diameter. The interfacial
properties of the single walled armchair carbon nanotube reinforced with Natural rubber
composite have been calculated. Pullout simulations have been performed for
calculating the Interfacial shear stress and surface density of the using Molecular

Dynamics with the help of Material Studio 2017.

Chapter 5: To predict the mechanical properties of CNT reinforced polymer
composites with fiber volume fraction and fiber ratio using MD simulation.

In this Chapter, we predict the mechanical properties of different types of
SWCNTs reinforced polymer composites using the MD simulation method. The
longitudinal, transverse, longitudinal shear and transverse shear storage moduli of CNT
reinforced polymer nanocomposites were also determined in this chapter. In addition to
this, simulations have been performed for analyzing the effect of NR/SWCNT

composites with different volume fraction (V¢) and aspect ratio (1/d).

Chapter 6: To evaluate the effect of Stone-Wales and vacancy defects on thermo-
mechanical properties of CNT reinforced polymer nanocomposites.

Molecular Dynamics (MD) simulation has been used to study the effects of
these defects on mechanical properties of single-walled carbon nanotubes (SWCNTs)
reinforced Natural rubber composites. MD pullout simulation has also been done to
analyze the effect of defective CNTs, for finding the interfacial properties of the
SWCNT/NR composites. Different types of SWCNT/NR have been used in this study

and the number of defects is varied from 1 to 10. The stone-wales defects and the
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vacancy defects were introduced in the CN'Ts/NR composites for finding their effect on
the mechanical properties of the carbon nanotube reinforced with Natural rubber
polymer composites. The thermal conductivity of the single-walled carbon nanotubes
(SWCNTs) reinforced Natural rubber composites with defects has been calculated using
the Molecular Dynamics simulation. An armchair (5,5) have been used for finding the

thermal conductivity of the SWCNT/NR with number of defects of 1 to 10.

Chapter 7: To study the effect of functionalization of CNTs on the modulus of
CNT composites and predicted the thermal conductivity of the functionalized
SWCNT/NR composite.

This chapter analyzes the effect of carboxylic (COOH), ester (COOCH3), and
alcohol (OH) groups attached on the surface of SWCNT on elastic properties of Natural
rubber (NR) composites reinforced with functionalized SWCNTs along the axial
direction of the CNTs by using MD approach. The results obtained showed variation in
the Young’s modulus of the CNTs with the increase in number of functional groups
varied from 1 to 20%. Thermal conductivity of the single walled carbon nanotube
reinforced Natural rubber composite has been calculated using the Molecular Dynamics
simulations A armchair (5,5) SWCNT has been used in this study with the percentage
introduction of functional groups as 1, 5, 10, 15, and 20, for study of variation with

varying percentage.

Chapter 8: To predict the damping of CNTs reinforced polymer composites using
MD simulation.

Molecular Dynamics simulations have been used for finding the damping of the single
walled carbon nano tube reinforced polymer composites. In this chapter, we also find
the damping loss factor () with fiber volume fraction and fiber ratio using MD

simulation.

Chapter 9: Executive summary and scope of future work
Summary of the various aspects of the present work are presented in this chapter along

with the scope of future work.

18



Chapter 2: Literature Review

Chapter 2

Literature Review

2.1 Literature Review

CNTs are extremely small which one of his major characteristics. Due to this,
the major problem arises in finding its material characterization. In nanoscale materials,
the biggest hindrance is to investigate and measure the interfacial behaviors of the
material. The experimental measurements of the interfacial properties of CNT
reinforced polymer have been limited and it can be measure by using the modeling and
computer simulation. In this chapter, different modeling and simulation methods are
reviewed based on the time and scale which has been carried out by the various
researcher. Exhaustive review of literature is presented which has been carried out using
various different techniques in determining the effects of defects on the interfacial
properties of CNT reinforced polymer. In addition to this, the literature based on the
mechanical properties of CNT reinforce polymer determine by various researchers with
different methods has been reviewed. The literature review based on the effect of
functionalization on the CNTs using the Molecular Dynamics simulation is also
discussed in this chapter. Various properties of CNTs been studied by the different
researchers using different simulation techniques were also discussed. The literatures
based on the properties of the CNTs have been discussed below-

[ijima, Sumio in 1991[1] used an arc-discharge evaporation method, a new structure of
finite carbon was prepared which looks like a needle. With the help of electron
microscopy, author examined the needled structure and showed that along the axis of
needle a lattice structure that suggested a tubular and seamless structure. The author
also suggested that each needle consists of an arrangement of coaxial graphitic tubes
with the wall thickness ranges from 2 up to about 50 sheets and the diameter ranging

from few to few ten nanometers.

2.1.1 Literature Review Based on Interfacial Shear Stress (ISS)

Frankland et al. in 2002 [2] carried out a pull-out of a functionalized CNT from the
polymer using MD. The results showed an improvement of the interfacial shear stress

and negligible change in modulus involving less than 1% of carbon atoms.
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S.C. Choudhury and T. Okabe in (2010) [3] have studied the effects of the chemical
cross-links in the interface, matrix density and geometrical defect in the CNT on the ISS
of CNT reinforced polyethylene composites. In this study, Molecular Dynamics
simulation has been performed for CNT pull-out from the polymer matrix. It has been
reported that an energy based switching criterion has been proposed for cross-links
traveling on the CNT. It has been concluded from Molecular Dynamics simulation
result that ISS increase with the increase in matrix density. ISS of CNT—polymer
composites increase with the presence of chemical cross-links in the interface. It has
also been reported that ISS is affected by cross-link position. Pentagon—heptagon
geometrical defect significantly reduces the ISS when crosslinks are present in the

interface.
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Figure 2.1 (a) Schematic of partially embedded CNT pull-out from polymer matrix (b) Energy variatition
during the pullout of CNT [3]

M.N. Yuan et al. in 2012 [4] predicted the interfacial fracture toughness by developing
an analytical model of fiber-reinforced matrix composites. Authors validate the
analytical solution by making a finite element model. This analytical model explains the
unusual phenomena in high-temperature push-out tests on SiC fiber-reinforced titanium
matrix composites, in which the critical applied stress initially increases, and then
decreases with increasing temperature.

J.M. Wernik et al. in 2012 [5] investigated the interfacial properties of carbon nanotube
(CNT) reinforced polymer composites by simulating a nanotube pull-out experiment
using the ABC multiscale modeling technique. In this technique, authors considered
only Vander Wall interactions between the atoms in the CNT and the polymer implying
a non-bonded system. The information collected from results that the ISS shows a linear

dependence on the Vander walls interaction density and decays significantly with
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increasing nanotube embedded length. Authors also found that increasing the diameter
of the CNT, increase the peak pull-out force approximately linearly.

Fakhrabadi et al. in (2013) [6] was studied about pull-in phenomena for carbon
nanotube which is defected with stone-wales defect. In this study Molecular Dynamics
simulation has been performed for investigation pull-in charges for SW defected carbon
nanotube. It has been reported that longer CNTs having smaller diameters shows less
pull-in charges, whereas shorter CNTs possessing larger diameters. Furthermore, it has
been observed that the pull-in charges shown by the doubly clamped CNTs are more
than the cantilevered CNT’s pull-in charges. It has been concluded that SW defects
could reduce the pull in charges greatly and its position and the no. of defects affects

pull-in charges.

2.1.2 Literature Review Based on Structure

Noriaki Sawada Hamada et. al. in 1992 [7] studied systematically the electronic band
structure of graphitic microtubules and predicted micro hollow tubes of carbon exhibit
variation of properties depending upon the structure of the tubule. The author also used
the Tersoff's empirical relation for finding the geometry of the each microtubule and
found the band structures, which gives a rich variety in energy band structure.

R. Saito et. al. in 1992 [8] observed that the chiral angle and the fibre diameter helps in
identifying the electronic structure of the graphitic tubules which may be semiconductor
or metallic, either no doping impurities are exist or no difference between the carbon
atoms chemical bonding. After the calculations, authors found that one third of these

tubules are stable and other two third are semiconductors but both are one-dimensional.

Figure 2.2 Possible vectors for chiral fibers [8]
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J. W. Mintmire and C. T. White in 1995 [9] studied the electronic structure of the
nanotube based on the helical symmetry and observed resulting trends by using
empirical and first-principles techniques. Authors also examined the elastic properties

and change in energies of small-diameter graphitic nanotubes.

2.1.3 Literature Review Based on Elastic Properties

J. T. Seitz in 1993 [10] developed the method for estimating the mechanical properties
of polymeric materials. Based on the molecular structure of the repeat unit, only basic
molecular properties of the polymer can be calculated which is helpful in design the
new polymeric materials.

Kazuyoshi Tanaka et. al in 1993 [11] was the first to examine the electronic property of
the purified multi cylinder structured carbon nanotube based on the electron spin
resonance (ESR) spectroscopy and found that only one peak is similar to that of
graphite by the Raman scattering measurement technique. This also showed that the
purified multi cylinder structured carbon nanotube examined is a semiconductor without
impurity and inactive doping.

C. F. Cornwell and L. T. Wille in 1997 [12] investigated the elastic properties of single
wall carbon nanotubes.The author also investigated the axial compression response of
the single wall carbon nanotube.The calculated data is also used to determine the
Young’s modulus of the tubes.

Krishnan ef al. in 1998 [13] observed the single-walled carbon nanotubes stiffness with
the help of a transmission electron microscope.Vibration amplitude and the nanotube
dimensions are also measured using the help of electron micrographs.

E. Hernandez et al. in 1999 [14] performed a extensive study of the structural,
energetic, and mechanical properties of single-wall nanotubes of different chemical
composition. The results shows that carbon nanotubes having smaller Young’s
modulus, due to which swent are expected to be stiffer than any of the composite
nanotubes having good agreement with the experimental model.

M. B. Nardelli ef al. in (2000) [15] was studied about mechanical and elastic behavior
of carbon nanotubes. In this study quantum mechanics, simulation has been carried out.
In this study it has been reported by the author that high defects affect more the
transport properties of individual nanotube while in case of armchair nanotube having
small diameter maintain its electrical properties even on larger deformation with no any

missing atoms or SW defect. It has been concluded that defect density reduces the
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conductance at the Fermi energy and carbon nanotube’s electrical response is highly
affected by large geometrical deformations.

Yao et al. in 2001 [16] computed and simulated the mechanical properties of single-
walled carbon nanotubes (SWCNTSs) by using MD. Brenner potential function has been
used to describe the bonding structure and properties of CNTs.

Li and Chou in 2003 [17] carried out a study of the elastic behavior of multi-walled
carbon nanotubes (MWCNTs) and predicted the Young’s and shear moduli of
MWCNTs. The effect of tube diameter, chirality and number of tube layers on elastic
properties of MWCNTs has also been predicted. Comparison of elastic behavior of
SWCNT and MWCNTs in light of the effect of van der Waals forces has also been
made.

Yu Wang, Xiu-xi Wang et al. in 2005 [18] used the technique Tersoff—Brenner
potential for describing the main mechanical response features i.e interactions of atoms
in CNT. Molecular Dynamics simulation were performed on compression deformation
of single-walled carbon nanotubes (SWCNTs) and results shows the decrease of the
young's modulus with the increase of the CNTs radius. Authors also found that the
Young's modulus of armchair CNT is lower than that of zigzag CNT.

Ahmed Al-Ostaz et al. in 2008 [19] calculated the transverse and elastic properties of
nanoparticle consists of a (SWCNT) inserted in polyethylene matrix and their
constituents by using the Molecular Dynamics simulations. The results obtained from
different types of loadings applied to SWCNT shows those SWCNTs having very poor
transverse properties as compared to SWCNT/Polymer. Authors also observed that the
elastic constants are same under various loadings for SWCNT. Authors concluded that
the SWCNT acts as a linear elastic material.

Libo Deng et al. in (2011) [20] used the Raman spectroscopy method for finding the
effect of young's modulus of the reinforced SWCNT-Polymer. After preparing the
nanocomposite fiber by electro-spinning and then compared the behavior with same
composition of then nanocomposite films. Author also developed a “self-consistent
method” for facilitating the efficiency of reinforcement by nanotubes.

Sumit Sharma ef al. in (2013) [21] determined the elastic properties of single walled
carbon nanotubes (SWCNTs) and evaluated the mechanical properties of three types of
SWCNTs viz., armchair, zigzag, and chiral nanotubes by using the Molecular Dynamics

(MD) simulation. From the results, it can be concluded that the with the increase in
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radius of SWCNTs the young’s moduli of SWCNT decreases but with the increase in

the aspect ratio and volume fractions of CNTs the young's moduli of CNT increases.
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Figure 2.3 Variation of Young's modulus and Bulk modulus with radius for different types of SWCNTs
(21]

Behrouz Arash and Quan Wang in (2014) [22] used the Molecular Dynamics (MD)
simulations with a carbon nanotube-based nanopore system for investigating the
molecular separation feasibility with carbon nanotubes. Author examined that complete
separation of lead nanoparticles and water molecules is possible by applying the impact
load, which can be realized by the propagation of impulse waves.

Nayebi et al. in (2015) [23] studied about the mechanical properties like stress, strain
and elasticity modulus and Molecular Dynamics simulation has been used for
computing these properties. In this study effect of graphene loading to the polymer, the
orientation of tension, nanocomposite’s temperature and graphene’s defect on these
properties has been investigated. It is analysed that along the zigzag orientation,
mechanical characters of tension are higher than other directions. It has been observed
that in composite graphene’s weight concentration is directly proportional to Young’s
modulus and breaking strain. It has been concluded that Young’s modulus has been
decreased after increasing the temperature. By applying graphene structure defect, it has
been reported that one atom is missing from the structure and this lowers the Young’s
modulus and modulus of elasticity gradually decreases when concentration defect
increases.

Sumit Sharma et al. in (2015) [24] focused on modelling of carbon nanofibers (CNFs)
and evaluated the effect of their reinforcement in poly propylene (PP) matrix. By using

the Molecular Dynamics (MD) simulation, authors studied the effect of volume fraction
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and aspect ratio of carbon nanofibre on mechanical properties of CNF-PP composites.
From the results obtained it was concluded that with only 2% volume fraction of CNF
in PP, 748% increase in E; which was comparively high as compared to Ea;.

