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" Abstract

After the discovery, carbon nanotubes (CNTSs) have received tremendous scientific
and industrial interests. This is due to their exceptional mechanical, electrical, and
thermal properties. CNTs having perfect structure (i.e., structure without any defect)
hold very high mechanical properties. However, CNTs suffer from defects which can
appear at production stage, purification stage or be deliberately introduced by
irradiation with energetic particles or by chemical treatment. In this work mechanical
properties of CNTs with defects are studied under both compressive and tensile loads

using molecular dynamics (MD) simulations.

In this work both single-walled and double-walled carbon nanotubes (SWNTS and
DWNTs) with perfect structure, vacancy defects and Stone-Wales defects are
simulated with MD. Five armchair SWNTSs having indexes of (3,3), (4,4), (5,5), (6,6)
and (7,7) and one armchair DWNT having index of ((3,3),(8,8)) are considered. To
create Stone-Wales defect, four neighboring hexagons are converted into two
pentagons and two rheptagons with a 90° rotation of the horizontal bond of the
hexagonal structure of the CNT whereas to create vacancy defects carbon atoms are
removed from the perfect hexagonal structure of the CNTs. Molecular simulations are
carried out using the classical MD method, in which the Newtonian equations of
motion are solved numerically for a set of atoms. The velocity-Verlet algorithm is
used for solving the Newtonian equations of motion. The Brenner potential is used for
carbon-carbon interaction in the CNT and non-bonded interaction between the CNTs
in DWCNTSs is modeled with the Lennard-Jones potential. Temperature of the system
is controlled by velocity scaling. In the simulation, tensile and compressive loads are
applied by moving the end atoms of the CNTs rigidly outward and inward directions,

respectively.

Simulation results show that the defects have negligible effect on the modulus of
elasticity of CNTs and defect density influences the compressive and tensile strénéth
of CNTs insignificantly. The results obtained from the  compressive test by MD
simulations are in well agreement with the results obtained from theoretical Euler

equation.

viii



Table 1.1

Table 4.1

B . B .

List of Tables

Page No.
Mechanical properties of nanotubes addressed
in different literatures 10
SWNTs specification 48

X




Figure 1.1

Figure 1.2
Figure 1.3
Figure: 1.4

Figure 1.5
Figure 1.6
Figure 1.7
Figure 1.8

Figure 1.9

Figure 1.10
Figure 1.11

Figure 1.12

Figure 1.13

Figure 1.14

Figure 3.1
Figure 3.2

Figure 3.3
F igure 34

Figure 3.5

Figure 3.6

List of Figures

Classification of carbon nanotubes: (a) armchair,
(b) zigzag, and (c} chiral nanotubes

The unrolled honeycomb lattice of a nanotube
(a) SWNT formation (b) an armchair (4,4) SWNT
All possible structures of SWNTs

Multi-walled nanotube (a) side view (b) top view
Torus

Nanobud

CNT polymer composite

CNTs in Lithium ion batteries

A prototype field emission display (fabricated by Samsung)
Use of a MWNT as AFM tip

(a) Stone-Wales defect formation by C-C rotation in the
Hexagonal lattice (b) (9,0) CNT {c) (5,5) CNT with Stone

Wales defect (indicated in yellow color)
Helicoidal graphite with heptagons, pentagons and hexagons

Typical vacancy defects in SWNT

Typical flow chart of molecular dynamics simulation
Orientation of Carbon atoms in a CNT structure

Flow chart of relaxation
Flow chart of loading

Atomistic model for tensile test

Atomistic model for compressive test

X

Page No.

12

14
15
16
19

20

20

31
33
38

40

41

41

o F



Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8

Figure 4.9

Figure 4.10
Figure 4.11
Figure 4.12
Figure 4.13
Figure 4.14
Figure 4.15

Figure 4.16
Figure 4.17

Cross section of a SWNT

Structure of CNT with a) pristine structure, b) one
Stone-Wales defect

Structure of CNT with three Stone-Wales defects

Structure of CNT with a) pristine structure b) one vacancy defect

Structure of CNT with three vacancy defects

Yield strength determination by offset method

Stress-strain behavior of a (7,7) SWNT under axial tension. (a)

42

43

44

44

44

46

47

Comparison with literature, (b) effect of potential parameters R; & R;.

Tensile stress versus strain curve for (3,3) pristine SWNT

Tensile stress versus strain curve for (4,4) pristine SWNT
Tensile stress versus strain curve for (5,5) pristine SWNT
Tensile stress versus strain curve for (6,6) pristine‘ SWNT
Tensile stress versus strain curve for (7,7) pristine SWNT
Snap shot of necking of a (5,5) pristine SWNT

Snap shot of tensile test of (5,5) pristine SWNT (a) at 0% strain,
(b) at 18% strain, (c) failure at 34% strain

Young’s modulus versus diameter curve for pristine SWNT
Failure stress Vs. Diameter for pristine SWNT

Failure strain versus diameter curve for pristine SWNT A
Compressive stress versus strain curve for (3,3) pristine SWNT
Compressive stress versus strain curve for (4,4) pristine SWNT
Compressive stress versus strain curve for (5,5) pristine SWNT

Compressive stress versus strain curve for (6,6) pristine SWN'T

49

50
50
51
51
52

52

53
53
54
55
56
56

57

Young’s modulus versus diameter curve for pristine SWNT under 57

compressive load.
xi



Figure 4.18

Figure 4.19
Figure 4.20
Figure 4.21

Figure 4.22
Figure 4.23
Figure 4.24
Figure 4.25
Figure 4.26

Figure 4.27
Figure 4.28
Figure 4.29
Fig-ure 4.30

Figure 4.31

Figure 4.32

Critical stress Vs. slenderness ratio curve for (3,3) SWNT

Critical stress Vs. slenderness ratio curve for (4,4) SWNT
Critical stress Vs. slenderness ratio curve for (5,5) SWNT

Critical stress Vs. slenderness ratio curve for (6,6) SWNT

Snapshot of (5,5) SWNT with 1/k=10.13 under compressive load

a) undeformed, b) crushing (or kinking)

Snapshot of (3,3) SWNT with /k=43.57 under compressive load

a) undeformed, b)buckling

Comparison of stress-strain curves of pristine and defective
(with vacancy defect) (3,3) SWNT under tensile load

Comparison of stress-strain curves of pristine and defective (with

Stone-Wales defect) (3,3) SWNT under tensile load

Comparison of failure strength of different defective and
pristine SWNTs of different diameters under tensile load

Snap shot of tensile test of (3,3) defective SWNT with one
vacancy defect (a) at 0% strain, (b) at 10% strain, (c) failure
at 20% strain

Snap shot of tensile test of (3,3) defective SWNT with three
vacancy defects (a) at 0% strain, (b} at 10% strain, (c) failure
at 23% strain

Snap shot of tensile test of (3,3) defective SWNT with one
Stone-Wales defect (a) at 0% strain, (b) at 20% strain,
(c) failure at 30% strain

Snap shot of tensile test of (4,4) defective SWNT with three
Stone-Wales defect (a) at 0% strain, (b) at 20% strain,
(¢) failure at 33% strain

Comparison of failure strength of pristine and vacancy defect
SWNT of different diameter (1/d~8) under compressive load

Snap shot of compressive test of (4,4) defective SWNT
with one vacancy defect, (a) at 0% strain (b) at 2% strain,
(c) failure at 5% strain

xii

58

58
59
59

60

60

62

63

63

64

64

65

66

66



Figure 4.33  Snap shot of compressive test of (3,3) defective SWNT 67
with three vacancy defects (a) at 0% strain (b) at 1% strain
(c) failure at 5% strain

Figure 4.34  Comparison of failure strength of pristine and Stone-Wales defect 68 |
SWNT of different diameter under compressive load

Figure 4.35  Snap shot of compressive test of (3,3) defective SWNT with one 68
Stone-Wales defect (a) at 0% strain, (b) at 1% strain, (c) failure at
5% strain

Figure 4.36  Snap shot of compressive test of (3,3) defective SWNT 69
with three Stone-Wales defect (a) at 0% strain, (b) at 1% strain,
(c) failure at 3% strain

Figure 437 Comparison of failure stress of pristine and defective DWNT 70
under tensile test

Figure 4.38  Snap shot of tensile test of ((3,3),(8,8)) defective DWNT 71
(a) at 0% strain, (b) at 8% strain, (c) failure at 19% strain

Figure 4.39  Comparison of failure stress of defective DWNT and 72
pristine DWNT under compressive test

Figure 4.40  Snap shot of compfessive test of ((3,3).(8,8)) defective DWCNT 73
(a) at 0% strain, (b) at 4% strain, (c) failure at 7% strain

Figure A-1  Experimental set-up of an arc discharge apparatus : 82

Figure A-2  Schematic drawings of a laser ablation apparatus 85

Xiii



CHAPTER 01

INTRODUCTION
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1.1 Introduction of CNT wie. 220609/ .