Sumit Sharma et al. in (2015) [25] examined the mechanical properties of multi-walled
carbon nanotubes—polycarbonate composites (MWCNT-PC), through a Molecular
Dynamics (MD) simulation. By using the material studio 5.5, authors modeled the
multiwall carbon nanotubes (MWCNTSs) compositions in polycarbonate (PC) by
varying the weight from 0.5% to 10% and by volume from 2% to 16%. For finding the
mechanical properties Material studio 5.5, Forcite module was used and it was found
that there was increase in the mechanical properties.

Norihiko Taniguchi ef al. in (2016) [26] experimentally investigated the tensile strength
of unidirectional carbon fiber reinforced plastics under a high strain rate by using
tension-type split Hopkinson bar technique. The experimental result showed that tensile
modulus and strength in the longitudinal direction are independent of the strain rate and
observed that the strain-rate dependence of the shear strength is much stronger than that

of the transverse strength.

2.1.4 Literature Review Based on Defects

T. W. Ebbesen and T. Takada in 1995 [27] discussed about the importance and
existance of defects in carbon nanotubes. The author observed that the defects might
affect strongly on the properties of nanotube such as band gap and their conductivity.

H. Jiang et al. in (2004) [28] was studied about stone-wales transformation in single
walled carbon nanotubes. Defect nucleation in carbon nanotubes has been analysed
under tension and torsion. In this study, continuum mechanics model has been
introduced for studying the stone-wales transformation. It has been concluded that for
SW Transformation critical strain has been analysed as 4.95% and the critical shear
strain has been observed as 12%. The author has observed that this study shows better
agreement between Molecular Dynamics studies and hybrid atomistic model studies.

N. Chandra et al. in (2004) [29] studied at atomic scales three different stresses had
been measured and also strain had been introduced The introduced strain has been
measured as conjugate quantities. These measurements have been validated for non-
defected carbon nanotube by the author and it has been used in single wall tubes for

finding topological defects. The author has analysed that in defected region load
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carrying capacity has been decreased and in a change in kinematics and kinetics in the
defected vicinity, this measure could be attributed.

Q. Lu and B. Bhattacharya in (2004) [30] were studied about the effect of randomly
occurring stone-wales defect. Molecular Dynamics simulation performed for analysing
the mechanical properties of single walled carbon nanotube, which is defected with
stone-wales defect occurring randomly. In this simulation armchair and zigzag type
carbon nanotube has been simulated and ultimate tensile strength and strength has been
analysed. It observed that in case of single walled carbon nanotube having a single
vacancy crack starts at random places. The author has observed that for the tube, mean
value of strength, stiffness and ultimate strain reduced as the average number of defects
amplified. It has been analysed that the zigzag tube was more brittle and exhibits more
uncertainty in its mechanical properties than the armchair.

S. L. Mielke et al. in (2004) [31] has studied the effect of vacancy by using quantum
mechanics calculation using DFT theory and semi empirical methods. In this study
under uniaxial tension, the role of vacancy defects has been analysed using molecular
mechanics calculation and fracture of carbon nanotubes has been analysed. After
calculation author observed that one and two vacancy defects decreases the failure
stress by 26%, but vacancy with no, three or more greatly reduces the mechanical
properties and observed that in comparison to the stone-wales defect vacancy affects
more on the strength of defected carbon nanotubes. Thus, concluded that vacancy may

be the strength limiting for CNTs having high qualities.
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Figure 2.4 The reconstructions of the one- and two-atom vacancy defects considered [31]
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Y. R. Jeng et al. in (2004) [32] author have carried out a Molecular Dynamics
simulation for analysing the effect of temperature and vacancy defects on single-walled
carbon nanotubes. In this study under tensile loading mechanical properties of zigzag,
armchair and chiral single walled carbon nanotubes has been analysed. It has been
concluded that under tensile loading armchair single walled carbon nanotube has the
highest tensile strength as well as toughness. It has been concluded that mechanical
properties get decreases with increasing of temperature and in case of vacancy defects,
mechanical properties also decreased on increasing vacancy defects.

S. Zhang et al. in (2005) [33] analysed the fracture of defective carbon nanotube. In
this study molecular mechanics and coupled molecular mechanics has been employed
for the calculation and both the results were compared. It has been analysed by the MM
Calculation that one- and two-atom vacancy defects reduces the strength of CNTs by
20%—33%, whereas from QM calculations it has been observed that CNTs strength gets
reduced by 14%—27% due to these defects. The author observed that fracture strength is
size dependent for a range of tube diameters with a variation of few GPA in DWCNTs
with two-atom vacancy defects.

Brodka et al. in (2006) [34] was studied about the carbon nanotube’s structure. In this
study, defected carbon nanotube used as material and Molecular Dynamics simulation
had been done analyzing it. Powder diffraction pattern has been calculated from carbon
configuration, which is resulted from Molecular Dynamics simulation. The MD
simulation results obtained for 0.87% of the defects in CNT were compared with
experimental data and observed that simulated result were quite matched with the
previously suggested concentration of the Stone-Wales defects.

H. Fan et al. in (2006) [35] analysed thermal conductivity of single-walled carbon
nanotube by using material Studio software. In these study two kinds of Molecular
Dynamics simulation equilibrium MD simulation and non-equilibrium MD simulation
has been used. They have analysed the thermal conductivity of SWCNT which is
affected by different kinds of defect and for defect free SWCNT also. Both the results
were compared and it was found that defective SWCNT has very less thermal
conductivity than a non-defective single-walled carbon nanotube. It has been observed
that due to C-C bonding configuration stone-wales defects have less impact on thermal
conductivity of carbon nanotube in comparison to vacancy defects.

Wang et al. in 2007 [36] studied the fracture of a chiral carbon nanotubes (CNTs) with

one atomic vacancy and also observed Non uniform variation of the fracture strain using
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molecular mechanics simulations. Author investigated the dependence of hardening or
softening domains on the length and diameter of the CNTs and observed that the rupture
progress of defected carbon nanotubes with the vacancy at different locations with
molecular mechanic’s simulations.

W. Houl and S. Xiao in (2007) [37] in this study author considered armchair and zigzag
nanotube for investigations and effect of vacancy defect (which is randomly distributed)
on mechanical behavior on single wall carbon nanotube has been investigated. Author
has analysed by the Molecular Dynamics simulation that nanotube strength has
decreased due to vacancy defects and nanotube can’t be used as torsion springs as
vacancy defects prevent.

Tserpes, K. 1., & Papanikos, P. in (2007) [38] has analysed the effect of the stone-wales
defect on the fracture and tensile behavior of the armchair, chiral and zigzag single-
walled carbon nanotube. The author using atomistic based fracture model has performed
this study. In chiral SWCNT the effect of defect lies in between armchair and zigzag
SWCNT and it depends on the chiral angle. Author has analysed that there were no any
defects present in stiffness of carbon nanotube. It has been analysed that tensile
behavior of carbon nanotube affected by nanotube size is very small and larger decrease
in stress failure has been observed.

R. W. Haskins et al. in (2007) [39] was studied about role of defects by analysing
elastic moduli and failure for single walled nanotube. For this study Molecular
Dynamics simulation has been performed and effect of defects has been analysed based
on bond rupture. In this study Young’s modulus for both the defective and non-
defective single walled carbon nanotube has been analysed and found that Young’s
modulus for defective single walled carbon nanotube is reduced by 160 GPa and critical
strain is reduced by 13%. In addition, it has been observed that in case of pair adjacent
vacancy Young’s modulus is lowered by 100 GPa and rupture strain is reduced by 10%.
Xin Hao et al. in (2008) [40] has compared the buckling load of both single walled and
multi-walled carbon which is defective, with buckling of non-defective carbon
nanotube. In this study Molecular Dynamics has been carried out and observed that load
carrying capacity of the defective carbon nanotube is reduced due to vacancy defect. It
has been analysed that defect intensity is related to the carbon nanotube buckling
properties.

Jianhui Yuan and K.M. Liew in (2009) [41] examined the vacancy defect reconstruction

and elastic properties of the typical armchair single-walled carbon nanotubes
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(SWCNTs) with different defect ratio using the Molecular Dynamics method and
discovered different reconstructions in the single vacancies and di-vacancies in
SWCNTs at different temperatures, through optimizing. Authors found the Young’s
moduli of armchair SWCNTs with vacancy defects. Authors observed that due to
vacancy defects, Young’s modulus will be decreased, but their reconstruction helps in
stabilizing the modulus.

S. N. H. Rubaiyat in (2009) [42] has studied the mechanical properties of defected CNT
by using Molecular Dynamics simulation under both the tensile and compressive load.
Vacancy defected, stone-wales defected and non-defected CNT has been simulated by
this Molecular Dynamics simulation. Author has concluded modulus of elasticity is
very less affected and tensile strength and compressive strength is insignificantly
affected.

Mehrdad Arjmand et al. in 2010 [43] studied the effect of length on Young’s modulus
of zigzag carbon nanotubes (CNTs) by implementing new theoretical model and
predicted that the elastic modulus of a CNT decreases with vacancies. The Young’s
modulus of an intact CNT unit cell of length equal to 0.639 nm was calculated about
940 GPa. As the length of unit cell increases to 0.781 nm causes a decrease in the
modulus and it becomes 887 GPa, The result shows that all the defective CNTs have the
moduli less than an intact one, but by increasing the length, effect of defects reduces
and modulus of a defective CNT approaches that of an intact one.

S.C. Chowdhury and S.N.H. Rubaiyat in (2010) [44] has analysed the effect of
defective carbon nanotube and non-defective carbon nanotube on mechanical behavior
using Molecular Dynamics simulation. Results were compared and it was found that
defected carbon nanotube has very less effect on elasticity modulus of the single-walled
carbon nanotube. Author has also concluded that strain and stress failure is significantly
affected.

Dinadayalane et al. in (2010) [45] studied about reactivities of sites on armchair single
walled carbon nanotube and compared for both defective and defect free single walled
carbon nanotube. For this study computer simulation has been carried out. It has been
concluded that the presence of vacancy defects increases the energy gap. It has been
analysed that through local ionization energy and pyramidalization angle most and least
reactive sites can be observed. It has been concluded that the most reactive sites have
lowest local ionization energy and largest pyramidalization angle whereas the least

reactive sites have highest local ionization energy and lowest pyramidalization angle.
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Figure 2.5 Stone-Wales defect (a) and defect-free (b) armchair (5,5) SWCNTSs, C70H20. Atom
numberings are indicated. The carbon atoms of the Stone-Wales defect region of 1 are shown in blue for
clarity [45]

M.R. Davoudabadi and S.D. Farahani in (2010) [46] were investigated the effect of
different vacancy defects on the Young’s modulus of zigzag and armchair carbon
nanotube reinforcement polymer composite in the axial. In this study, structural model
is used in ANSYS software for the investigation. Molecular structural mechanics
(MSM)/finite element (FE) Multiscale modelling has been used for investigating the
effect of vacancy on CNT polymer nanocomposites. It has been concluded that in
shorter length young’s is greatly reduced while in longer tube vacancy impact is
negligible. This method shows the good agreement with MD simulation. This method

can be used for investigation of buckling behaviour of carbon nanotube.

Vali Parvaneh and Mahmoud Shariati in (2010) [47] were studied the effect of stone-
wales and vacancy defects on Young’s modulus of single walled carbon nanotube. For
investigating Young’s modulus, a structural mechanics model has been developed. It
has been reported that best method for calculating Young’s modulus of carbon nanotube
is tension test. It has been observed that sufficiently large carbon nanotube has
negligible effect of defects.

K. Talukdar and A. K. Mitra in (2011) [48] were studied the fracture behavior and
mechanical properties of single-walled carbon nanotube by using Molecular Dynamics
simulation. The author has introduced four stone-wales defects in three different single
walled carbon nanotube and it has been found that single-walled carbon nanotube has
significantly affected. The maximum strain has been affected due to the inclusion of

stone-wales defect and the zigzag tube has not seen any such changes. In the case of
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chiral and armchair sharp breaking has been seen and in the case of the zigzag tube,
there is no such sharp breaking is observed.

H. Zeng et al. in (2011) [49] were studied about effect of Stone-wales and doping on
electronic transport properties of graphene nanoribbons. In this study zigzag
nanoribbon’s electronic transport properties have been studied using the density
functional theory which is combined with the non-equilibrium green’s function. It has
been analysed that defects affects more on centre rather than edge as for graphene
nanoribbon energy are more at centre. It has been suggested that doping may not be
sufficient for zigzag graphene nanoribbon’s electronic transport properties modification.
K. Sharma et al. in (2012) [50] were studied about the defect of vacancy and multiple
stone-wales using Molecular Dynamics simulation. In this paper, Molecular Dynamics
simulation has been performed for both the defective as well as a pristine single-walled
carbon nanotube. The stress-strain relationship has been established based on Molecular
Dynamics simulation result. Results were compared and it was found that mechanical
properties like the strength of defective SWCNT were gradually decreased on
increasing of diameter. It has been also found that on increasing of a number of defects
in Armchair CNT, failure of tube starts easily as it creates voids or holes. On the
increment of defect density strain failure increases. For the same defect, density
Vacancy affects the strength of nanotubes more in comparison with stone-wales defects.
K. K. Saxena and A. Lal in (2012) [51] studied the material properties of pristine carbon
nanotube and defective carbon nanotube by using molecular simulation method. Author
has analysed that tensile strength and strain of carbon nanotube, which is detected by
vacancy defect, is more reduced in comparison to stone-wales defected carbon
nanotube. It has also been analysed that stone-wales defected carbon nanotube needs
more energy than a non-defected carbon nanotube to stabilize the structure. The author
has also studied that Young’s modulus of defected carbon nanotube is having less value
than the pristine structure that is reduced by 9.3%.

K. Talukdar and A. K. Mitra in (2012) [52] have studied the fracture behavior and
elastic properties of single-walled carbon nanotube by using Molecular Dynamics
simulation. It has been analysed that single-walled carbon nanotube elastic properties
has significantly affected by the presence of stone-wales and vacancy defects, also
observed that defects play major role in breaking of single-walled carbon nanotube. For
higher strain values, the energy difference fluctuations in case of zig zag tube is more as

compared to other tubes for the same defect alignment and hence zigzag tube is less
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stable with defects. It has been observed that defects will depend upon chirality of the
single walled carbon nanotube as well as on its length.

S. Yang et al. (2012) [53] has analysed defect of thrower stone-wales on CNT
composites. It has been identified that CNT is degrading and interfacial adhesion is
improved between polypropylene and defected carbon nanotube having different
thrower stone-wales defect. By mixing carbon nanotube with polypropylene, by using
MD simulation method author has found the effect of TSW defect on polypropylene
composite’s elastic stiffness. The author has concluded using molecular software that
non- adhesive bond energy between non-defective CNT and polypropylene chain is
lesser than that between pp and defective CNT chain.

Jing Jie Yeo et al. in (2012) [54] were studied about the effect of double vacancy and
Thrower-Stone Wales defects on graphene nanoribbon’s thermal conductivity. In this
study Molecular Dynamics simulation has been performed and force field has been
chosen as LAMMPS. The author was reported that randomly dispersed Stone-Wales
and vacancy defect causes large decreases in thermal conductivity. Performance also
depends on chirality and types of defect.

Feng Dai-Li et al. in (2013) [55] has applied non-linear Molecular Dynamics method
for investigating thermal conductivity of single-walled CNT with a stone-wales defect,
doping, and non-defective SWCNT. After comparing the results author concluded that
thermal conductivity of SWCNT with doping is nearly similar to non-defective SWCNT
while SWCNT having vacancy defect and the stone-wales defect is lesser. The Author
has analysed that armchair tube is greatly affected by stone-wales and doping while
zigzag is more affected by vacancy defect. It has been concluded that stone-wales tube
is having shorter thermal conductivity convergence than non-defected or vacancy
defected single-walled carbon nanotube.

Monon et al. in (2013) [56] studied the effects of stone-wales defect on the mechanical
behavior of single-wall carbon nanotube has been simulated by the atomistic finite
element analysis and Molecular Dynamics simulation. The Author has analysed that
elasticity modulus of SWCNT is depends on a number of the stone-wales defects, tube
structure, and diameter of the nanotube. The author has compared both the results and
concluded that molecular simulation shows good agreement for defect free SWCNT
whereas FE simulation rejects for the defective CNT have a diameter less than 9.5

angstroms.
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Xiao et al. in (2014) [57] were developed an atomistic based finite bond element model
and effect of stone wales defect on mechanical properties of carbon nanotubes and
graphene sheets has been analysed. For prediction of the stress-strain relationship and
Young’s modulus of pristine and defective carbon nanotube and graphene sheets
modified Morse potential has been used. It has been analysed that vacancy and stone-
wales defects depend upon chirality and diameter of carbon nanotubes and graphene
sheets. It has less impact on longer carbon nanotube and higher density.

Sharma et al. in (2014) [58] studied about the defects of CNT and its effects on
mechanical properties. In this study both non-defected and defected SWCNT has been
analysed using Molecular Dynamics simulation method and properties for both the
defected and non-defected CNT has been compared. It has been found that with the
increase in number of defects the CNT moduli of SW defective CNT decreases rapidly
in comparison with the decrease in the moduli of the vacancy defective CNT. With the
increase in the volume fraction of CNT, the moduli of vacancy defective CNT is greater
as comparison to the SW defective CNT. It has been observed that with an increase in
diameter elastic moduli is gradually degraded.

Xia et al. in (2014) [59] studied about the effects of vacancy and stone-wales defect on
atomic-scale friction for graphite. For this vacancy defects study computer simulation
has been carried out. In this study force field has been chosen for this Molecular
Dynamics simulation as LAMMPS. It has been concluded by the author that vacancy
defects have more influence on graphite in comparison to Stone-Wales defect. It has
been observed that the defect location/position and number has more impact on the
frictional force for graphite. This occurs due c-c bond configuration in Stone-wales
defect and vacancy defects.

Marino Brcic et al. in (2014) [60] studied about the influence of waviness and vacancy
defects in carbon nanotubes properties in this study. In this study finite element method
has been used for calculation of mechanical properties of CNT which is defected with
vacancy. In this study after the theoretical calculation author has concluded that
properties of CNTs are dramatically reduced by vacancy and waviness. As the waviness
ratio increases the longitudinal elastic modulus of the straight carbon nanotube also
decreases. It has been reported that position and number of vacancies have more impact
on the properties of CNTs.

R. Rafiee and M. Mahdavi in (2015) [61] has analysed the effect of vacancy defect on

mechanical properties of carbon nanotube by Molecular Dynamics simulation. The
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author has analysed Young’s modulus of both non-defected carbon nanotube and
defected carbon nanotube and then the results were compared. It was found that non-
defected carbon nanotube has less Young’s modulus in defected carbon nanotube than a
non-defected carbon nanotube. It has been analysed that vacancy defect plays a vital
role in the decrease in Young’s modulus. It has been analysed that six vacancy defects
have ability to reduce the Young’s modulus of CNT up to 10%.

Aghadavoudi ef al. in (2016) [62] analysed the effect of elastic behavior on mechanical
properties for both non-defected and defected carbon nanotube materials by using
Molecular Dynamics software. Results were compared and it was concluded that the
defected carbon nanotube is having very less Young’s modulus. The author has
analysed that the CNT affects modulus of elasticity greatly in the transverse direction. It
has been also analysed that number of defects also affect the mechanical properties of
the material. It has been analysed that Stiffness of nanocomposite reduces by increasing
the number of defects in the CNT. It has been reported by the author that mechanical
behavior of nanocomposites is greatly affected by non-constructed vacancy defects. The
author has concluded the behavior of cross-linked epoxy based nanocomposites by the
above molecular modelling.

X. Peng and S. A. Meguid (2017) [63] studied about the buckling behavior of single
walled carbon nanotube. Molecular Dynamics simulation has been carried out for the
simulation of stone-wales defect and vacancy defected carbon nanotube. In this
simulation, force field has been chosen as LAMMPS for Molecular Dynamics
simulation. It has been observed that Vacancy and SW defect reduces the buckling
resistance. The author has analysed that buckling load of defect free SWCNTSs have
more than defected SWCNTSs. It has been analysed that the buckling load of free

standing SWCNTSs gets decreases as no. of missing atom increases.

2.1.5 Literature Review Based on Functionalization

E. T. Mickelson et al. in (1999) [64] formed “fluorotubes” by fluorinating the pristine
SWNT. Fluorotubes were then solvated in liquor solvents utilizing "ultrasonication".
Nuclear power microscopies (AFM) utilized for the examination. Natural examination
and number of microscopy and spectroscopies utilized for precise outcomes. SWNTs
can be fluorinated or functionalized with fluorine and sonicated in liquor to give
exceptionally stable fluorotubes. This solvation technique allows us to manipulate

functionalized SWNTSs in numerous ways. Important point is that alcohol solvent was
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used in this research which itself help in further functionalization, and stability of Fluro
tubes.

Ya-Ping Sun ef al. in (2002) [65] attempted to identify and analyze properties as well
as applications of functionalized CNTs. It was observed that CNTs could be
functionalized through esterification and amidation of the nanotube-bound carboxylic
acids. The dissolvability of the functionalized CNTs makes it conceivable to describe
and contemplate the properties of carbon nanotubes utilizing arrangement-based
strategies. Agent comes about concerning the solvency, de-functionalization, scattering,
and optical properties of the functionalized carbon nanotubes were displayed.
Functionality and solubility of functionalized CNTs were found to be up to the mark.
Haiqing Peng et al. in (2003) [66] reacted SWNTs with glutaric acid acyl peroxides
with o-dichlorobenzene at a temperature of around 80-90 degree centigrade, to get three
carboxy-propyl groups on the side walls of SWNT. FTR, Raman spectroscopy, and
transmission electron microscopy (TEM) was done for better results. In examination
with the perfect or pure SWNTs, the functionalized SWNTs were found to be
demonstrating an enhanced dissolvability in polar solvents, for instance, alcohols and
water, which empowers their preparing for joining into polymer composite structures
and additionally for an assortment of biomedical applications.

Bumsu Kim et al. in (2004) [67] oxidized MWNTSs using nitric and sulfuric acid (in in
ratio of 1:3) that is ultrasonication of MWNTs. Complex development of charged gold
nanoparticles and negative MWNTs was accomplished of and without polyelectrolyte
coatings by electrostatic collaboration. The perplexing arrangement was described by
high-determination  transmission electron microscopy and dispersive X-ray
spectroscopy. This technique is more of a fault detection than a composite formation.
M.C. Paiva et al. in (2004) [68] functionalized CNTs with vinyl group were reinforced
into PVA matrix and mechanical as well as morphological properties were observed.
Both Pristine as well as functionalized SWNTs were tested under tension, it was
observed that functionalized SWNT is superior to pristine SWNT in every aspect of
mechanical properties. CNTs were wetted well by PVA matrix, in case of
functionalized SWNT, as per SEM results.

N.O.V. Plank et al. in (2004) [69] functionalized SWNTs using traditional Reactive
Ion Etching to get fluorinated SWNTs when reacted with CF, and SFs The
functionalized SWNTs were then examined with X-ray photoelectron spectroscopy.

Microscopic plasma parameters including ion current density and fluorine pressure
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within the plasma were also studied using a Langmuir probe and optical emission
spectroscopy. This process of making functionalized SWNT is found to be reliable as
fluorine was attached to SWNT for a longer period.

L.Liu et al. in (2005) [70] observed mechanical properties of nanocomposites of
functionalized SWNTs -polyvinyl alcohol. With the help of absorption spectroscopy,
sidewall functionalization was obtained via chemisorption. Author observed that
functionalized CNTs produce comparatively better Young’s modulus than pristine
CNTs for the composite case with PVA matrix. Hydroxyl groups helped to increase
interfacial properties to a significant extent.

Ramanathan er al. in (2005) [71] Single-walled carbon nanotubes (SWCNT)
functionalized with amino groups were readied through chemical adjustment of
carboxyl groups presented on the carbon nanotube surface. Two varying methodologies
(amide and amine-moieties) were utilized to create the amino-functionalized nanotubes.
The amino-end permits promote science of the functionalized SWCNTs and makes
conceivable covalent bonding to polymers and natural frameworks, for example, DNA
and sugars. The functionalization of the SWCNTSs was also portrayed in detail utilizing
FTIR and XPS.

Jie Liu et al. in (2006) [72] used free radical addition using aryl to do sidewall
functionalization of SWNTs. They reported another SWNT functionalization technique
using 4-methoxyphenyl free radical expansion. The 4-methoxyphenyl radicals were
produced via air oxidation of 4-methoxyphenylhydrazine hydrochloride. Raman
spectroscopy demonstrates the covalent idea of the bond among the functional groups
and the nanotubes. The TGA and XPS information outfit quantitative data on the level
of functionalization.

Rahul Jain e al. , in 2006 [73] investigated the effect of carbon nanofibers (CNFs) after
mixing with phenolic matrix on composite microstructure and inter-laminar shear
strength (ILSS) of the as-cured and carbonized composite specimen. Authors found that
surfactant treatment of the C-fabric adversely affected the interfacial properties, at both
as-cured and carbonized stages. At the as- cured stage, the non-surfactant treated
specimens, for 0% CNF loading, showed 12% and 631% higher ILSS values than the
12.5% and 50% surfactant treated specimens respectively. The surfactant treatment of
the carbon fibers weakens the interface due to reduced cross-linking of the matrix in the

resulting composite.
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Prabhjeet singh er al. in (2009) [74] did Esterification and fluorination at different
conditions to obtain functional groups as ester and fluorine on the surface of CNT,
Organic functionalization process were used for this research and results obtained says
that process-ability and capability is more in the case of functionalized CNTs.

Robert Menzel et al. in (2010) [75] used a solvent-free, versatile methodology to
functionalize CNTs. The conveyance of the functionalized destinations was researched
at the infinitesimal scale utilizing labelling responses. The joined items have been
described by electron microscopy, thermal analysis (TGA), inverse gas chromatography
(IGC), and Raman spectroscopy.

Ailin Liu ef al. in (2011) [76] observed the impact of functionalization SWNTs on the
damping attributes of SWNT-based epoxy composites by means of multiscale analysis.
Carboxylic (-COOH) group was used to functionalize the SWNT, and epoxy was used
as matrix. Results were obtained using molecular simulations. It was observed that as
the number of functional groups increases, the interfacial shear strength also increases.
However, the damping properties did not follow any general trend, unpredictability was
observed in case of damping properties.

Hailong Chen et al. in (2012) [77] used Methoxy Polyethylene Glycol Amine as
functional group ,also used micro RNA analysis for functionalizing SWNTs. This type
of approach to do functionalization finds its application in the field of biology, as it
makes drug delivery easy.

Valentini Lara ef al. in (2014) [78] used radial deformation method to functionalize
CNT with carboxylic groups. In this research, the reliance of the basic and the
electronic properties of functionalized (5, 5) SWNTs were examined through ab initio
thickness utilitarian simulations when the carboxyl gathering is fortified on the bended
or flatter areas. Radial deformations result in measurement diminishing of up to 20 for
each penny of the first size of diameter, which was the breaking point decrease that
keeps up the SWNT functionalized structure. Changes on the electronic structure were
seen because of the symmetry break of the SWNT caused by both the carboxyl group
and the C—C bond twists came about by the radial deformation. It was concluded that
the functionalization procedure is uncommonly supported by the sps hybridization
actuated on the more bended district of the twisted SWNT.

Zahra Mohammadi et al. in (2015) [79] did a relative report on non-covalent
functionalization of CNTs by chitosan, as functional element, and its subsidiaries for

conveyance of doxorubicin. This type of approach to do functionalization finds its
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application in the field of biology, as it makes drug delivery easy. It was observed that
applying Carboxymethyl Chitosan rather chitosan for functionalization prompted 10%
expansion in stacking productivity.