Carbon nanotubes (CNTs) are an allotrope of carbon with a nanostructure that can
have a length-to-diameter ratio up to 28,000,000:1[1}. They take the form of
cylindrical carbon molecules and have novel properties that make them potentially
usefut in a wide variety of applications in nanotechnology, electronics, optics and
other fields of materials science. They exhibit extraordinary strength and untque
electrical properties, and are efficient conductors of heat. Inorganic nanotubes have
also been synthesized.

Nanotubes are members of the fullerene structural family. Their name is derived
from their size, since the diameter of a nanotube is on the order of a few
nanometers (approximately 50,000 times smaller than the width of a human hair),
while they can be up to several millimeters in length.

Manufacturing a nanotube is dependent on applied quantum chemistry,
specifically, orbital hybridization. Nanotubes are composed entirely of sp® bonds,
similar to those of graphite. This bonding structure, which is stronger than the sp’
bonds found in diamonds, provides the molecules with their unique strength.
Nanotubes are either wrapped into multiple layers like a parchment scroll or
constructed of multiple annulus cylinders which are held together by van der
Waals forces form multi-walled CNTs. Under high pr&ssure, nanotubes can merge
together, trading some sp” bonds for sp® bonds, giving the possibility for producing
strong, unlimited-length wires through high-pressure nanotube linking.

The diséovery of nanotubes remains a contentious issue, especially because several

scientists involved in the research could be likely candidates for the Nobel Prize.
| Many believe that Tijima's [2] report in 1991 is of particular importance because it
brought carbon nanotubes into the awareness of the scientific community as a
whole. hjlmas discovery of CNTs in the inscluble material of arc-burned graphite
rods. created the buzz that is now associated with CNTs. Nanotube research
accelerated greatly following the independent discoveries by Bethune at IBM and
Tiiima at NEC of single-walled carbon nanotubes and methods to specifically



produce them by adding transition-metal catalysts to the carbon in an arc
discharge. The arc discharge technique was well-known to produce the famed
Buckminster fullerene on a preparative scale, and these results appeared to extend
the run of accidental discoveries relating to fullerenes. The original observation of
fullerenes in mass spectrometry was not anticipated and the first mass-production
technique by Kréitschmer and Huffman was used for several years before realizing
that it produced fullerenes.

1.2 CNT Structure

Many exotic structure exist: regular spheres, cones, tubes, and also more
complicated and strange shapes. Here some of the most important and best-known
structures are described. Single Walled Nanotubes (SWNT) can be considered as
long wrapped graphene sheets. As stated before, nanotubes generally have a length
1o diameter ratio of about 28,000,000 so they can be considered as nearly one-
dimensional structures.

More detailed, a SWNT consists of two separate regions with physical and
chemical properties. The first is the end cap of the tube and the second is the
sidewall of the tube. The end cap structure is similar to or derived from a smatler
fullerene, such as Cgo C-atoms placed in hexagons and pentagons form at the end
cap structures. it can be easily derived from Euler’s theorem that twelve pentagons
are needed in order to obtain a closed case structure which consists of only
pentagons and hexagons. The combination of a pentagon and five surrounding
hexagons results in the desired curvature to enclose a volume. A second rule is the
isolated pentagon rule which states that the distance between pentagons on the
fullerene shell is maximized in order to obtain a minimal local curvature and
surface stress, resulting in a more stable structure, The smallest stable structure that
can be made this way is Ceo, the one just farger is C¢ and so on. Another property
is that all fullerenes are composed of an even number of C-atoms because adding
one hexagon to an existing structure means adding two C-atoms.



The second region, sidewall structure of the tube, is a cylindrical structure which
composes a SWNT. It is generated when a graphene sheet of a certain size that is
wrapped in a certain direction. As the result is symmetric cylinder, it can only be
rolled in a discreet set of direc&ionsAin order to form a closed cylinder. Two atoms
in the grapheme sheet are chosen, one of which serves the role as origin. The sheet
is rolled until the two atoms coincide. The vector pointing from the first atom
towards the other is called the chiral vector and its length is equal to the
circumference of the nanotube. The direction of the nanotube axis is perpendicular
to the chiral vector. SWNT with different chiral vectors have dissimilar properties
such as optical activity, mechanical strength and electrical conductivity.

1.3 Types of Carbon Nanotubes

Several types of nanotubes exist, but they can be divided in two main categories:
single-walled nanotube (SWNT) and multi-walled nanotube (MWNT). Other

special types like torus and nanobud are also available.

1.3.1 Single-Walled Nanotube

SWNTs have a diameter close to 1 nanometer, with a tube length that can be many
thousands of times longer. The structure of a SWNT can be conceptualized by
wrapping a one-atom-thick layer of graphite called graphene into a seamless
cylinder. The way the graphene sheet is wrapped is represented by a pair of indices
(n,m) called the chiral vector.

The integers n and m denote the number of unit vectors along two directions in the
honeycomb crystal lattice of graphene. If m=0, the nanotubes are called "zigzag".
If n=m, the nanotubes are called "armchair". Otherwise, they are called "chiral"

(figure 1.1). Vector A4’ is called the chiral vector (Figure 1.2). It can be defined

3



by the vector ('f‘,, = md, +nd, and the chiral angle-with the zigzag axis. Vectors a,

and d, are the lattice vectors. AA' and AB define the chiral vector C, and the
transitional vector T of the nanotube. The chiral angle, 6 is defined as the angle

between the vector C,and d,. The rectangle 44'B'B defines the unit cell for the

nanotube. The figure 1.2 corresponds to (?,,=(5,3).

armchair zigzag

Figure 1.1 Different types of carbon nanotubes: (a) armchair, (b} zigzag, and (¢)
chiral nanotubes.



Figure 1.2 The unrolled honeycomb lattice of a nanotube.

i

i -
[l
P il e e

Armchair (n,n} the chiral vector is

graphene the chiral vector is
bent, while the nanocribon bent, while the
translation vector translation vector
stays straight stays straight

nand m can be graphene
counted at the end of mnanoribon
the tube
(@ (b)

Figure 1.3 (a} SWNT formation (b) an armchair (4,4) SWNT.



k.

&

(9
‘ (6.0 /i

<) o ()
LA LIl
e S8 152} ;

. '# 0 e S 42) g S53 N
4 N . .

@ @ 12.2) 3.3) 4\

{Q‘ Armchair

: /
. O Semiconductor
(e

Figure 1.4 All possible structures of SWNTs.

SWNTs can be formed from chiral vectors lying in the range given by the figure
1.4. where n, m are integers, 0<|m|<n and 0<[¢|<30°. Particularly 6=0° for

zigzag and 0=30° for armchair siructure.

CNTs are still very expensive to produce and the development of more affordable
synthesis techniques is vital to the future of carbon nanotechnology. If cheaper
means of synthesis cannot be discovered, it would make it financially impossible to

use CNTs to commercial-scale applications.




1.3.2 Multi-Walled Nanotube

Multi-walled nanotubes (MWNT) consist of multiple layers of graphite rolled in to
form a tube shape as shown in figure 1.5. There are two models which can be used
to describe the structures of MWNTS. In the Russian Doll model, sheets of graphite
are arranged in concentric cylinders, for example, a (0,8) SWNT within a larger
(0,10) SWNT. In the Parchment model, a single sheet of graphite is rolled in
around itself, resembling a scroll of parchment or a rolled up newspaper. The
interlayer distance in multi-walled nanotubes is close to the distance between

graphene layers in graphite, approximately 0.34 nm.