E.V. Basiuk et al. in (2015) [80] used amines to do solvent free functionalization of
CNTs. In this study filtration of the MWCNTs-ox scatterings created uniform perfect
BP mats, promptly expelled from their fundamental help membranes. The tangle
thickness as measured by SEM and HelM differed in the scope of 35-50um. The
maximum amine content, as examined from TGA curves, was found for BP-ODA, and
the minimum one was found for BP-DAN. However, it is accurate, but expensive
approach for functionalization.

Kong N. et al. in (2015) [81] used a different approach for functionalization of CNTs.
In outline, author proposed a successful strategy to conjugate carbohydrate structures to
perfect SWNTs utilizing microwave-helped response of perfluoro phenylazides. This
was the first case of applying microwave radiation to PFPA actuation, speaking to
another approach to integrate carbon nanotube-based glycol nanoparticles. This strategy
utilized pristine SWCNT rather than oxidized SWCNT, maintaining a strategic distance
from broad modification to the cross section and the inherent properties of SWCNT.
The subsequent materials were less packaged and very much scattered in water
contrasted with pristine SWCNT.

Vinay Deep Punetha et al. in (2016) [82] did a comparative analysis between CNT and
graphene based on the nanocomposites formed by functionalization of CNTs.
Mechanical, electrical, and thermal properties was compared, and it was found that
CNT as well as graphene both shows remarkable properties. It was reported that the
only different arises with their compatible polymer matrix.

Ge Tian et al. in (2016) [83] observed substituent impacts in p-stacking of histidine on
graphene and functionalized-SWNT. Molecular simulation was run for SWNT zigzag
(10, 0), three varying groups —COOH, —OH and —NH,, were attached directly on the
sidewalls of the SWNT structure. The results show that the pi-stacking for
functionalized-SWNT is weakened.

Sumit Sharma et al. in (2016) [84] used Molecular Dynamics simulations to analyze
functionalized SWNT-polymer nanocomposites; In this research both dynamics as well
as mechanical properties of SWNT with varying functional groups were observed.
Armchair (4, 4) SWNT was chosen and molecular simulation was done with proper

consideration of practical environment conditions. Aspect ratio was fixed to 10. It was
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reported that functionalization reduces the Young’s modulus of SWNT, the largest

reduction was observed in case of carboxylic (-COOH) functional group. Research Gaps

2.2 Research Gaps

Based on the above reviewed literature and the knowledge gap for the MD
method, the following conclusions can be drawn:-

Mostly the work carried out by the researchers based on the molecular level on
CNTs, the area of interfacial properties of the carbon nanotube reinforced polymer
composites need to be explored fully.

(i)  After reviewing the literature, we come to know that the lots of work carried out
for finding out the mechanical properties of the defective CNTs, but the effect of
the Stone-wales and vacancy defects on the interfacial properties of the CNT
reinforced polymer composites not much explored.

(i1))  Not enough data/work is carried out on finding the interfacial properties of the
CNT reinforced polymer composites based on the effect of the functionalization.
No data is available on the effect of aspect ratio and the interfacial properties of

the CNT reinforce Natural rubber composites.

2.3 Objectives

Objectives of the present work have been derived based on comprehensive
literature review. Scope of the work includes:
(1) To study the effect of chirality, length and diameter of Carbon nanotube on the
interfacial properties of CNT/polymer composites.
(i1) To predict the mechanical properties of CNT reinforced polymer composites with
fiber volume fraction and fiber ratio using MD simulation
(i11) To predict longitudinal, transverse, longitudinal shear and transverse shear moduli
of CNT reinforced polymer nanocomposites using MD simulation
(iv) To study the effect of Stone-Wales and vacancy defects on thermal and mechanical
properties of CNT reinforced polymer nanocomposites
(v) To study the effect of functionalization of CNTs on the young's modulus of CNTs
composites
(vi) To predict the damping and thermal conductivity of the CNTs reinforced polymer

using Molecular Dynamics simulation
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Chapter 3

Materials and Methodology

3.1 Materials

3.1.1 Single Walled Carbon Nanotube (SWCNT)

In this study, Single Walled Carbon Nanotube (SWCNT) has been developed
using commercial software “Material Studio”. Single walled carbon nanotube is having
unique properties such as high thermo-mechanical and excellent electrical properties. In
this study, armchair (5, 5) type SWCNT has been used. The diameter has been taken as
0.678nm and length has been taken as 5.58 nm.

3.1.2 Natural Rubber (NR)

Natural rubber consists of polymers of the natural compound called isoprene,
with a few polluting influences of other natural mixes, in addition to some water.
Directly, elastic is collected as the latex that is obtained from the elastic tree. It is an
elastic substance, which is obtained from latex sap of trees, belongs to Ficus and genera
Hevea. In technical language, it is known as an elastomer. Elastomers are the types of
poly-isoprene that are utilized as normal elastic. Normal elastic is utilized as a part of
numerous applications, either in mix with different materials or might be distant from
everyone else. In its helpful structures, it has a high strength and is exceptionally
waterproof in nature. The soonest utilization of normal elastic was by the human
evolution of Mesopotamia. Characteristic Rubber shows one of a kind compound and
physical properties. Regular rubber’s stress—strain conduct demonstrates the Payne and
the biscuits impact and is frequently considered as hyper-flexible. The nearness of a
twofold bond in each rehashing monomer unit makes regular elastic defenseless to
ozone splitting and vulcanization. The two noteworthy solvents for elastic are turpentine
and naphtha. As elastic does not break up effectively, the material is partitioned finely
by destroying before its inundation. Mostly, smelling salts are utilized to keep the
coagulation of crude latex. Normal Rubber begins to soften at around 180°C or 356°F.

The model of characteristic elastic is shown in Figure 3.1

41



Chapter 3: Materials and Methodology

Figure 3.1 Molecular model of 10 repeat units of one NR chain consisting of 132 atoms
3.1.3 Properties of Natural Rubber

The bulk mechanical and thermal properties for continuum scale analysis are
highly dependent on experimental study. Molecular simulations give a tremendous
opportunity to study the influence of nanoparticles on the structure and dynamics of
polymers. Detailed information on the properties near a nanoparticle surface is difficult
to obtain experimentally. Natural rubber possesses the excellent abrasion resistance, tear
resistance and resilience properties. It has unique properties such as excellent green
strength and tack, high resistance to tearing, chipping and cutting, with the enhanced
fuel economy. It also has drawbacks like it has moderate resistance to damage caused
by ozone environment, light and heat. It can be used as a spring material and it forms a

strong barrier to water.

3.2 Molecular Dynamics (MD)

In Molecular Dynamics, a molecule is expressed as a series of charged points
linked by springs. The methods available for carrying out computations are molecular
mechanics, Molecular Dynamics (MD), Monte Carlo (MC), Free energy and solvation
methods, structure/activity relationship and many other established procedures. It is the
only method available for solving complex body problems. Hamiltonian is not known to
us until we calculate the quantum many-body problem. It requires many
approximations, so it is not possible in most of the cases for solving complex many-
body systems. However, any complex system can be analyzed using MD simulation.

Experiments are expensive and limited in many cases. Experiments can be
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complemented by the simulations. Even at a single molecule level, microscopic

understanding can be provided by the molecular dynamic simulation.

3.3 Methodology

This section presents the methodology involved in the MD simulations in general.
Starting from the geometry optimization to dynamics and force filed calculation

methods are presented.

3.3.1 Geometry Optimization

In Molecular Dynamics simulation, it is essential to minimize the potential
energy of the system to create a stable system and is frequently used. During sketching
the molecules, the state of molecules would be at high energy configuration and when
the simulation performed on such high energized molecules with un-optimized structure
can give inaccurate results. In the Material Studio, optimization techniques such as
conjugate gradient method, smart algorithm method and steepest descent method are
available. In the conjugate gradient and smart algorithm method, an algorithm refines
the direction in each successive step towards the minimum energy so as to produce a
completely basic set of conjugate directions. If these conjugate directions truly extend
the space of the energy surface, then minimization along each direction in turn must be
a minimum.

A set of direction has been constructed and followed by the conjugate gradient
algorithm. N* independent data points are essential to solve a harmonic function with N
variables numerically. To converge the gradient-based minimizer in N steps, the
gradient must be a vector with N variable. To exploit the second derivative information
optimization might converge in one-step, due to each second derivative is the N x N
matrix. Newton-Raphson is the commonly used, the reason behind the variable metric
optimization algorithms used is the principle of the N x N matrix. Another way of
looking at Newton-Raphson is that, in addition to using the gradient to identify a search
direction, the second derivative (the curvature of the function) is also used to predict
where the function passes through a minimum along that direction. The curvature in
each gradient direction can be defined through the complete second-derivative matrix
whereas a vector that translates directly to the nearest minimum can be obtained by
multiplying the inverse of the second-derivative matrix with the gradient. In the steepest
descent’s method, the line search direction is defined along the direction of the local

downhill gradient. Each line search generates a new direction that is perpendicular to
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the previous gradient; however, the directions oscillate along the way to the minimum.
This inefficient behavior is characteristic of steepest descents, especially on energy
surfaces having narrow valleys. Convergence is slow near the minimum because the
gradient approaches zero, but the method is extremely robust, even for systems that are
far from being harmonic. This method is most likely to generate the true low-energy
structure, regardless of what the function is or where the process begins. When the
gradients are large and the configurations are far from the minimum then the steepest
descents method is often used. This is commonly the case for initial relaxation of poorly
refined crystallographic data or for graphically built models. The steepest descent
method converges slowly near the minimum because each segment of the path tends to
reverse progress made in an earlier iteration. It would be preferable to prevent the next
direction vector from undoing earlier progress. In this study, we have used the smart

algorithm, which is a cascade of the above stated methods.

3.3.2 Dynamics

In this step, a dynamics simulation can be run, once an energy expression and, if
required, optimized structures have been defined for the system of interest. This
simulation is based on the classical equation, which is modified to deal with the effects
of temperature and pressure on the system, where appropriate. The models constructed,
are then put into an ensemble with the constant number of atoms, volume and
temperature (NVT) simulation with a temperature of 300° K for 5 ps with a simulation
time step of 1 fs. Through this approach, the structure has been thermally stabilized. The
Andersen thermostat is applied to simulate and maintain the temperature at 300 K. MD
simulation was performing approximately 5000 steps when the temperature attained a
constant value. The main product of a dynamics run is a trajectory file that records the
atomic velocities, atomic configuration and other information at a sequence of time

steps, which can be analyzed subsequently.

3.3.3 Force Field

In the context of molecular modeling, force field refers to the form and
parameters of mathematical functions used to describe the potential energy of a system
of particles (typically molecules and atoms). Force field functions and parameter sets
are derived from both high-level quantum mechanical calculations and experimental
work. "All-atom" force fields provide parameters for every type of atom in a system,

including hydrogen, while "united atom "force fields treat the carbon and hydrogen
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atoms in ethylene and methyl groups as a single interaction center. “Coarse-grained"
force fields provide even more crude representations for increased computational
efficiency, which are frequently used in long-time simulations of proteins, the usage of
the term "Force field" in chemistry and computational biology differs from the standard
usage in physics. In chemistry, it is a system of potential energy functions rather than
the gradient of a scalar potential, as defined in physics. The basic functional form of a
Force field encapsulates both bonded terms relating to atoms that are linked by covalent
bonds, and non-bonded (also called "non -covalent") terms describing the long-range
electrostatic and van der Waals forces. The specific decomposition of the terms depends
on the force field, but a general form for the total energy in an additive force field can
be written as:
Etotat = Epondeda + Enon-bonded (D)

Where, the components of the covalent and non-covalent contributions are given by the
following summations:

Epondea = Ebona + Eangte + Edinearai (2)

Enon—bonded = Eelectrostatic + Ewandewalls (3)
Generally, the terms in any force field that describes the total potential energy are
following:

Etotal = Evalence + Ecross—term + Enon—bond (4)
The sum of the valence, cross-term, and non-bond interaction energies of a system of

interacting particles can be expressed as the total potential energy of a system.

Evalence = Ebond + Eangle + Etorsion + Eloop + EUB (5)

The valence energy consists of a bond stretching term, Eyong a two-bond angle term,
Eangle @ dihedral bond-torsion term, Eoion an inversion term, Ejoop and a Urey-Bradlay

term, Eyg

Ecross—term = Ebond—bond + Eangle—angle + Ebond—angle + Eend—bond—torsion +
Emiddle—bond—torsion + Eangle—angle—torsion (6)

Ecross-term» the cross-term interacting energy generally includes: Eponda-bona describes the

stretch-stretch interactions between two adjacent bonds, the term Egpgle-angle, describes

the bend-bend interactions between two valence angles which is associated with a

common vertex atom, Epond-angle, indicates the stretch-bend interactions between a two-

bond angle and one of its bonds, stretch-torsion interactions between a dihedral angle
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and one of its end bonds given by term, Ecnd-bond-torsions Emiddie-bond-torsion Which is stretch-
torsion interactions between a dihedral angle and its middle bond, Eangle-torsion the term
defines bend-torsion interactions between a dihedral angle and one of its valence angles
and the term Eangic-angle-torsion Tepresents the end-bend-torsion interactions between a
dihedral angle and its two valence angles.
Enon—bona = Evaw + Ecoutomb + En-bona (7)
The non-bonded interaction term, E,onbond, describes the interactions between non-
bonded atoms and includes the van der Waals energy, E,qw, the Coulomb electrostatic
energy, Ecoulomb, and the hydrogen bond energy, which is, Expong. The COMPASS force
field includes the following terms for the total potential energy [86, 87]:
Epaience = Lo[K2(b — bo)? + K3(b — bo)* + Ku(b — b)*] + Xg[H, (6 — 65)* +
H3(8 — 60)% + Hy(6 — 8)*] + Tg[V4[1 — cos(B — B8] + Vo[1 — cos(20 — B9)] +
V3[1 = cos(30 — @D]] + X Kex® + Eyg )

Ecross—term = 2 2b' Fpp' (b —bo)(b" — bg) + Yo Le' Fogr (6 —00)(0" — 6p) +
b 26 Frg (b —bo)(0 — 09) + Xp Yo Fro (b — by) X [VicosD + V,cos20 +
V3cos30] + X Y9 Fprg (b — by)(b' — by) X [F; cos® + F, cos2@ + F;cos30] +
2oX XgFop (0 —0y) X [VicosD + V,c0520 + V3c0530] + Xip g Yo' Kpgg' COSD X

(0 —6p) x (0" —6p) ©)
Enon—bona = z _19] - _16] + Z — + Ex_bona (10)
—i [T T e ETj
i>j i>]

Where q defines the atomic charge, ¢ is the dielectric constant, and r;; is the i-j atomic
separation distance. The lengths of two adjacent bonds are given by b and b’, 6 is the
two bond-angle, @ is the dihedral torsion angle, y and is the out-of-plane angle.
by, ki(i=2—-4), 6y ,H; (i=2-4),
PP =1-3), Vi(i=1-3),
Fyp' bo, Fog's 60, Foe, Fpps Fyrg, Fii = 1= 3),

Fop, Kypg', Aij and  B;j are the parameters which depend on the system.
3.4 Simulation Strategies

In this study we have performed simulations for finding the mechanical
properties of the SWCNT reinforced polymer, effect of defects on thermo-mechanical
properties of SWCNT reinforced polymer, effect of functionalized SWCNT reinforced

polymer. For studying the molecular structure, we have used “Material Studio 2017~
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software. The flow chart of the steps involved in simulation is shown in Figure 3.2 and
the details of the steps adapted in Molecular Dynamics simulation in this study are

highlighted below.

Build Carbon Nanotube

Mechanical Properties
Build Polymer Calculation

A4

Pack Polymer outside Carbon

Nanotube -«
Dynamics Run
A
(Energy minimization) (Temperature and energy
stabilization)

Geometric Optimization

Figure 3.2 Flow chart containing the steps adapted in simulation

Step 1: Create molecule like nanostructure, polymer etc. To build a SWCNT Using
“Build nanostructure” tool from the Build drop down menu. SWCNT was chosen, and
the n and m values were set according to the configuration of CNT 1i.e. chiral (n, m),
armchair (n, n) and Zigzag (n, 0). Hydrogen atoms were terminated from both the ends.
So, finally a SWCNT was obtained. Then the length of the SWCNT could be increased
by using the “Build Symmetry” option under the “Build” tool by entering the numerical
value. Natural rubber as a polymer, Using “Build monomer” tool in Build drop down
menu to make a polymer. A library of diene was chosen, and repeat unit was set to
Natural rubber with the number of repeating units set to 10.

Step 2: Packing of a composite system using “amorphous cell module”. After the
modeling of the polymer and SWCNT, around the SWCNT packing has been done by
the polymer using the “Amorphous cell” module. In the amorphous cell module, the

following data shown in Table 3.1 was used.

Table 3.1 Packing parameters for SWCNT/NR composite

Parameter Value
Task Packing
Quality Fine
Density 0.98 g/cm’
Composition Natural rubber
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Step 3: Geometry optimization was performed using Forcite tools. This step is crucial
because configurations in the beginning is in the higher state of energy and thus needs
to be minimized. Many optimization methods are available in material studio and
steepest descent method was particularly chosen for this study. The parameter and the

desired value required to run the optimization is shown below in Table 3.2.

Table 3.2 Geometry optimization parameters for SWCNT/NR composite

Parameter Value
Algorithm Steepest Descent
Quality Tolerance Fine
Energy Tolerance 10" kcal/mol
Force Tolerance 0.005 kcal/mol/ A°
Displacement Tolerance 5X10° A°
Maximum Iterations 90000

Step 4: After the geometric optimization step, the dynamics run step followed. This step
also comes under “Forcite Module”. However, in the Dynamics using Forcite module,
some the parameter needs to specify like NPT (Constant pressure, constant
temperature), “Nose” as a thermostat and “Berenderson” as a Barostat.

Once an energy articulation and, if required, an improved structure have been
defined for the arrangement of intrigue, elements dynamics can be run. The premise of
this reproduction is the traditional conditions and equations of motion which were
modified, where fitting, to manage the effects of temperature and weight on the system.
After the dynamics run is completed, we can check whether the system is stabilized or
not by viewing the energy plot and the temperature plot. The parameter used which is

required to run the dynamics under the Forcite module is mentioned in the Table 3.3.

Table 3.3 Dynamics run (NPT) parameters for SWCNT/NR composites

Parameter Value
Ensemble NPT
Initial Velocity Random
Temperature 298K
Time Step 1fs

Total Simulation time 60 ps
Number of steps 60,000
Frame output 5,000
Energy deviation 50,000 kcal/mol
Thermostat Nose
Barostat Berendsen
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Step 5: Geometry optimization uses Forcite tools, for minimizing the energy and
stabilization of the structure. Same procedure with the same values used in step 3, and
Table 3.2 are to be repeated.

Step 6: In Dynamics using Forcite tools, this tool consists of NVT (Constant volume,
constant temperature), “Anderson” as a thermostat. Dynamics as need could be done
again after energy optimization, and this time using NVT ensemble. In addition, some

different parameters and values were taken as described in Table 3.4.

Table 3.4 Dynamics run (NVT) parameters for SWCNT/NR composites

Parameter Value
Ensemble NVT
Initial Velocity Random
Temperature 298K
Time Step 1fs

Total Simulation time 40 ps
Number of steps 40,000
Frame output 5,000
Energy deviation 50,000 kcal/mol
Thermostat Andersen

Step 7: Geometry optimization using Forcite tools, for stabilization of the structure.
Energy optimization for the final time, for stabilization of the structure, needs to be
done before the mechanical properties analysis. Values the same as given in Table 3.2
were to be used.

This step depends on the results of geometric optimization. After successful completion
of this step, mechanical properties for the equilibrated system will be analyzed. At the
end of this step, we will obtain a stiffness matrix and the values of Young’s moduli.
Following data mentioned in Table 3.5 was used for the mechanical characterization of

the SWCNT/NR composite.

Table 3.5 Mechanical properties simulation parameters for SWCNT/NR composites

Parameter Value
Number of strains 6
Maximum strain 0.003
Pre-optimize structure Yes
Algorithm Steepest Descent
Maximum iterations 90000
Force field COMPASS
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Step 8: This is the final step, which involves “Mechanical property” calculation. In this
step also, the output of the seventh step will be the input for this final step. In this step
mechanical properties have been calculated using “Forcite” tools and method for
calculating mechanical property has been selected as the “constant strain method”. This
step depends on the results of geometric optimization. After successful completion of
this step, mechanical properties for the equilibrated system would be analyzed. At the
end of this step, we would obtain a stiffness matrix and the values of Young’s moduli.
The data mentioned in Table 3.5 was used for the mechanical characterization of the

single walled carbon nanotube reinforce Natural rubber composite.
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Chapter 4

Effect of Chirality, Length and Diameter of Nanotube on the

Interfacial Properties of CNT Reinforced Polymer Composites
In this chapter, we evaluated the interfacial properties of the SWCNT reinforced
polymer composites. For finding the interfacial properties of the SWCNT reinforced
polymer, a single wall arm chair composites (5, 5) packed with the Natural Rubber
polymer has been used. The pull out of the three (5, 5) single walled carbon nanotube
from the matrix with different length of same diameter has been performed to study the
effect of the length. Similarly the pull out with different diameters of the single wall
carbon nanotube composed of Natural rubber of same length has been performed to
study the effect of the diameters on CNT/Nr composities. Also the Interfacial Shear
Stress (ISS) and the Surface Density (y) were predicted. The obtained results have been
compared with the results of the other studies available in the literature i.e., Li et.al [88],
Haghighatpanah and Bolton [89] and Chawla and Sharma [90]. Al-Ostaz et.al [39] to
verify the present study.

4.1 Introduction

In 1991, the discovery of carbon nanotubes (CNTs) by Iijima was a great
development that resulted in the user of CNT's in many applications, such as for
chemical and biological separation, purification, catalysis, for energy storage and in
composites for coating, filling, and structural materials and also used in transistors and
field emission devices for X-ray instruments. In order to understand the structure and
properties of CNTs, the knowledge of the structure and properties of carbon atoms must
be known. The carbon nanotube discovery opens a new and active research field in
theoretical and experimental condensed matter physics and materials science. CNTs
exhibit exceptional electronic, mechanical, thermal, and transport properties. For CNTs,
the determination of the Young's modulus has been the subject of considerable interest.
Despite the different types of theoretical studies conducted on the macroscopic elastic
behavior of CNTs, complex issues regarding the effect of geometric structure of CNTs

on elastic moduli still exist. The Molecular Dynamics (MD) simulation helps us to re-
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examine the elastic behavior of CNTs in detail. With the help of MD, we could also
determine the elastic properties as well as the mechanical properties of Singled-walled
Carbon Nanotubes (SWCNT) [2]. Due to the exceptional properties of SWCNT,
researchers tried to use these in polymer composites to increase the toughness and
strength of the composites. The interfacial strength and toughness in macroscopic
composites could be improved by studying the pull out of CNT from the composites
using the mechanism of fiber bridging on the crack opening [91]. Thostenson et. al [92]
experimentally found that the presence of the CNT at the fiber/matrix interface
significantly improved the interfacial shear stress.

The present study reveals the interfacial properties of the SWCNT-NR
nanocomposites using a series of pullout simulations with the help of Molecular
Dynamics. Material Studio 2017, a commercial software, has been used to estimate the
Interfacial Shear Stresses (ISS) during pullout out of CNTs from Natural Rubber (NR)
polymer . The variations in the potential energy and the pull-out force for the SWCNT-
NR nanocomposites were determined. Further, the effect of length and diameter of CNT
on pullout were studied. In addition, the ISS and the Surface energy density were

predicted.

4.2 Materials and Methodology

Single-walled carbon nanotube structures are classified into three categories, i.e.,
armchair, chiral and zigzag. To study the interfacial properties, a (5,5) armchair
SWCNT of diameter .678 nm and length of 5.58 nm was built. To avoid the effects of
unsaturated boundary conditions, both the ends of the CNT were terminated by 20
Hydrogen atoms. After adding the hydrogen atoms, the final structure consists of 460
atoms. A single chain of Natural rubber consists of 10 repeated units has been used as
input for packing the molecules in simulation cell. The most common Force Field
technique, i.e., Condensed Phase Optimized Molecular Potential for Atomistic
Simulation Studies (COMPASS) has been used for describing the Intra and
Intermolecular atomic interactions [86]. The size of the simulation cell was 2.12 nm X
2.12 nm X 5.58 nm which provided the volume fraction (Vf) of ~ 8% shown in Figure
4.1. The SWCNT-NR nanocomposite that was obtained after the equilibration had been

shown in Figure.4.2.
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4.2.1 Molecular Dynamics (MD) Simulation of Natural Rubber (NR)

In this study, an elastomer polymer Natural Rubber (NR) has been used as a
matrix. NR is soft and sticky solid with low tensile strength and low elasticity. NR is
also categorized as a crosslinking type of polymer as it contains a double bond in its
basic cis [93] structure. The homopolymer NR was created using the “Build” tool in the

Material Studio 2017.

Figure 4.1 Molecular Unit Cell with NR matrix with a size of 2.12 nm X 2.12 nm X 5.58 nm reinforced
with a (5, 5) CNT with a length of 5.58 nm
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Figure 4.2 Molecular Unit cell with NR as Matrix reinforced with CNT after equilibration
Then one chain of NR containing the 10 repeat units was generated and packed around

the SWNCT using the “Amorphous Cell” module with an initial density of 0.98g/cm”.
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The number of atoms in the monomer of NR of 10 repeat units was 132 as shown in
Figure 4.3 After the equilibration, the final density found to be 1.084 g/cm’ which made
a good agreement with the model presented by Sabu et al.,[94]. In a unit cell of NR
matrix, 5036 atoms were present as shown in Figure 4.4. There are the two main steps,
which are to be followed for the equilibration process and the calculation of the
interfacial properties of the system:

(1) In the study of the MD simulation, the first step is to optimize the structure of unit
cell containing the NR as matrix and CNT as reinforcement. In this process, the energy
of the system is minimized so that the structure becomes stable. “Smart Algorithm” of
the Material Studio 2017 which uses steepest descent [95], conjugate gradient [96] and
Newton-Rapson [97] method to minimize the energy. During the geometric
optimization, a minimum of 5000 iterations were performed so that the system takes
minimum time for computation. The other parameter used for the optimization of the
structures is convergence tolerance. Under the convergence tolerance, the energy
tolerance of 1 x 10™ kcal/mol, force tolerance of 0.05 kcal/mol/ nm and displacement
tolerance of 5 x 107 nm were used. Whenever the unit cell system is satisfied with the
convergence criteria, the unit cell system considered to be optimized.

(i1) The output of the first step (optimized unit cell structure) is used as an input for the
second step. The second step is of dynamics simulation run, which is used to compress
the system, to obtain proper density with low residual stresses. In the dynamics run, the
main product was a trajectory file, which records the atomic configuration, atomic
velocities and the other information in a sequence of time steps, which could be
analyzed subsequently. The constant-temperature, constant-pressure (NPT) ensemble
allows control over both the temperature and pressure was used to perform the
dynamics at 300K temperature with the pressure of 1 atm. The total time provided for
the simulation was 60 ps with the time step of 1 fs [89, 98]. After this, dynamic run
repeated the step 1 using the output of step 2 as input. The output came was further used
as an input for the NVT ensemble (constant number of atoms, volume, and temperature)
at 40 ps which provide the equilibrated system and proper structure with low residual

stresses. The Figure 4.4 shows the complete equilibrated NR system.
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Figure 4.3 (a) A monomer of NR (b) Molecular model of 10 repeat units of 1 NR chain consisting of 132

atoms.

Figure 4.4 RVE of NR matrix consisting 5036 atoms (a) cross section view (b) side view

4.2.2  MD Simulation of SWCNT-NR Composites

Five SWCNT-NR composite systems were generated using the ‘“Amorphous
Cell” module of Material Studio 2017. The process that has been already discussed in
the previous section 4.2.1 for geometry optimization and dynamics calculation were

used. Figure 4.1 shows the equilibrated SWNCT-NR system with 5584 atoms.