The special place of double-walled carbon nanotubes (DWNT) must be
emphasized here because they combine very similar morphology and properties as
compared to SWNT, while improving significantly their resistance to chemicals.
This is especially important when funciionalization is required (this means grafting
of chemical functions at the surface of the nanotubes) to add new properties to the
CNT. In the case of SWNT, covalent fictionalization will break some C=C double
bonds, leaving "holes” in the structure on the nanotube and thus modifying both its
mechanical and electrical properties. In the case of DWNT, only the outer wall is
modified. DWNT synthesis on the gram-scale was first proposed in 2003 by the
CCVD technique, from the selective reduction of oxides solid solutions in

methane and hydrogen.

(2) ®

Figure 1.5 Multi-walled nanotube; (a) side view, (b) end view.



- - L

1.3.3 Other Types of CNT

Torus

A nanotorus (see figure 1.6) is a theoretically described carbon nanotube bent inio
a torus (doughnut shape). Nanotori have many unique properties, such as magnetic
moments 1000 times larger than previously expected for certain specific radii.
Properties such as magnetic moment, thermal stability, etc. vary widely depending
on radius of the torus and radius of the tube.

Figure 1.6 Torus.

Nanobud

Carbon ﬁanobuds (see figure 1.7) are a newly discovered material combining two
previously discovered allotropes of carbon: carbon nanotubes and fullerenes. In
this new material fullerene-like “buds” are covalently bonded to the outer sidewalls
of the underlying carbon nanotube. This hybrid material has useful properties of
both fullerenes and carbon nanotubes. In particular, they have been found to be
exceptionally good field emitters. In composite materials, the attached fullerene
molecules may function as molecular anchors preventing slipping of the nanotubes,

thus improving the composite’s mechanical properties.



Figure 1.7 Nanobud

1.4 Mechanical Properties of CNTs

CNT has been well recognized as one of the ultra-strong materials in the World,
which has been proven by both simulations and experimental measurements 31
The extreme small size makes it suitable to be embedded into any type of light
weight- and soft materials as reinforcements to form strong and light nano-
composites. Numerous researches have been started focusing on the feasibility of
using these nano-structural materials to strengthen polymer-based composites.
However, the true mechanical properties of nanotubes such as their Young's
modulus, yield strength, ultimate strength, elastic properties and even fracture
behavior are still uncertain to date. This actually induces many arguments in
whether the nanotubes are suitable to be used as nano-reinforcements for the nano-

composites or not.

Experiments conducted previously showed that the Young’s moduli of nanotubes
range from 270 to 950 GPa. Such a large discrepancy is due to the different sizes,
lengths and numbers of wall layers used in different tests. However, the scatterings
of measured results have been found in different literatures. An earlier report on
the elastic modulus of pristine nanotubes has been calculated in a straight forward
way by using the property of graphite which was approximately 1060 GPa [4.5].
Rouff and Lorents [6] have estimated the tensile strength of nanotubes with a wall
thickness and diameter of 0.34 nm and 1 nm, respectively, which was about 20



GPa. The average macroscopic elastic modulus and Poisson’s ratio of a SWNT
were estimated to be about 1.347 TPa and 0.261, respectively [7]. It is also found
that the Poisson’s ratio of the SWNTs decreases with increasing diameter. In Table
1.1, a summary of the mechanical properties obtained from experimental
measurements, molecular dynamic (MD) simulations and theoretical modeling is

given.

Molecular mechanics (MM) simulations predicted that the failure strain and stress
of a zigzag nanotube were between 10-15%, and 65-93 GPa, respectively [8].
Brittle failures of the nanotubes were also found in the simulation and the results
agreed with the experimental measurements. However, another research using a
continuum theory of fracture nucleation demonstrated that the failure strain of a
single-walled nanotube was about 55%, in which the fracture nucleation was
assumed to be the bifurcation instability of a homogeneously deformed nanotube at
this strain level {9]. Tersoff and Rouff {10] found that nanotubes with a diameter
fess than 1 nm show high rigidity. Any nanotubes with a diameter beyond 2.5 nm
appeared radial deformation “flatten’ due to the van der Waals attraction,

Yu et al. [11] has demonstrated the use of Atomic Force Microscopy (AFM) to
measure the mechanical properties of 'MWNTs in the Scanning Electron
Microscope (SEM). They measured that the tensile strength and modulus of the
nanotubes were rénging from 11 to 63 GPa and 270 to 950 GPa, respectively. It
was found that an outer layer of the nanotubes was initially failed during the test.

The maximum failure strain was found about 12%.

Table 1.1: Mechanical properties of nanotubes addressed in different literatures

Author E (TPa) v Year Method Reference
Y akoson 55 019 199  MD [12]
Zhou et al. 0.77 0.32 2001 Theoretical [13]
Chnag and Gao 1.33 0.26 2003 MD [14]
Lau et al. 0.44 - 2004 MD [15]
Lietal 0.8 - 2005  Experimental [16}
10



CNTs have lower strength under compressive load compared to tensile load.
Because of their hollow structure and high aspect ratio, they tend to undergo
buckling when placed under compressive, torsional or bending stress.

1.5 Applications of CNTs

The potential applications of carbon nanotubes have wide range of varity. Carbon
nanotubes, a type of fullerene, have potential in fields such as nanotechnology,
electronics, optics, materials science, and architecture. Over the years new
discoveries have led to new applications, often taking advantage of their unique
electrical properties, extraordinary strength, and efficiency in heat conduction.

1.5.1 Composite Materials

CNTs are used as reinforcement in high strength, low weight, and high
performance composites. In concrete, they increase the tensile strength, and halt
crack propagation. Theoretically, SWNTs could have a Young’s Modutus of
approximately 1 TPa [13]. MWNTs are weaker because the individual cylinders
stide with respect to each other. Ropes of SWNTSs are less strong. The individual
tubes can pull out by shearing and at last the whole rope will break. This happens
at stresses far below the tensile strength of individual nanotubes. Nanotubes also
sustain large strains in tension without showing signs of fracture. In other
direction, nanotubes are highly flexible. One of the most important applications of
nanotubes based on their properties is reinforcement in composite materials.
However, there have not been many successful experiments that show that
nanotubes are better fillers than the traditionally used carbon fibers. The main
problem is to create a good interface between nanotubes and the polymer matrix,
as nanotubes are very smooth and have smaller diameter. Limiting factors for good
load transfer could be sliding of cylinders in MWNTSs and shearing of tubes in
SWNT ropes. To solve this problem the aggregates need to be broken up dispersed
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or cross-linked to prevent slippage. A main advantage of using nanotubes for
structural polymer composites is that nanotube reinforcements will increase the
toughness of the composites by absorbing energy during their highly flexible
elastic behavior. Other advantage is the low density of the nanotubes, an increased

electrical conduction and better performance during compressive load.

Another application, which is an example of a non-structural application, is filling
of photoactive polymers with nanotubes. PVV (poly- p-phenylene vinylene) filled
with MWNTs and SWNTs is a composite, which has been used for several
experiments. These composites (see figure 1.8 {17]) show a large increase in
conductivity with only a little loss in photoluminescence and electro-luminescence
yields. Another benefit is that the CNT based polymer composite is more robust
than the pure polymer.

Figure 1.8 CNT polymer composite [17]

Another use of nanotube composites i§ as antistatic shielding, on airplane wings
and fuselages, for example. This is a realistic application. Another application of

conducting composites is as a transparent conductor. Transparent electronic
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conductors such as Indium Tin oxide (ITO) is uéed in displays. In this field, there
isa 'drive towards flexible displays on plastic substrates. ITO is less good for this
situation as it is brittle and has poor adhesion to plastic. Conducting composites of
SWNTs can be transparent if thin enough. They have the huge advantage of being
truly flexible and compatible with polymer substrates.

1.5.2 Textiles

The mechanical properties, such as stiffness, toughness, and strength lead to a
wealth of applications exploiting CNTs, including advanced tear resistant textile.
Fibers spun of pure CNTs have recently been demonstrated [18] and are
undergoing rapid development, along with CNT composite fibers. Such super
strong fibers will have many applications including body and vehicle érmor,
transmission line cables, woven fabrics and textiles. CNTs are also being used to
make textiles stain resistant.