4.3 Results and Discussions

4.3.1 Potential Energy

The pull out of the CNT from the NR polymer matrices has been done and the
work done by the pull-out force was equal to the energy increment at each pull-out step
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and energy change, which is helpful for analyzing the corresponding pull out force and
Interfacial shear stress (ISS) of the CNT-NR nanocomposite system. The results showed
that the Potential Energy (E) increases gradually as (5, 5) armchair SWNCT was pulled
out from the NR matrix. The variations obtained which had been identical with all the
previous results of the CNT reinforced polymer composites [39, 98-100]. The calculated
energy increment AE with respect to SWNCT (5, 5) displacement from the NR polymer
matrix has been given in Figure 4.5. The incremental energy increased sharply to a peak
value at a specified displacement in the first stage and then in the stage second the
incremental energy remained steady between specified peak values as described in
Figure 4.5 and then decreased quickly in stage three until the complete pull-out. After
the complete pull out the energy became stable and the binding energy nearly
approaches to zero. The binding energy helps to study the adhesive strength between the
CNT and matrix material. It has been observed that the trend followed is coincident

with MWNCTs which is observed experimentally from the literature [101].
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Figure 4.5 Variation of energy increment during the pullout of SWNCT (5, 5)

4.4 Effect of Carbon Nanotube Dimensions

4.4.1 Effect of Length of Nanotube

Three (5,5) armchair single-walled carbon nanotube of different lengths was
pulled out from the NR matrix by a series of 5 nm displacements. The graph is plotted

between the energy increment and the pullout displacement shown in Figure 4.6. As
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stated above three pull-out stages has been obtained to observe the effect of nanotube
length on the variations of energy and one can conclude by the graph that maximum

energy increment obtained for length (1=7.0nm).

Energy increment AE (keal/mol)
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Figure 4.6 Effect of nanotube length on energy increment of SWNCT (5, 5)
The energy increment in stage II AEj that was the relatively long stage among all
the three curves showed that there was no change in the magnitude in the stage second.
This average indicates that the energy increment in stage second AE;; is independent of

nanotube length [14, 18].

4.4.2  Effect of Diameter of Nanotube

To study the effect of diameter of a CNT of nanocomposites, the pullout test for
different diameters is being carried out for the same length. The diameters used for the
different CNTs are the 0.678 nm, 0.989 nm and 1.085 nm with a length of 5.580 nm.
The energy increments AE Vs the pullout displacement of the CNTs of nanocomposites

with different diameters is shown in Figure 4.7.
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Figure 4.7 Variation of energy increment with nanotube diameter
The results show that both the average energy increment in stage II and the pull-out

energy XAE increases linearly with increase in nanotube diameter D [102].

4.4.3  Pull out Force and Interfacial Shear stress

Despite some of the work progress but still, it is very difficult to find out the
CNT polymer adhesion. Therefore, to quantify the adhesion between the CNT and
surrounding matrices, a method of molecular modeling of SWCNT/polymer was
constructed and simulation is being used to find out the CNT pull out force. Snapshots
of the pullout simulation have been shown in Figure 4.8. The interfacial bonding energy
and interfacial shear stress of the SWNCT-NR system were calculated using the pullout
simulations. The real pull-out force could find out with the help of factors like vdw
interactions between CNT and NR matrix, no chemical bonding between the
CNT/polymer, nano mechanical interlocking resulted by the local non-uniformity of the

nanocomposites and the mismatch in the coefficient of thermal expansion (CTEs) [103,
104].

The pullout force can be achieved from the energy increment AEy and pullout
displacement increment of Ax = 0.5nm which was calculated through simulation using
the Material Studio software. The pull-out forces could be calculated from Eq. (4.1)
[88, 89]:

= Ax '
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Figure 4.8 Snap shots of SWCNT pull out through the NR matrix. (a) 0.1 nm displacement,

(b) 1.5 nm displacement, (c) 2.0 nm displacement, (d) 3.0 nm displacement,

(e) 4.5 nm displacement, (f) 5.5 nm displacement.

The summation of the average energy increments £AEy is coming out to be 483
kcal/mol and the average energy increment AE; was obtained as 37.2 kcal/mol at ~8%
volume fraction for the Armchair (5,5) SWCNT-NR nanocomposite system. The result
obtained in the previous studies by the Haghighatpanah and Bolton [89] at ~7% volume
fraction obtained the XAEy = 419 kcal/mol. and the average energy increment AEy; was
obtained as 17.4 kcal/mol for the SWCNT-PE nanocomposite system. Also the
research conducted by the Chawla and Sharma [90] with the same system at ~8%.
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volume fractions shows the ZAEp = 400 kcal/mol and the average energy increment AEy
was obtained as 17.4 kcal/mol and Lie et.al [88] observed that the value of XAE; = 385
kcal/mol and the average energy increment AEy was obtained as 17.4 kcal/mol for the
SWCNT-PE nanocomposite system.

The pullout force Fyy which was calculated by using the above equation came out
to be 124 kcal/ (mol nm), while comparing with the other researchers works on the PE
matrix, the value obtained by Chawla and Sharma [90] was 87 kcal/(mol nm) , the
values obtained by Haghighatpanah and Bolton [89] was 87 kcal/(mol nm) and Li et. al
[88] was 87 kcal/(mol nm). The results obtained in this study follow the similar trend
from the other studies as compared above. During the SWCNT pullout throughout the
polymer matrix, the stress was generated and the generated stress is called as the ISS,
which was induced by the pullout forces. As the results of simulation shown in the
Figure 4.5 gives us the clear idea that the energy increment AE; fluctuates and does not
have a constant value during the pullout. The fluctuation in the energy is due to the non-
uniformity of the polymer matrix (NR) chains and was sues to the position sensitivity
along the SWCNT walls. Due to the fluctuation in the energy increment AE;;, several
researchers assume that constant ISS with a uniform distribution over the embedded
length of SWCNT. So as per the previous studies, it can be concluded that the ISS was
mainly distributed at each end of embedded CNT within the range of a=1.0 nm as a
pullout displacement, where the energy increments are large. Using the assumptions, the

ISS (t ) was calculated as per Eq.(4.2) [88, 89].

T = FII
2mDa

(4.2)

where, D = Diameter of SWCNT (0.67 nm), a = 0.1nm (as per the assumption)

The results which can be obtained from the simulation and presented above can
also be used to calculate the surface density y, also known as the interfacial bonding
energy, using Eq.(4.3) [88, 89].

_AE Fy
" 2nDAx  2mD

14 (4.3)

The obtained values of the T and y for SWCNT-NR are 202.1 + 2.87 MPa and
0.20 = .002 N/m, respectively which is 1.42% more than that of SWCNT-PE obtained
by the Li et.al [88], Haghighatpanah and Bolton [89] and Chawla and Sharma [90]. Al-

Ostaz et.al [39] discussed in his studies that after pullout in the presence of boundary
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conditions with same parameters, the energy remains unaffected. With the help of
above-derived equations, The ISS, the pullout energy XAE and the average pull out
force Fy; can be calculated for the SWCNT-NR nanocomposites. Yuan Li et.al [88]
found that the calculated ISS and surface energy density decreases initially with
nanotube diameter and saturated at some value for SWCNT-PE nanocomposites and
similar trend follows for the SWCNT-NR nanocomposites as shown in Figure 4.9 and

Figure 4.10. The ISS and surface energy density converged at 113.5 MPa and 0.1 N/m.
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Figure 4.9 Dependence of interfacial shear stress on nanotube diameter
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Figure 4.10 Dependence of surface energy density on nanotube diameter
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4.5 Conclusions

A series of SWCNT pull out simulations from the NR matrix were performed
using the MD simulation .The effect of CNT length and diameter on energy increment
(AE) was studied. ISS and surface energy density (y) are the main outputs of this study.

Following conclusions could be drawn from the simulated results:

1. This is the first study highlighting the effect of CNT pullout on NR. There is no
other study using the same matrix.

2. The incremental energy increased sharply to a peak value at a specified
displacement in the first stage and then in the stage second there the increment
energy remains steady between specified peak values.

3. The average energy increment in the second stage (AE;;) was independent of the
nanotube length.

4. AE;; and the pullout energy XAE increased linearly with an increase in the
nanotube diameter (D).

5. ISS and surface energy density (y) decreased with an increasing SWCNT
diameter and converged at some value.

6. The ISS and surface energy density converged at 113.5 MPa and 0.1 N/m.
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Chapter 5

Effect of Volume Fraction and Aspect Ratio on Mechanical

Properties of CNT Reinforced Polymer Composites

In this chapter, we have determined the mechanical properties of single walled
carbon nanotubes reinforced Natural rubber with different volume fraction. In addition
to this, we determined the mechanical properties of the Natural rubber polymer.
Simulations have been performed for studying the mechanical properties as per the
different aspect ratio of all the three types of CNTs/NR composites. The results

obtained for present study have been compared with Mori-Tanaka's approach.

5.1 Introduction

In the field of carbon nanotube, great research inspiration has been observed
among the researchers since the Sumio Iijima [2] discovered the carbon nanotubes. The
geometric structure of carbon nanotube is thought of a graphite sheet, which can be
rolled into a cylinder. The shape of the CNT is like allotropes of carbon having
hexagonal pattern. The CNTs are used now days due to their remarkable properties i.e.
mechanical, electrical and thermal properties, which made CNT most promising
materials for a wide range of applications. One of most expected application of a CNT
is Ultra-strong reinforcement due to the excellent mechanical properties for high
performance composites [105, 106]. The reinforcement of the fibers in a polymer matrix
helps us to make a composite with high strength, low weight due to combination of low
density with high aspect ratio along the axial direction. The exact knowledge of
mechanical properties are required if carbon nanotubes are essential for the realization
of the properties. Some of the experimental work has been done for finding the
mechanical properties of the CNT reinforced polymer composite. During mixing
process of CNT with polymer, the uniform alignment and proper interfacial bonding
between matrix and CNT is required, but some variation occurred while mixing. So
using MD simulations will provide the alternative method for finding the mechanical
properties of CNTs reinforced polymer in which eliminates the variation occurred

during mixing. It helps in understanding the experimental results. The literature show
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that the geometric structure having some effect on the elastic moduli and cannot be used
directly for design purposes in continuum framework. Therefore, the objective of this
study is to find the mechanical properties of CNTs/NR composites using the MD

simulation.

5.1.1 Stiffness of SWCNT/NR composites

The stiffness of the SWCNT/NR composites having different chirality has been
evaluated using the Material Studio 2017 software. Calculation for the different types of
the CNT reinforced Natural rubber composites with different aspect ratio and volume

fraction have been explained in following sections.

5.2 Modelling of the SWCNT/NR Composites

Step 1: The first step is to model the SWCNT has been created using “Build Nano
structure” tool of different chirality (n, m) used to construct the SWCNT. Three types of
SWCNT i.e. arm chair (n,n), chiral(n, m) and zigzag (n,0) have been Built. The overall
size of the nanotube is controlled by integer 'n". The minimum value of "n" is 1. The
chiral angle and twist of the graphite sheet depends upon the value of the integer “m".
The value of “'m™ is 0 which is it's minimum value. After that a polymer has been
created using the “Build Polymer “tool. We selected the ‘Natural rubber’ as a polymer.
This homo polymer structure is created using ‘Dienes” library and repeat units has been
taken as Natural rubber and it is a single chain structure having chain length 10.

Step 2: In this step, a simulation cell of different sizes according to the aspect ratio has
been created and SWCNT has been adjusted on it at the centre. The aspect ratio taken is
shown in Table 5.1. After that Connolly surface has been created for SWCNT using
“Atoms volumes and surfaces” tools. Then iso-surface has been created by using
“creating segregations”. For packing of NR around SWCNT ‘“Amorphous cell” module
has been used and force field has been selected as a COMPASS. It is a most common
force field for calculating the intra and intermolecular interaction forces. Density of NR
has been taken as 0.98 g/cc and has been packed in the iso-surface. The fine quality of
the polymer has been chosen and cumulative method has been used for electrostatic as
“EWALD” and for Vander wall forces as “Atom Based “After that total number of the

atoms has been observed.
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Table 5.1 Cell parameters for different SWCNT/NR Composites with varying aspect ratio (1/d)

Aspect | Cell parameters for Cell parameters for Cell parameters for
ratio Armchair (5,5) chiral (4,6) Zigzag (8,0)
(V/d) SWCNT/NR SWCNT/NR SWCNT/NR
5 2.13X2.13X 344 nm’ | 2.13X2.13 X3.71 nm’> | 1.96X1.96 3.40 nm’
10 2.13X2.13X6.88 nm> | 2.13X2.13 X 7.42nm° | 1.9X1.96X6.39 nm’
15 | 2.13X2.13X10.33 nm> | 2.13X2.13X11.14 nm> | 1.96X1.96X9.37 nm’
20 | 2.13X2.13X13.52 nm> | 2.13X2.13X12.99 nm® | 1.96X1.96X12.78 nm’
25 | 2.13X2.13X16.97 nm® | 2.13X2.13X16.71 nm® | 1.96X1.96X15.76 nm’

Step 3: The next step is the geometric optimization, which involves the stabilization of
the system for optimizing the energy. The tool used for optimization is “Forcite tool”.
The input for this step is the output of the step 2. For the optimization process, the
steepest descent method is used. The algorithm used is the “Smart Algorithm”. The total
number of iterations has been taken as 85000 and “Compass” force field has been
selected for this process. The motion groups have been considered as rigid for
optimization.

Step 4: In this step Dynamics has been performed using “Forcite” tools for SWCNT-
Polymer composite system and this step helps in reducing the residual stress and
obtaining the proper density by compressing the system. For this step to be done, the
output of the first step has been considered as the input of this step. In this step,
dynamics have been carried out by using NPT ensemble. NPT stands for constant
temperature, constant pressure, and constant no. of atoms. In this step, total simulation
time has been taken as 60ps and time step has been taken as 1fs. For this process,
temperature has been considered as 298K. The thermostat has been chosen as “Nose”
and Barostat has been selected as “Berenderson”.