1.5.3 Energy Storage

CNTs have the intrinsic characteristics desired in material used as electrodes in
batteries and capacitors, two technologies of rapidly increasing importance. CNTs
have a tremendously high surface area (~1000 m?/g), good electrical conductivity,
and very importantly, their linear geometry makes their surface highly accessible
to the electrolyte.

Research has shown that CNTs have the highest reversible capacity of any carbon
material for use in lithium-ion batteries as shown in figure 1.9 [19]. In addition,
CNTs are outstanding materials for super capacitor electrodes [20] and are now
being marketed for this application.
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Figure 1.9 CNTs in Lithium ion batteries [19].

CNTs also have applications in a variety of fuel cell components. They have a
number of properties, including high surface area and thermal conductivity, which
make them useful as electrode catalyst supports in Polymer Electrolyte Membrane
(PEM) fuel cells. They are also used in gas diffusion layers, as well as current
collectors, because of their high electrical conductivity. CNTs' high strength and
toughness-to-weight characteristics may also prove valuable as part of composite
components in fuel cells that are deployed in transport applications, where
durability is extremely important.

1.5.4 Field Emitting Devices

If a solid is subjected to sufficiently high electric field, electrons near the Fermi
level can be extracted from the solid but funneling through the surface potential
barrier. This emission current depends on the strength of the local electric field at
the emission surface and its work function (which denotes the energy necessary to
exact an electron from its highest bounded state into the vacuum level). The
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applied electric field must be very high in order to exact an electron. This condition
is fulfilled for CNTs, because their elongated shape ensures a very large field
amplification. For technological applications, the emissive material should have
low threshold emission field and large stability at high current density.
Furthermore, an ideal emitter is require to have a nanometer size, a structural
integrity, a high electrical conductivity, a small energy spread and a large chemical
stability. CNTs posses all these properties. However, a bottleneck in the use of
nanotubes for applications is the dependence of the conductivity and emission
stability of the nanotubes on the fabrication process and synthesis conditions.
Examples of potential applications for nanotubes as field emitting devices are flat
panel displays (see figure 1.10), gas discharge tubes in telecom networks, electron
guns for electron guns for electron microscopes, AFM tips and microwave

amplifiers.

Figure 1.10 A prototype field emission display (fabricated by Samsung)

1.5.5 Probes and Sensors

Because of their flexibility [8), nanotubes can also be used in scanning probe
instruments. Since MWNT tips are conducting, they can also be used in Scanning
Tunneling Microscope (STM) and Atomic Force Microscope (AFM) instruments
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[21]. A schematic of an AFM tip is shown in figure 1.11 [21]. The advantage is
the improved resolution in cémpan'son with conventional Si or metal tips and tips
do not suffer from crashes with the surfaces because of their high elasticity.
However, nanotube vibration, due to their large length, will remain an important

issue until shorter nanotubes can be grown controllably.

Nanotube tips can be modified chemically by attachment of functional groups.
Because of this, nanotubes can be used as molecular probes, with potential
applications in chemistry and biology.
Other applications are the following:
» A pair of nanotubes can be used as tweezers to move nanoscale
structures on surfaces
» sheets of SWNTs can be used as electromechanical actuators,
mimicking the actuator mechanism present in natural muscles.
» SWNTs may be used as miniaturized chemical sensors. On exposure
to environments, which contain NO2, NH; or O, the electrical

resistance chances.

nanocore

Silver paste

Figure 1.11 Use of a MWNT as AFM tip [21].
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1.5.6 Transistors

SWNTs are a very important variety of carbon nanotube because they exhibit
important electric properties that are not shared by the MWNT variants. Single-
walled nanotubes are the most likely candidate for miniaturizing electronics
beyond the micro electromechanical scale that is currently the basis of modem
electronics. The most basic building block of these systems is the electric wire, and
SWNTs can be excellent conductors [22]. Nanotube based transistors have been
made that operate at room temperature and that are capable of digital switching
using a single electron [23]. One useful application of SWNTs is in the
development of the first intra-molecular field effect transistors (FETs). The
production of the first intra-molecular logic gate using SWNT FETs has recently
become possible as well [24]. To create a logic gate, both a p-FET and an n-FET
are required. Because SWNTs are p-FETs when exposed to oxygen and n-FETSs
when unexposed to oxygen, it is possible to protect half of a SWNT from oxygen
exposure, while exposing the other half to oxygen. This results in a single SWNT
that acts as a NOT logic gate with both p and n-type FETs within the same

molecule.

1.6 Synthesis and Purification

Techniques have been developed to produce nanotubes in sizeable quantities,
including arc discharge, laser ablation, high pressure carbon monoxide (HIPCO),
and chemical vapor deposition (CVD). Most of these processes take place in
vacuum or with process gases. CVD growth of CNTs can take place in vacuum or
at atmospheric pressure. Large quantities of nanotubes can be synthesized by these
methods; advances in catalysis and continuous growth processes are making CNTs
more commercially viable. The details of these technique are stated in appendix A.

Along with large scale synthesis of CNTs, another problem is the purification of

CNTs. CNT soot contains a lot of impurities. The main impurities in the soot are
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graphite (wrapped up) sheets, amorpﬁous caﬂabn, metal catalyst and the smaller
fullerenes. These impurities will interfere with most of the desired properties of the
CNTs. Also in the fundamental research, it is preferred to obtain CNTs as pure as
possible. In order to understand the measurements better, the CNT samples also
have to be as homogeneous as possible. The common industrial techniques use
strong oxidation and acid refluxing techniques, which have an effect on the
structure of the tubes. The purification of CNTs are also discussed in appendix A.

1.7 CNT Defects

After ideal structures without flaws, we discuss the possible or undesirable defects.
The defects can appear at the stage of CNT growth and purification or later on
during device or composite pfoduction. Moreover, defects in CNTs can
deliberately be created by chemical treatment or by irradiation to achieve the
desired functionality.

There are two types of defects, geometric defects and atomistic defects. The most
important atomistic defect “Stone-Wales” defect is a combination of two
pentagons and two heptagons (5-7-7-5 defect). This kind of defect causes little
change to the diameter and chirality and the deformation effect is rather local. And
this transformation effectively elongates the tube in the strain direction, releasing
the excess strain energy. This defect can be incorporated in a normal tube by 90°
rotation of carbon — carbon bond between two hexagons. This rotation changes
four neighboring hexagons into two pentagons and two heptagons as shown in
figure 1.12.

Another atomistic defect is vacancy defects. The removal of carbon atoms from the
hexagonal network of the CNT creates a number of carbon atoms with unsaturated
valence orbital. The excess energy arising from the unsaturated valence orbital
promotes reconstructions local to the vacancy, forming energetically more stable

configurations. For the one and two-atom vacancies, each has two possible
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reconstructed configurations, symmetric or asymmetric with respect to the axial
direction of the CNT, These reconstructions lead to dimensional changes local to
the defects. This defect affects the dimensions of the CNT only locally.

Geometric defects, such as bends and nanotube junctions, are introduced by
replacing a hexagon with a heptagon or pentagon (see figure 1.13[25]).
Deformations can be inward or outward and, among others, electrical properties
are seriously changed by these deformations.

(@)

®) (©)

Figure 1.12  (a) Stone-Wales defect formation by C-C rotation in the hexagonal
lattice (b) (9,0) CNT (c) (5,5) CNT with Stone Wales defect (indicated in yellow

color).
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Figure 1.13 Helicoidal graphite with heptagons, pentagons and hexagons [25].

Another class of defects is caused by impurities that are built in during or after the
nanotube growth process. Compounds that can be incorporated into the structure
are, for example, catalyst particles. The configurations of CNTs with vacancy
defects are presented in figure 1.14.

Figure 1.14 Typical vacancy defects in SWNT.
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1.8 Layout of the Thesis

For the convenience of presentation, the contents of this thesis are divided into five
chapters. Chapter-1 contains introduction about CNTs, potential applications of
CNTs and CNT defects. Chapter-2 contains the brief discussion on the available
literature related to the present investigation, justification of the present work and
objectives of this work. Chapter-3 contains a brief discussion on the MD, potential

functions and parameters for CNTs, simulation procedure and defect formation.

Chapter4 consists of results and discussions of present investigation. Conclusion

and recommendations are presented in Chapter-3.
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CHAPTER 02

LITERATURE REVIEWS



2.1 Introduction

Since the discovery of carbon nanotubes (CNTs) by lijima [2] in 1991, they have
received tremendous scientific and industrial interests. This is due to their exceptional
mechanical, electrical, and thermal properties. CNTs can be seen as dream materials
whose Young’s modulus and tensile strength are in the order of 1000 GPa and 200
GPa, respectively [26] whereas they are much lighter than conventional materials.
Due to high strength and stiffness, CNTs are ideal candidate for reinforcement of
various materials specially polymers. Having high strength and stiffness along with
better thermal and electric properties, CNTs are used in making nano-
devises/nanostructure like nano-probe for nano-scale metrology, micro- and nano-

electronics, sensors, actuators, field emitters etc.

2.2 Literature Review

Depending on the production process, CNTs are of different structures. They may be
single-walled nanotubes (SWNTs) or multi-walled nanotubes (M&NTS), straight or
curved tubes and zigzag or armchair nanotubes [26]. Outstanding mechanical
broperties hold for nearly perfect graphite structure of CNTs. Both stiffness and
strength of pristine CNT have been assessed experimentally t27, 28]. Most of the
employed methods are classical mechanical tests scaled down to the nanometer scale;
this scaling being in most cases a rather difficult task. There is also effort on the
evaluation of Young’s modulus of carbon nanotubes by micro-Raman spectroscopy
[29]. Tensile tests on macroscopic ropes have also given an estimate of Young's

modulus of CNTs [30].

‘The vibrational methods [31, 32] are the best experimental methods for determination
of the elastic constants of materials. In case of CNTs, most experiments were
interpreted in the framework of the Euler beam theory, which gives access to the

Young’s modulus considering only the first mode of vibration [32]. Nearly all types
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of nanotube structures have been measured by the vibration technique. Vibrating
methods are surely the most precise ones for measuring stiffness, but they cannot be
used for strength determination. Another set of experiments utilized an atomic force
microscope (AFM) to measure elastic modulus and strength of individual nanotubes
of various kinds [11, 33-36]. All these methods suffer from a lack of precision due to
the difficulty of calibrating the AFM lever on one hand, and measuring the geometry

of the tested nanotubes on the other.

The SWNT is supposed to be formed by rolling a graphene sheet and has a Young’s
modulus of about 1 TPa [37]. Another work also reported the Young’s modulus of 4.7
TPa [38]. However, some computétiona] studies found that the true moduli of the
nanotubes were far below the estimated values obtained from the graphene sheet.
Molecular dynamics (MD) simulation is one of the useful tools to estimate the
physical, mechanical and thermal properties of the nanotubes, because it is able to
reproduce the realistic nanotube structures. Several kinds of iocal defects, such as
Stone-Waals defect and dislocation of carbon atoms may influence the properties of
the nanotubes, which have been discussed in some computational work [39, 40}
Unfortunately, the accuracy of the calculation is highly dependent on the initial
boundary condition applied to the simulated models and the sizes of the systems.
Also, the weak van der Waals interaction between layers of MWNTs causes the
reduction of the mechanical strength subject to a uniaxial tensile load in nano-
composites. Besides, many theoretical works using the continuum mechanics
approach have been done to comprehensively investigate all the parameters that
influence the properties of nano-materials and to anticipate their macro-scale
properties. However, this method is somehow inaccurate and has to be combined with
the MD simulation. The time required for MD simulation is typically long and the

investment on facilities is also huge [41].

Although CNTs can now be readily produced, it is quite difficult to produce CNTs
with completely perfect structure. Usually there are various types of defects present in
the actual CNTs [37]. The defects can appear at the stage of CNT growth, purification
and latter on during devices and composite production. Moreover, defects in CNTs

can deliberately be incorporated during chemical treatment, irradiation to achieve the
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desired functionality. As an example of this, defects are expected to increase CNT
adhesion to a polymer matrix,[42,43] which should result in improvements of the
composite mechanical characteristics. Likewise, defects may enhance the overall
characteristics of bundles of SWNTS and MWNTs. In these structures the
interactions between intact nanotubes are governed by weak van der Waals forces, so
that the axial mechanical load is carried only by the SWNTs at the rope perimeter [33]
or by the outermost shell in MWNTSs. Thus, creating strong defect mediated covalent
bonds between SWNTs in bundles[44-49] or between shells of MWNTs [50] by, for
example, irradiation should provide load transfer to the inner tubes (shells). On the
other hand, irradiation will create not only covalent bonds between the tubes but also
defects in the atomic network. Very recent experiment [49] on electron irradiation of
carbon nanotube bundles followed by mechanical testing of the bundle bending
modulus (which is proportional to the Young’s modulus) indicate that small dose
irradiation gives rise to a very large improvement in the mechanical properties of
irradiated bundles. This result was understood in terms of irradiation-induced inter-
tube links which provided load transfer and correspondingly enhanced the shear
modulus inside the bundle. However, high-dose irradiation resulted in deterioration
of mechanical characteristics due to accumulation of the irradiation-induced damage,

and specifically vacancies, in the nanotube atomic network.

The most common types of defects are Stone-Waals defect and missing atoms
(vacancy) defect. These defects may influence the mechanical properties of CNTs to
some extent. Therefore, it is necessary to have a deep understanding about the effect
of defects on the mechanical properties of CNTs. There are few research works
regarding the mechanical properties characterization of defective CNTSs. It should be
mentioned here that due to the small size of CNTs, their experimental investigation is
quite challenging. Sammalkorpi [51] has calculated the Young’s modulus, tensile
strength, and critical strain of SWNTs with single vacancy defect of different sizes
under tensile loading using molecular dynamics (MD) simulation. They have found
that the nanotube Young’s modulus depends weakly on the vacancy concentration, a
relatively high defect density of one vacancy per 5 nm gives rise to a small decrease
in the Young’s modulus, about 3% only. Double and triple vacancies have a stronger

effect on the modulus. However, vacancy reconstructions by saturating dangling
24
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bonds diminish the degradation for the majority of the tubes. They have further shown
that vacancies have a much stronger effect on the tensile strength of nanotubes and
can degrade to 60% of the strength of intact tube. For the critical strain the effect can
be even more deleterious. The critical strain of the defective SWNT can be half of the
intact tube value. Similar to the nanotube Young’s modulus, the degradation of tensile
characteristics is partly alleviated by the ability of the nanotube carbon network to
heal the vacancy damage by saturating the dangling bonds. However, even
reconstructed defects decrease the tensile characteristics by 5-10% for the zig-zag
tubes and 10—15% (tensile strength) and 25-30% (critical strain) for the armchair
tubes. These results indicate that the Young’s modulus of nanotubes with defects will
essentially be the same unless the vacancy concentration is extremely high. On the
other hand, the tensile strength will substantially drop due to the quasione-
dimensional atomic structure of SWNTs if already a single vacancy is present—the
tensile strength of a SWNT is governed by the ‘weakest’ segment of the tube. Given
that a small number of defects are always present in nanotubes; this may explain why
the theoretically predicted Young’s modulus agrees well with the experimentally

measured values, while the tensile characteristics are much worse.

Zhang [52] have studied the effects of single vacancy defects on the fracture strength
of SWNTs using molecular and Continuum Mechanics (CM). They have used
numerical simulation, Molecular Mechanics (MM) and a coupled MM/CM
(Continuum Mechanics) method, to study the facture of CNTs under tensile load.
They have showed that MM calculations agrees with quantum mechanical (QM)
benchmarks, and indicated that one- and two-atom vacancies reduce the fracture
strength of CNTs by 20%—33% (whereas the QM calculations predict 14%-27%), but
these fracture strengths are still much higher than the experimental data. This
experimental and theoretical discrepancy can be attributed to the presence of large-
scale defects, such as those that may arise from oxidative purification processes.
Simulations on MWNTs and tubes twisted prior to tensile loading show negligible
effects on the fracture strength, which indicates that these are not the causes of low
experimental values. The effects of chirality and tube diameter on fracture strengths

are also investigated in their research.
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The effect of two neighboring defects (vacancy or Stone-Wales type) on the
mechanical properties of SWNTs under tensile loading has been investigated by
Tunvir et al. [53]. Their simulation was performed using classical molecular dynamics
at the atomic scale. It was found that two neighboring vacancy defects reduces the
failure strength as much as 46% and the failure strain as much as 80% in comparison
with those of pristine SWNTSs, while two neighboring Stone-Wales defects reduce

them as much as 34% and 70% respectively.