Step 5: again, this step consists of geometry optimization process, optimization has been
performed using “Forcite tools”, and no. of iteration steps has been taken as 85000.
Input for this step has been taken as the output of the previous step.

Step 6: Again, this steps consists of dynamic process and this dynamics has been
performed using “Forcite” tools. In this step, dynamics has been performed using NVT

i.e., (no. of atoms, volumes, and temperature are constant) ensemble at 298K. The
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thermostat has been selected as “Anderson”, total simulation time for this step has been
reduced to 100 ps, and time step has been taken as 1 fs. This step reduces the stress and
gives proper structure. Input for this step has been taken as the output of the previous
step.

Step 7: this step consists of geometry optimization process, optimization has been
performed using “Forcite” tools, and no. of iteration steps has been taken as 85000.
Input for this step has been taken as the output of the previous step.

Step 8: This is the final step, which involves “Mechanical properties™ calculation. The
output of the seventh step will be the input for this final step. For calculating the
mechanical properties, “Forcite” tools have been used. In this method for calculating
mechanical properties, “constant strain method” has been selected under. The value of
constant strain has been provided for calculating the properties are 0.003. Fine quality
has been chosen from the available options. After successful completion of this step,

mechanical properties for the equilibrated system will be analysed.

5.3 Results and Discussions

In this segment, the elastic moduli of the single wall carbon nanotube reinforced
Natural rubber polymer composites have been explained. The results obtained for the
SWCNT/NR composites have been discussed in detail. Several model of SWCNT/NR
composites of armchair, chiral and zigzag have been constructed at different aspect ratio

(1/d) and also with different volume fractions (Vy).

5.3.1 Effect of Aspect Ratio on Elastic Moduli of Different SWCNT/NR composites

The different types of SWCNT/NR have been constructed. The simulation cell
for an armchair (5, 5) have been shown in Figure 5.1 with volume fraction (V¢ =0.08)
and aspect ratio 1/d=5. The number of the atoms in the cell is 6290 and the size of the
cell has been taken as 2.13 nm X 2.13 nm X 13.57 nm. We have evaluated the dynamic
properties of armchair (5, 5) single wall carbon nanotube reinforce Natural rubber
composite. Calculations have been made for CNT aspect ratio (I/d) in between 05-25.

The same procedure has been adopted as discussed in the previous section.
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Figure 5.1 Simulation cell for an armchair (5, 5)

Figure 5.2 demonstrates the variation in the young's modulus with V¢ = 0.08 for an
armchair (5, 5) single wall carbon nanotube reinforced Natural rubber composites at an
aspect ratio of 05-25. The results shows that the Young's modulus E;; is increased as

the aspect ratio is increased.
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Figure 5.2 Variation in Young's modulus (E,;) with Aspect ratio for armchair (5,5) with varying 1/d
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The value of the Young's modulus is increased from 24.1 GPa to 84.03 GPa as the
aspect ratio increased from 05-25.As the length of the CNTs is increases the load
transfer efficiency is increases intensely. The reason for the increase in the young's
modulus due to the shear stress concentration is present at the ends of CNT in a
composite and if we further increase the 1/d >25 then the moduli increases slowly.
Figure 5.3 shows the variation in the shear modulus, transverse modulus and bulk
modulus of an armchair (5,5) SWCNT/NR composites. The shear modulus, bulk
modulus and transverse modulus is increased as the aspect ratio increased. The reason
for the increase in the shear modulus is that at lower aspect ratio, number of fibers will
be more in the composites for same volume fraction. The stress concentration is the
major factor for increase in shear moduli because more the discontinuous fibers at the
end more will be stress concentration and due to this stress concentration, there will be
increase in the shear moduli. This values having a good agreement with the rules of
mixtures. After the calculation of the armchair SWCNT/NR the same process is

repeated for finding the Young s Modulus of chiral (4, 6) type SWCNT/NR composites.
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Figure 5.3 Variation in Shear modulus, Transverse modulus and Bulk modulus of Armchair (5,5)

SWCNT/NR composites with varying 1/d at V= 0.08.

Figure 5.4 shows the variation in young's modulus with V¢ =0.08 for chiral (4,6)
single wall carbon nanotube reinforced Natural rubber composites at an aspect ratio of

5-25. The results explains that the Young's modulus E;; is increased as the aspect ratio
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is increased. The value of the Young's modulus is increased from 22.68 GPa to 44.40
GPa.The value of young's modulus obtained for chiral (4, 6) is lower than that of the

armchair (5, 5).
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Figure 5.4 Variation in Young's modulus with Aspect ratio for chiral (4,6) with varying 1/d

In addition to young's modulus Figure 5.5 shows the variation in the shear modulus,
transverse modulus and bulk modulus of chiral (4, 6) SWCNT/NR composites. The
bulk modulus decreased sharply with the increase in the aspect ratio (I/d) from 5-25 as
the shear modulus and transverse modulus also decreased but to a smaller extend as

compared to Bulk modulus.
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Figure 5.5 Variation in the shear modulus, transverse modulus and bulk modulus of chiral (4, 6)

SWCNT/NR composites with varying 1/d at Vy=0.08
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Figure 5.6 shows the variation in young s modulus with V¢=0.08 for zigzag (8,0) single
wall carbon nanotube reinforced Natural rubber composites at an aspect ratio of 5-25.
The process followed for calculating the elastic properties is same as we discussed
earlier. The results shows that the Young's modulus E;; is increased as the aspect ratio
is increased. The value of the young's modulus is ranges from 22.07 GPa to 53.94 GPa
which is slightly better than that of chiral, but as compared with the armchair model the
zigzag model have lower young's modulus. Similarly the shear modulus, bulk modulus
and transverse modulus have been calculated and observed that all elastic constant is
decreases up to the aspect ratio of 10 and with further increases in the aspect ratio up to

25 all elastic constant increases.
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Figure 5.6 Variation in Young's modulus for zigzag (8,0) with varying 1/d.
The Figure 5.7 shows the variation in the shear modulus, transverse modulus and bulk
modulus of Zigzag (8, 0) SWCNT/NR composites. The Figure 5.8 shows the
comparison of the young's modulus between the different types of the CNT reinforced
Natural rubber composites. After comparing the young's modulus between all the three
different types of SWCNT/NR composites we find that the armchair has a higher

young's modulus as compared to the chiral and zigzag.
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Figure 5.7 Variation in the shear modulus, transverse modulus and bulk modulus of Zigzag (8, 0)

SWCNT/NR composites with varying 1/d at Vi= 0.08.

As the aspect ratio crossed the 10 the value of young's modulus for armchair increases
sharply than that of others. Therefore, the armchair SWCNT/NR composites are
preferred as compared to chiral and zigzag. The reason for having higher young's
modulus in case of armchair is due to the geometrical orientation of C-C bonds relative
to nanotube axis as compared to zigzag. But in case of chiral SWCNT/NR composites
which exhibits lower young's modulus due to their curved nature of all the C-C sp-2

bonds.
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Figure 5.8 Comparison of Young's modulus for different types of SWCNT/NR composites with varying
1/d at V¢=0.08.
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5.3.2  Comparison of Results with Mori-Tanaka's Approach

Results obtained from the MD Simulations have been compared with the Mori-
Tanaka's approach. The results shows that the Young's modulus (E;;) for SWCNT/NR
composites having a good agreement with the Mori-Tanaka. In this approach, the Mori-
Tanaka [107] proposed to correlate the average stress and average strain with in matrix
and fiber in a composite. This method is also named as Mori-Tanaka tensor because the
tensor having dependency on the Eshelby's Tensor [108]. This approach is very popular
for finding the elastic properties of the composites, as lot of researchers like Tandon and
Weng [109] used this approach for finding the mechanical properties. Eshelby’s Mori-
Tanaka's method satisfies the symmetric conditions only for multiphase composites
having same shape and same orientation as predicted by Benveniste [110]. Mori-Tanaka
approach having high efficiency due to its explicit and stored from solution. The Mori-

Tanaka's basic equation is as follows:-
AMT:AEshelby [(I-Vf) I+ Vf AEshelby] —11 (51)

which is also used for find out the stiffness and damping of component’s. The derived

equations for the elastic constants for the Mori-Tanaka's are as follows:-
C=C™+V/(Ct — C™)AEshbely (5.2)
V¢ = Fiber Volume Fraction
C™ = Stiffness matrix of Polymer
C' = Stiffness matrix of SWCNT

shbel .
A — Siress concentration Factor

E
Ell - m (5.3)
Y (A, + 2V, Ay)
A
Emn

E,, = 5.4

2271+ V(1 — Vi)Ag — 2V As + (1 + V) A5A]/2A 54)

Gm (14,

G2 = “ ( ! ) G (5.5)

2(1 = Vf)S1p12 + Gf_—me
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Gm(1+Vy)
2(1 —V;)Szazs +

Gz =

C (5.6)

m
Gr — Gm

vmA — Vr(A; — V,Ay)

= 5.7
12 = ATV (AL + 2V,A,) G.7)

Es,
= -1 .
V33 2Gys (5.8)

The equation for v, shown here was derived by Tucker and Liang and provides
a non-iterative formula to the iterative equation of v;, presented by Tandon and Weng.

The constants are found using Eq. (5.9).
A; = D;(By + Bs) — 2B,
A; = (14 D1)B; — (B4 + Bs)
A; =B; —D;B; (5.9)
A, =(1+D;)B; —2B;
As = (1—-Dy)/(Bs — Bs)
A = 2B,B; — B;(B, + B;y)

The constants B; and D; are found from the following;

By = V; Dy+D, + (1 = V;)(D1S1111 + 2S2211) (5.10)
B, =V +D3 + (1 - Vf)(D1S1122 + S3222 + S2233) (5.11)
By = V; +D3 + (1 = V;)(S1111 + (14+D1)S2211) (5.12)
B, =V D+ D, + (1 - Vf)(snzz + D1S5222 + S2233) (5.13)
Bs = Vy+D3 + (1 - Vf)(snzz + S3222+D;S5533) 5.14)
Dy =142 f — )/ —Ay) (5.15)
Dy = ( A+ 26m )/ (Ar — M) (5.16)
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Where, py, Ur, Ay and Arare Lame's constants for the matrix and fiber
materials. Lame's constants are related to the Young’s modulus E and Poisson's ratio v
by;

A=Ev/(1+v)(1-2v) (5.17)

u=E/2(1+v) (5.18)

The Sijiq in Egs. (3.70) to (3.74) are the Eshelby tensor components for a

spheriodal inclusion defined as;

Si11q = {(1 2v,) + 342
A TE I R —

[1 2v,, + 30‘2]} (5.19)
U, az—lg .

Syrrs = Ssgy = — O‘2+1[12 9](520)
2222 = 93333 = g1 — 4, Yo, — 1 4(1—v,,) m T i - DIE Y

1 (06 3
Sy233 = S3320 = —11-2 — 5.21
2233 T U322 T A1 —wy,) {2(a2 -1 [ Vm + 4(a, — 1)] g} (5-21)
Syp11 = Sagig = ! © 1 { 3% _1-2 } (5.22)
2211 = 93311 = 20— vy -1 41 —v)lag—1 ( Um) (8 .

[1 —2u, +— ] + 2(1_1%) [1 —2v,, + 2(0(:—1)] g (5.23)

Si122 = S1133 = —

2(1— vpp) ar—1
Syazs = Sspzy = — { % +[1 2 > ]} 5.24
2323 = 93232 = 41— v,) 200y — 1) Um 4(a, — 1) g (5.24)
1 +1 1 3(ay+1)
S1212 = S1313 = m{(l —2vp) — Z_l —3 [1 -2V — % g} (5.25)

where a is the aspect ratio of the fiber and g is a parameter defined as;

(0

g= m{a(,/az —1- cosh‘l(oc)} (5.26)

These above equations are solved mathematically by using the Matlab software.
We can solve the equations after writing a program in Matlab and then compared the
results of the young's modulus of armchair obtained by using the MD and Mori-
Tanaka's approach. Table 5.2 shows the increase of young's modulus with the increase
in aspect ratio (I/d) for fixed volume fraction (V¢ = 0.08). This shows that the

longitudinal Modulus (E;;) increases with the increase in aspect ratio. The results
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obtained by the MD simulation have good agreement with Mori-Tanaka's approach.
The results is almost follows the similar trend and the difference between them up to the
1/d=10 is zero. However, as we increases the aspect ratio from 10-25 there is a
maximum difference of 32% at the 1/d=25. The table 5.2 shows the percentage
difference between Mori-Tanaka's Approach using Matlab and MD simulation using

Material Studio software.

5.3.3  Effect of Volume Fraction on Elastic Moduli of Different SWCNT/NR

composites

The different types of SWCNT/NR have been constructed with the different
volume fractions. The simulation cell dimensions of different sizes of the SWCNT/NR
composites varying with V¢ shown in table 5.3. The simulation cell for an armchair (5,
5) have been shown in figure 5.9 with volume fraction V¢ =0.04. The number of the
atoms in the cell is 5720 and the size of the cell has been taken as 3.00 nm X 3.00 nm X
5.58 nm. We have evaluated the dynamic properties of armchair (5, 5) single wall
carbon nanotube reinforced Natural rubber composite. Calculation has been made for
CNT with different volume fractions. The same procedure has been adopted as

discussed in the previous section.

Table 5.2 Comparison of Molecular Dynamics Results of Young's Modulus (E;,) for different aspect

ratio with Mori-Tanaka"s approach.