Elastic properties and tensile strength of defective SWNTs have been investigated by
Xia et al. [54). They have considered both vacancy and Stone-Wales defects and
examined axial and transverse Young’s modulus under different hydrostatic pressure
using MD and ab initio electronic structure calculation. They have determined both
the axial and the radial Young’s moduli and found that axial Young’s modulus is
significantly larger than the radial one at the same strain level. The elastic moduli are
changed with the strain level in a graded manner. The SWNTs are softened under
large tensile strains. SWNT’s are somewhat softer at 0.1 K than at room temperature.
The local strain induced by the defects lowers the tensile strength of the SWNT's
although the elastic moduli are not affected significantly by these defects. The strain
at failure for the SWNT’s under the hydrostatic stress is estimated to be about 17%.

The local bond breakage appears most likely around the defects.

Buckling behavior of double-walled nanotubes (DWNTs) with vacancy defects under
combined axial and radial load is studied by Shen et al. [55] using CM.

2.3 Justification

Understanding the role of defects is importance for at least three reasons:

(1) CNTs produced by CVD methods can contain a large quantity of defects

and impurities, which are expected to lower their mechanical strength.
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(2) A controlled introduction of defects can be used to tailor mechanical

behavior.

(3) Chemical purification and functionalisation treatments of CNTs, which are
recognized as necessary steps in the fabrication of various composites, inevitably

produce point defects.

Therefore, it is necessary to have better knowledge about the effects of defect and
defect density on the mechanical behavior of SWNT and MWNT under tensile and

compressive loads.

2.4 Objectives

The specific objectives of the present study are as follows:

a. To simulate perfect and defective SWNTs and DWNTSs of different diameter
and different slendemness ratio using MD simulation approach.

b. To investigate the effect of defect density (i.e., number of defects) on the
tensile strength and strain of SWNT's of different diameter.

¢. To investigate the effect of defect density (i.e., number of defects) on the
compressive strength and strain of SWNTs of different diameter with constant
slenderness ratio.

d. To investigate the effect of defect density (i.e., number of defects) on the
tensile strength and strain of DWNT.

e. To investigate the effect of defect density (i.e., number of defects) on the
compressive strength and strain of DWNT.

f. To compare the present MD simulation results with available results in the

literature.
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CHAPTER 03

MOLECULAR DYNAMICS
SIMULATION




3.1 Introduction

Molecular dynamics (MD) method is used to investigate the mechanical behavior of
pristine and defective SWNTs and DWNTs of different diameters in the current work.
In this chapter MD technique, potential functions, simulation algorithm, simulation
procedure, force and strain calculation procedures will be briefly discussed. The book
of Frenkel [56] and references cited therein are referred for a detailed description of

the background of this method.

3.2 Molecular Dynamics

MD simulation is a technique to compute the equilibrium and transport properties of a
classical many-body system. The time evolution of the system is needed to be
compute from some initial state using the fundamental laws of physics, ie. the
microscopic evolution equations of the system. MD simulations are in many respects
very similar to real experiments. It represents an interface between laboratory
experiments and theory, and can be understood as a ‘virtual experiment’. MD is a
form of computer simulation in which atoms and molecules are allowed to interact for
a period of time by approximations of known physics, giving a view of the motion of
the atoms. Because molecular systems generally consist of a vast number of particles,
it is impossible to find the properties of such complex systems analytically; MD

simulation circumvents this problem by using numerical methods.

3.3 Quantum Molecular Dynamics

The true evolution of the system will be described by the laws of quantum mechanics.
This means that, in order to compute the evolution of the system, we would need to

solve the time-dependent Schrédinger equation,
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ih%‘?(r,t) = H¥(r,1). (3.1)

Where, i is the imaginary unit, ¥ (r,#) is the wave function, #is reduced Plank’s

constant (A/2x), r is the position of the particle and H is the Hamiltonian operator.
For the N-particle, time-dependent wave function is ¥ (7, ,7;...... ry»t). However, the

task of finding the wave function of the system for N more than 4 or 5, is
extraordinarily difficult. To represent an n-dimensional function on a grid with M
points in each dimension requires M " points. For n=3N+1 and if N is larger than 4 or
5 the number of points become exponentially large, beyond the storage capacity of

modern-day computers, for example.

3.4 Classical Molecular Dynamics

The classical MD method is based on Newton’s second law or the equation of motion,
F=ma, where F is the force exerted on the particle, m is its mass and a is its
acceleration. From knowledge of the force on each atom, it is possible to determine
the acceleration of each atom in the system. Integration of the equations of motion
then yields a trajectory that describes the positions, velocities and accelerations of the
particles as they vary with time. From this trajectory, the average values of properties
can be determined. The method is deterministic; once the positions and velocities of
each atom are known, the state of the system can be predicted at any time in the future
or the past. MD simulations can be time consuming and computationally expensive.
However, computers are getting faster and cheaper. Newton’s equation of motion for
a particular particle is given by

F =ma,, (3.2)
where F; is the force exerted on particle i, m; is the mass of particle 7 and a; is the
acceleration of particle i The force can also be expressed as the gradient of the
potential energy,

F=-V.E. (3.3)

Combining these two equations yields
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a_,, 4

dr (34)

where E is the potential energy of the system and 7 is the position vector of particle 7.

Newton’s equation of motion can then relates the derivative of the potential energy to
the changes in position as a function of time.

The acceleration is given as the derivative of the potential energy with respect to the
position as

a=-L1E (3.5)

m dr
Therefore, to calculate a trajectory, one only needs the initial positions of the atoms,
an initial distribution of velocities and the acceleration, which is determined by the
gradient of the potential energy function. The equations of motion are deterministic,
e.g., the positions and the velocities at time zero determine the positions and velocities
at all other times, . The initial positions of the atom should be chosen compatible
with the structure that is aiming to simulate. The initial distribution of velocities are
usually determined from a random distribution with the magnitudes conforming to the

required temperature and corrected so there is no overall momentum, i.¢.,

P=>» mv, =0 (3.6)

[

M=

1

i

The velocities, v;, are often chosen randomly from a Maxwell-Boltzmann distribution
[56] at a given temperature, which gives the probability that an atom 7 has a velocity
v, in the x direction at a temperature T. The equation (3.7) shows the form of the

Maxwell-Boltzmann distribution.

e
27k, T

The temperature can be calculated from the velocities [56] using the relation

Y o myvi()
TU)=Z”"“"’”— , (3.8)
i=1 kﬂN J ’
where N= number of atoms in the system.
k= Boltzmann constant

Nr=number of degrees of freedom = 3N-3
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3.5 Molecular Dynamics Simulation for Nano-Scale Materials

Molecular dynamics is a well established simulation technique to study the properties
of nano-materials. There are different types of molecular dynamics. In classical
molecular dynamics, atomic positions are determined by solving Newton’s equation
of motion, F = Ma, where F is the force on an atom, M is the mass of the atom, and a
is the acceleration of the atom. The force on an atom can be calculated from the
change in energy between its current position and its later position a small distance
away. This can be recognized as the derivative of the energy with respect to the
change in the atom's position. Energy is expressed by the inter-atomic potential,
which varies from material to material. The procedure for a classical molecular-

dynamics simulation is laid out in figure 3.1.