Aspect MD (Eqy) Mori- Percentage difference
ratio (GPa) Tanaka's between Mori-Tanaka
(I/d) (E11) model and MD model

(GPa) (%)
5 24.1 24.1 0
10 39.55 39.69 0.14
15 48.30 60 11.70
20 61.86 85.79 23.93
25 84.03 116.41 32.37
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Figure 5.9 Simulation cell for an armchair (5, 5) with V;=0.04

Table 5.3 Cell parameters for different SWCNT/NR Composites with varying Volume Fraction (Vy)

Volume
Fraction
7
Yoage

Cell parameters for
Armchair (5,5)
SWCNT/NR

Cell parameters for
chiral (4,6)
SWCNT/NR

Cell parameters for
Zigzag (8,0)
SWCNT/NR

4.24X4.24X5.58 nm’

4.27X4.27X5.57 nm®

1.96X1.96X5.53 nm®

3.00X3.00X5.58 nm’

3.02X3.02X5.57 nm®

2.77X2.73X5.53 nm®

2.45X2.45X5.58 nm®

2.47X2.47X5.57 nm’

2.26X2.26X5.53 nm’

2.13X2.13X5.58 nm’

2.12X 2.13X5.57nm’>

1.96X1.96X5.53 nm’

10

1.89X1.89X5.58 nm®

1.91X1.91X5.57 nm®

1.75X1.75X5.53 nm®

12

1.73X1.73X5.58 nm®

1.74X1.74X5.57 nm®

1.60 X1.60X5.53 nm®

14

1.60X1.60X5.58 nm®

1.61X1.61X5.57 nm®

1.48X1.48X5.53 nm®

16

1.50X1.50X5.58 nm®

1.51X1.51X5.57 nm®

1.38X1.38X 5.53 nm’
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Figure 5.10 shows the variation in the young's modulus E;; with Vi =2 to 16%
for an armchair (5, 5) single wall carbon nanotube reinforced Natural rubber composites
at an fixed aspect ratio (1/d=8). The results shows that the Young's modulus E;; is
increased as the volume fraction is increased. The value of the Young's modulus is
increased from 6.76 GPa to 64.41 GPa as the volume fraction increased from 2 to 16 %
at fixed aspect ratio 1/d=8. When 2% of CNT is added in NR, then the E; is increased
to 6.76 GPa and until the V¢ increases up to 8% there is an increase in E;;. The value of
Ei1 up to 8% volume fraction is 33.94% thereafter the rise in the E;; is minimal. The
reason for the small rise in the E;; is due to the slippery nature of the CNT. Due to this

slippery nature, no further improvement in the mechanical properties is assisted.
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Figure 5.10 Variation in Young s Modulus with varying Volume fraction Vf for an armchair (5,5)

SWCNT/NR composite

Figure 5.11 shows the variation in the shear modulus, transverse modulus and
bulk modulus of an armchair (5,5) SWCNT/NR composites. The shear modulus, bulk
modulus and transverse modulus is increased as the volume fraction increases. Figure
5.12 shows the variation in the young's modulus E;; with V¢ = 0.02 to 0.16% for chiral
(4,6) single Walled carbon nanotube reinforced Natural rubber composites at a fixed

aspect ratio (I/d= 8).
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Figure 5.11 Variation in Shear Modulus, Transverse modulus and Bulk Modulus with varying volume

fraction (Vf) of Armchair (5,5) SWCNT/NR composites

The results shows that the Young's modulus E;; is increased as the volume fraction is
increased. In case of a shear modulus, it can be observed that there is a faster rise in
shear modulus up to the volume fraction of 8% then after, the percentage rise in the
shear modulus slows down due to the aggregation of SWCNTs, slippery and curvy
nature of the SWCNT. The E;; increase 51.41% with the increase in volume fraction
from 0-16% but in case of a transverse modulus E»; as compared to the E;; there is an
increase of only 8% as the volume fraction from 0-16%. The bulk modulus is also
increase as the volume fraction increases. The value of the bulk modulus ranges from
4.2 GPa to 13.46 GPa. After the calculation of the armchair SWCNT/NR the same
process is repeated for finding the Young's Modulus of chiral (4,6) type SWCNT/NR
composites. The value of the Young's modulus is increased from 11.84 GPa to 41.91

GPa. As the volume fraction increased from 2 to 16 % at fixed aspect ratio 1/d=8.

78



Chapter 5: Effect of Volume Fraction and Aspect Ratio on Mechanical Properties of
CNT Reinforced Polymer Composites

43

Young's Modulus (GPa)

[2*]
e

& 3 10 12 14 16
Percentage of Volume Fraction Vi

Figure 5.12 Variation in Young s modulus E11with varying volume fraction Vf for chiral (4,6)

SWCNT/NR composite
When 2% of CNT is added in NR, then the E;; is increased to 11.84 GPa and until the

V¢ increases up to 8% there is an increase in E;;. The value of E;; up to 8% volume
fraction is 28.24% thereafter the rise in. the E;; is minimal. The reason for the small rise
in the Ei; is due to the slippery nature of the CNT. Due to this slippery nature, no
further improvement in the mechanical properties is assisted. The value of young's
modulus obtained for chiral (4,6) is lower than that of the armchair (5,5) SWCNT/NR
composite. In addition to young's modulus Figure 5.13 shows the variation in the shear
modulus, transverse modulus and bulk modulus of chiral (4, 6) SWCNT/NR
composites. The bulk modulus have a slight increase in the value ranges from 6.38 GPa
to 7.35 GPa with the increase in the volume fraction from 0-16% whereas the shear
modulus and transverse modulus also increases but to a smaller extend as compared to
Bulk modulus. The value of shear modulus ranges between 2.18 GPa to 3.62 GPa
whereas transverse modulus E;; having an increase from 4.14 GPa to 5.73 GPa which is

86.3 % less than that of E;;.
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Figure 5.13 Variation in the shear modulus, transverse modulus and bulk modulus of a chiral (4, 6)

SWCNT/NR composite with increase in volume fraction

Figure 5.14 shows the variation in the young's modulus E;; with V¢ = 0.02 to 0.16% for
zigzag (8,0) single wall carbon nanotube reinforced Natural rubber composites at fixed
aspect ratio 1/d= 8. The process followed for calculating the elastic properties is same as
we discussed earlier. The results shows that the Young™s modulus E;; is increased as the
volume fraction is increased. The value of the Young's modulus is increased from 10.40
GPa to 48.73 GPa. When 2% of CNT is added in NR, then the E;; is increased to 10.40
GPa. The value of E;; up to 8% volume fraction is 28.31% thereafter the rise in the E;;
is minimal. The reason for the small rise in the E;; is due to the slippery nature of the
CNT. The value of the young's modulus E;; is slightly better than that of chiral, but as

compared with the armchair model the zigzag model have lower young's modulus.
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Figure 5.14 Variation in young's modulus for zigzag (8,0) with varying volume fraction
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Figure 5.15 Variation in the shear modulus, transverse modulus and bulk modulus of Zigzag (8, 0)

SWCNT/NR composite

Figure 5.15 shows the variation in the shear modulus, transverse modulus and bulk
modulus of Zigzag (8, 0) SWCNT/NR composites. The shear modulus, bulk modulus

and transverse modulus have been calculated as discussed in previous section and
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observed that all elastic constant is slightly increased as the volume fraction Vi is

increased from 0-16%.
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Figure 5.16 Comparison of Young's modulus for different types of SWCNT/NR composites

Figure 5.16 shows the comparison of the young s modulus between the different types
of the CNT reinforced Natural rubber composites. After comparing the young's
modulus between all the three different types of SWCNT/NR composites we find that
the armchair has a higher young's modulus as compared to the chiral and zigzag. As the
volume fraction increases from 0-16%, the value of young's modulus for all different
types of SWCNT/NR is increases. The armchair SWCNT/NR composites are preferred
as compared to chiral and zigzag. The reason for having higher young's modulus in case
of armchair is due to the geometrical orientation of C-C bonds relative to nanotube axis
as compared to zigzag. But in case of chiral SWCNT/NR composites which exhibits

lower young's modulus due to their curved nature of all the C-C sp-2 bonds.
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Chapter 6

Effect of Stone-Wales and Vacancy Defects on Mechanical,
Thermal and Interfacial Properties of CNT Reinforced Polymer

Composites

CNTs having excellent mechanical properties when there was no defect present.
During production and purification of the CNTs, some defects such as stone wales,
vacancy, and hybridization may occur or we can introduce some defects deliberately
using chemical treatment. In this study, the effect of stone wales and vacancy defects on
the elastic moduli of single walled carbon nanotube reinforced Natural rubber
composite has been investigated. A armchair (5,5) SWCNT/NR composite has been
used and number of defects is varied from 1-10. Molecular Dynamics simulation has

been used to study the effect of these defects on mechanical properties of SWCNT/NR.

6.1 Introduction

Defects can play an important role is decreasing the mechanical strength of the
composites. The SW and vacancy defects have received considerable attention. To
design and fabrication of strong components, reinforcing of CNTs with desirable
mechanical properties for understating of mechanical behavior of single walled carbon
nanotubes reinforced composites is required. In this study, the effects of number of
defects on the single walled carbon nanotubes reinforced Natural rubber composites

when subject to small strains had been studied.

6.2 Defects in CNTs

Defects may be introduced deliberately or during the synthesis, process may be
decided into the categories.
(i)  Stone wales defects comes under Topological defect.
(i1))  Vacancy defects due to impurities.
(1)  Re-hybridization due to change in C-C bond due to deformation (sp2 to sp3)
» Stone Wales defects referred to the rotation of sp2 bond to 90 degree. It is
composed of 2 Heptagon - 2 Pentagon pairs. The Figure 6.1 shows the defect

formation in the armchair (5, 5) hexagonal lattice.
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» In case of vacancy defects, the removal of carbon atoms from the perfect
hexagonal structure of CNT, due to the removal of atoms creates vacancy at the

place of missing atoms is shown in Figure 6.2.

Figure 6.1 Schematic view of SWCNT with Stone-Wales Defect

Figure 6.2 Schematic view of the SWCNT with Vacancy Defect

Figure 6.3 Armchair type (5, 5) SWCNT having both ends terminated by hydrogen atoms
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6.3 Molecular Modelling SWCNT/NR Composites

In this chapter, we have performed computer simulation for finding the effect of defects
on thermo-mechanical properties of single walled carbon nanotubes reinforced Natural
rubber composite. For studying the molecular structure, “Material studio software
2017 1s used and following steps have been performed for Molecular Dynamics
simulation

Step 1: In this step, a (5, 5) armchair type SWCNT has been created using “build
nanostructure” tool. Length and diameter for this SWCNT have been taken as 5.58nm
and .678 nm respectively. The bond length of this non-periodic structure is .142nm.
This armchair type SWCNT is of non-periodic structure and has been created using
supercell. In this study, the nanotube is having 460 atoms and it is increased to 480 after
adding hydrogen atoms on both the ends (Figure 6.3).

A Natural rubber has been created using “build polymer” tool. This homo-polymer
structure is created using “Dienes” library, repeat unit has been taken as Natural rubber,
and it is a single chain structure having chain length 10.

Step 2: In this step, a simulation cell of size 2.12nmx2.12nmx5.58nm has been created
and SWCNT has been adjusted on it at the center (Figure 6.4). First, a Connolly surface
has been created for SWCNT using “atoms volume and surfaces” tools and then
isosurface has been created by creating segregation. For packing of Natural rubber
around SWCNT “amorphous cell” module has been used and COMPASS have been
selected as a force field. It is a most common force field for calculating inter and intra-
molecular interaction forces. Density has been taken as 0.98 g/cc and has been packed
in isosurface. For this packing process, quality has been chosen as the fine and
summation method has been used for electrostatic as “Ewald” And for van der Waals as
“Atom-based”. After packing, total number of atoms has been observed as 2856.

Step 3: This step involves stabilization of the system. For optimizing the energy
geometry optimization has been used and for this optimization “Forcite tools” has been
used. For this step output of step 2 has been taken as input for this step. For this
optimization process, the total number of iteration has been taken as 85000 and “smart
algorithm” has been used. Force field has been selected for this process is COMPASS”

and in this optimization process, motion groups have been considered as rigid.
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Figure 6.4 Packing of NR around SWCNT in a simulation cell

Step 4: In this step Dynamics has been performed using “Forcite” tools for SWCNT-
Polymer composite system and this step helps in reducing the residual stress and
obtaining the proper density by compressing the system. For this step to be done, the
output of the first step has been considered as the input of this step. In this step,
dynamics have been carried out by using NPT ensemble. NPT stands for constant
temperature, constant pressure, and constant number of atoms. In this step, total
simulation time has been taken as 60ps and time step has been taken as 1fs. For this
process, Temperature has been considered as 298K. The thermostat has been chosen as
“Nose” and Barostat as “Berenderson”.

Step 5: This step again consists of geometry optimization process, optimization has
been performed using “Forcite tools”, and number of iteration steps has been taken as
85000. Input for this step has been taken as the output of the previous step.

Step 6: This step again consists of dynamic process and this dynamics has been
performed using “Forcite” tools. In this step, dynamics has been performed using NVT
i.e., (no. of atoms, volumes, and temperature are constant) ensemble at 298K. The
thermostat has been selected as “Anderson”, total simulation time for this step has been
reduced to 40ps, and time step has been taken as 1fs. This step reduces the stress and
gives proper structure. Input for this step has been taken as the output of the previous

step.
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Step 7: again, this step consists of geometry optimization process, optimization has
been performed using “forcite” tools, and number of iteration steps has been taken as
85000. Input for this step has been taken as the output of the previous step.

Step 8: This is the final step involves “Mechanical property” calculation. In this step
also, the output of the seventh step will be the input for this final step. In this step
mechanical properties have been calculated using “forcite” tools and method for
calculating mechanical property has been selected as “constant strain method”. This
step depends on the results of geometric optimization. The value of constant strain has
been provided for calculating properties is 0.003. Fine quality has been chosen from the
available options. After successful completion of this step, mechanical properties for

the equilibrated system will be analysed.

6.4 Results and Discussions

The Section has been divided in to two parts. Firstly, the result of elastic moduli
of the defective single walled carbon nanotube reinforced Natural rubber composite has
been discussed. Secondly, the interfacial properties of the defective SWCNT/NR
composite have been discussed. In this part of result and discussion, pull out force,
interfacial shear stress and the surface density have been calculated. In addition, the
thermal conductivity of the defective armchair single wall carbon nanotube reinforced

Natural rubber composite has been evaluated

6.4.1 Elastic Moduli of the Defective SWCNT/NR Composite

Figure 6.5 shows the variation of the young's modulus (E;;