Initialization
{(Specify atom position, velocity,
and other parameters)

v

Calculate force/energy for each

Apply boundary conditions

Find new position for each atom
solving equations of motions

Analysis and Visualization

Figure 3.1 Typical flow chart of molecular dynamics simulation.
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3.6 Fundamentals of the Simulation

In this work, simulations are performed to investigate the mechanical behavior of
pristine and defective SWNTs and DWNTSs. At first, SWNT or DWNT structure is
generated with known coordinate of each atom. Then molecular simulation is carried
out using the classical MD method [57], in which the Newtonian equations of motion
are solved numerically for a set of atoms. The velocity-Verlet algorithm [56] is used
for solving the Newtonian equations of motion. To control the temperature velocity
scaling is used. The Brenner potential [58] is used for carbon-carbon interaction in the
CNT and non-bonded interaction between the CNTs in case of DWNTs is modeled
with the Lennard-Jones potential [57]. Atoms of two rings of both ends of the
nanotube are moved rigidly with incremental displacement in outward and inward
direction for tension and compression, respectively. Applied force is calculated by

calculating the inter-atomic force of the atoms of the two rings of any end.

Effects of defects on the mechanical behavior of CNTs under tensile and compressive
loads are studied using MD simulation. Two types of defects — Stone Wales and
vacancy defects are considered here. To create Stone Wales defect, four neighboring
hexagons are converted into two pentagons and two heptagons with a 90° rotation of
the horizontal bond of the hexagonal structure whereas to create vacancy defects

carbon atoms are removed from the perfect hexagonal structure of the CNTs.

3.6.1 Potential Functions and Parameters for CNTs

The Brenner potential function [58], which is used for carbon-carbon interaction in

the CNT, is given as
Eo =2 2 Wa(r) =BV, ()} (3.9)

bl
Where E,,is the total potential energy and r, is the length of the bond between atom /

and atom j (see figure 3.2). Here V,(r,)and ¥ ,(r;) are pair-additive repulsive and
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attractive interactions, and B'; represents a many body coupling between the bond

from atom i to atom j and the local environment of atom i, given as

Vo) = £) e expl- YRS () (3.10)

V=1 exp{— ﬁE(r—Re )} @1

By = Bij ;Bﬂ > Brj :[1+ Z{Gc(gjjk)f(nk)}] (3.12)
ki, f

Figure 3.2 Orientation of Carbon atoms in a CNT structure.

In this equation, G,(6,,) is a function of the angle between bonds i-f and i-k, given

by

ct cl
6.6, )=a,|1+22 - 0 3.13
(’k) ﬂ[ d; dj+(1+cos6'. 3-15)

ik

Here f(r) is cut-off function whose value is as follows
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r{R,
fr)= +%cos{7(rg—__gl)z} R{r (R, . (3.14)
r )R,

Brenner [58] has proposed two sets of potential parameters. The first set of parameters
which are adapted here is shown below. It should be mentioned that the first set of
parameter can adequately represents the C-C interaction [58].

01 0

D, =6.325¢V §=1.29 B=15A R =1315 A,

LI}
a,=0.11304 ¢, =19 d,=2.5 R=195A,

3.6.2 Potential Functions and Parameters for Inter-Wall

Interactions

The nonbonded interfacial interaction between the CNTs and of DWNTs is modeled
with 12-6 Lennard-Jones potential [58], given by

E,., =4g{[i} —(Q] } (3.15)
¥ 4

where E. is the potential energy between a pair of atoms, r is the distance between

the pair of atoms, & is the potential well depth, and o is the van der Waals separation

distance. We adopt & = 0.276 kl/mol and o = 0.3468 nm [59] in the simulation.

3.6.3 Simulation Algorithm

The simulation proceeds iteratively by alternatively calculating forces and solving the
equations of motion based on the accelerations obtained from the new forces. In

practice, almost all MD codes use much more complicated versions of the algorithm,
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including two steps (predictor and corrector) in solving the equations of motion and
many additional steps, for example, temperature and pressure control, analysis and
output. In MD, the most commonly used time integration algorithm is the Verlet
algorithm, Verlet algorithm is a method used to integrate Newton's equations of
motion. It is frequently used to calculate trajectories of particles in MD simulations.
The Verlet algorithm offers greater stability, time-reversibility and area preserving
properties of physical system than the much simpler Euler method [58]. This

algorithm is not only one of the simplest, but also usually the best.

The Verlet algorithm reduces the level of errors introduced into the integration by
calculating the position at the next time step from the positions at the previous and
current time steps, without using the velocity. It is derived by writing two Taylor
expansions of the position vector F(¢) in different time directions

t A
r(z‘+At):r(t)+v(1f)‘dz‘+%‘dt2 +?r +0(at™y, (3.16)

m !
here, f(f)is force.‘

Similarly,
3
r(z‘—At)=r(t)—v(t)At+mAt2 —A—t‘f*'+O(At4) 3.17)
2m 3
Summing the equations (3.15) and (3.16),

Pt + A+ 1t — AD =2r(t) + &AIZ +0(At*)
. .

t

= r(t +At) as2r(t)—r(t—41t)+mm2 (3.18)
m

The estimate of the new position contains an error that is of order Ar!, where Aris the

time step in MD scheme. However, it is possible to obtain more accurate estimates of

the velocity and thereby of the kinetic energy using velocity Verlet algorithm. The

velocity Verlet algorithm is the form of Verlet algorithm that uses positions and

velocities computed at equal times. This algorithm looks like a Taylor expansion for

the coordinates:

P+ M) = r(t)+v(t)At+—f2(—t)At2 + O(A%) (3.19)
m
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For the velocity:

f(t)

vt + At) =v(t) + —=Af + —— S0 Ar? (3.20)
2m :

For force:

fl+4)=f()+ f(H)a
= 'Ot = f(t+ 40— f(2)

Putting the value of equation (3.21) in equation (3.20), the expression for updated

(3.21)

velocity becomes:

Wt + Af) = v(t) + f(”i’”f(’) At (3.22)
n

3.6.4 Initialization

To begin a MD simulation, first of all, an initial configuration of the system is chosen
and =0 is set for starting. The choice of the initial configuration must be done
carefully as this can influence the quality of the simulation. It is often good to choose
a configuration close to the state that is going to be simulated. The particles should
not be positioned at positions that result in an appreciable overlap of the atomic or

molecular cores.

3.6.5 Relaxation

Prior to starting a molecular dynamics simulation, it is advisable to do an energy
minimization of the structure. Relaxation is the energy minimization without applying
Joading. In this simulation, relaxation is done by the conjugate energy minimization
method and 100 MD steps for equilibration of the system. During the relaxation, the
atoms in both ends are kept fixed in their position. When the energy variation with
two successive steps is less than 0.01% the relaxation is stopped. Relaxation flow
chart is shown in the figure 3.3. For simplicity, only x-component of force, x-

component of velocity and x-component of position are shown in the flow chart.
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3.6.6 Loading

Loading can be done by two ways: 1) by displacing 2) by force. This simulation is
done by displacement method. The atoms of two extreme layers of both ends of the
CNT are displaced to a fixed amount (0.0005 nm) in z-direction in every iteration
followed by conjugate energy minimization and 100 MD steps for equilibration of the
system and strain, force and stress are calculated. In fact, programming procedures in
case of relaxation and loading condition are nearly same. The only difference is in the
position calculation. In relaxation, atoms of two extreme end rings are fixed in their
position. But in case of loading, atoms of two extreme end rings are moved axially
outward or inward. The flow chart for loading is shown in the figure 3.4. For
simplicity, only x-component of force, x-component of velocity and x-component of

position are shown in the flow chart.

3.6.7 Force Calculation

The most time consuming part of the molecular dynamics simulation is the calculation
of the force acting on every particle. If a model system with pair wise additive
interactions is considered, the contribution to the force on particle / due to all its
neighbors should also be considered. When interactions between a particle and the
nearest image of another particle is considered only, N(N-1)/2 pair distances must be

evaluated for a system of N particle.
If a given pair of particles is close enough to interact, the force between these particles

can be calculated by differentiating the potential energy between these two atoms. For

example, x-component of the force acting on a particle is -

__OE(r) _ _(x 2E()
f(r)= B [r)( o ) (3.23)
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Figure 3.3 Flow chart of relaxation.
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3.6.8 Velocity Scaling for Temperature Control

To keep the temperature constant during the simulation, velocity scaling is performed

after every few steps according to the following way:

2
T= (3.24)

Here,
T= current temperature
v = velocity
m= mass
k,= Boltzmann constant

The velocity of every atom in x, y & z direction is scaled by the following equation

ini

v=v where, T, = initial temperature.

3.7 Tensile and Compressive Test Procedure

To examine the effects of defects on the mechanical propierties of nanotube, tensile
and compressive tests are conducted using molecular dynamics simulations for both
armchair SWNTs and DWNTs. Both pristine CNTs (i.e., CNTs without defects) and
defective CNTs are considered in the simulations. In the MD simulation, the atoms of
two rings of both ends of the nanotube are moved with incremental displacement of
0.0005 nm. Each incremental displacement of the CNT is followed by the conjugate
energy minimization method and 100 molecular dynamics steps for equilibration of
the system. In molecular dynamics simulations, equations of motion are solved using
the velocity-Verlet algorithm with time step of 0.1 fs. The temperature of the system
is kept constant at 300 K and controlled by velocity scaling. During the equilibration

period, ends atoms are kept fixed in plane.
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Figure 3.4 Flow chart of loading.
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Atomistic model of the tensile test of SWNT is shown in the figure 3.5. Here tensile
load is applied by displacing rigidly two rings of each ends axially outward. Atomistic
model of the compressive test of SWNT is shown in the figure 3.6. Here compressive

Joad is applied by displacing rigidly two rings of each ends axially inward.

——>
—>
—>
(—._m
L‘) -
Figure 3.6 Atomistic model for compressive test.
Stress Calculation
Stress is calculated using the following formula:
F .
c=_. 3.24
S (3.24)

The axial force F = F, — Fp, where, F; = the total inter atomic force at the
corresponding  strain, and Fp = the total inter atomic force at zero strain.”Cross-
sectional area S = 7dh , where d is the diameter of the CNT and 4 is the thickness of
the CNT (see figure. 3.7) and /#= 0.34 nm is used.
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Figure 3.7 Cross section of a SWNT.

Strain Calculation

Strain is calculated according to the following formula:

_ Ll _Lu
L

P (3.25)

Where, &= axial strain, L,=initial length of the CNT , and L,= current length of

the CNT.

3.8 Defect Formation

Effects of defects and defect density on the mechanical behavior of CNTs under
tensile and compressive loads are studied using MD simulation in this work. Two
types of defects — Stone-Wales and vacancy defects with different defect density are

considered here.

To create Stone-Wales defect, four neighboring hexagons are converted into two

pentagons and two heptagons with a 90° rotation of the horizontal bond of the
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hexagonal structure as shown in the figure 3.8. In case of single Stone-Wales defect
the defect is placed at the middle ring of the CNT structure whereas in case of three
Stone-Wales defects the other two defects are placed in equal distance from the defect
at the middle as shown in figure 3.9 . The orientations of all three defects are in the

same vertical line.

Figure 3.8 Structure of CNT with a) pristine structure, b} one Stone-Wales defect.

To create vacancy defects, carbon atoms are removed from the perfect hexagonal
structure of the CNTSs creating a vacancy at the place of missing atom. This is shown
in the figure 3.10. In case of single vacancy defect the defect is placed at the middle
ring of the CNT structure whereas in case of three vacancy defects the other two
defects are placed in equal distance from the defect at the middle as shown in the

figure 3.11. The orientations of all three defects are in the same vertical line.
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(a) (b)
Figure 3.10 Structure of CNT with a) pristine structure, b) one vacancy defect.
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Figure 3.11 Structure of CNT with three vacancy defects.
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CHAPTER 04

RESULTS & DISCUSSIONS



4.1 Introduction

The strength of a material refers to the material's ability to withstand the developed
stress without failure. Stress is the ratio of developed internal load to the cross-
sectional area of an element. Compressive (or compression) stress is the stress state
caused by an applied load that acts to reduce the length of the material (compression
member) in the axis of the applied load. Tensile stress is the stress state caused by an
applied load that tends to elongate the material in the axis of the applied load. The
tensile strength or compressive strength of a material is the maximum amount of
tensile or compressive stress that it can sustain before failure or buckling. The
definition of failure can vary according to material type and design methodology. This
is an important concept in engineering, especially in the field of material science,
mechanical engineering and structural engineering. Strain is the unit deformation of
the geometry of an element. Stress-strain diagram shows the stress-strain response and
many important mechanical properties for a material. These properties depend greatly
on the material’s chemical composition and several other factors of fabrication and
service conditions. Since stress is proportional to load and strain is proportional to
deformation, this implies that stress is proportional to strain. Hooke's law is the
statement of that proportionality and this limit is known as proportional limit. Stress-
strain curve remain straight line up to this proportional limit. The proportional
constant, E, is the modulus of elasticity, Young's modulus or the tensile modulus is
the material's stiffness. Elasticity is the ability of a material to return to its previous
shape after stress is relcased. Elastic limit is the stress beyond which the material will
not return to its original shape when unloaded. Other concepts developed from the
stress-strain curve are yield point, yield strength, ultimate strength, rapture strength
etc. Yield point is the point at which there is an appreciable elongation or yielding of
the material without any corresponding increase of load. The corresponding stress is
called yield stress. Yield strength is closely related with yield point. All materials do
not have well defined yield point. For this reason yield strength is often defined by
offset method. This consists of drawing a line parallel to initial tangent of stress-strain
curve at 0.2 or 0.5% strain. As shown in figure 4.1, the intersection of this line with

the stress-strain curve is called the yield strength. The ultimate stress or ultimate
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strength is the highest ordinate on the stress-strain curve. The rapture strength is the

stress at failure and corresponding strain is known as failure strain.

Stress

Yield strength

O

» " Strai
. 0.2% offset o

Figure 4.1 Yield strength determination by offset method.

Single-walled and double-walled carbon nanotubes (SWNTs and DWNTs) with
perfect structure, vacancy defects and Stone-Wales defects are simulated with
Molecular Dynamics (MD) in this work. The mechanical behavior of defective
nanotubes under tensile and compressive load are studied and compared with those of

pristine nanotubes (i.e. nanotubes without defects).

4.2 Validation of the MD Code

In order to validate the present MD simulation code, the stress—strain response is
simulated for a (7,7) SWNT with a length-to-diameter ratio L/D=8. The results of the
current simulation is compared with the results of Yeak et al. {60] as depicted in

figure 4.2 (a). It is observed that the present simulation stress—strain results deviate
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L] L]
slightly from the results of Yeak et al. The present simulation results yield a slightly

higher failure strain and failure stress because of the different values of potential
parameters used in the simulations. It is seen that if the values of Brenner parameter,
R, and R» [58] change the failure stress and strain also change (Figure 4.2(b)). Since
we are concerned about the Young’s modulus and failure behavior of the CNTs, we

consider the maximum values of R; and R; [61].
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Figure 4.2 Stress-strain behavior of a (7,7) SWNT under axial tension. (a) Comparison

with literature, (b) effect of potential parameters R & Ra.
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4.3 Results and Discussions

To examine the effects of defects on the mechanical properties of nanotube, tensile
and compressive tests of (3,3), (4.4), (5,5), (6,6), (7.7) armchair SWNT and
((3,3),(8,8)) DWNT are conducted using molecular dynamics simulations. Perfect
structure, vacancy defects, and Stone Wales defects with different density are
considered for simulation. The physical specification of the SWNT are listed in the
table 4.1. Failure strength, failure strain and modulus of elasticity for tensile and
compressive load are calculated. Failure behaviors of nanotubes under tensile and

compressive loads are also examined.

Table 4.1 SWNTs specification

Number of Atoms

Diameter Length Aspect .
CNT index Ratio o .(:NT CNT with
vd Pristine with one three
(nm) (nm) (V) CNT vacancy  vacancy
defect defects
(3,3) armchair ~ 4.13x10"  3.49 8.46 174 173 171
(4,4) armchair  5.50x10" 4.49 8.16 296 295 293
(5,5) armchair ~ 6.87x10"  5.74 8.34 470 469 467
(6,6) armchair ~ 8.25%10 6.73 8.16 660 659 657
' (7,7) armchair ~ 9.63x10 7.73 8.03 882 881 879

4.3.1 Tensile Test of Pristine SWNT

The stress-strain curve of (3,3), (4,4), (5,5), {(6,6) and (7,7) pristine SWNT are
presented in the figures 4.3 to 4.7. It is found from the figures that the SWNT do not
have a well defined yield point. Since there is no well defined yield point, therefore
vield strength is calculated by offset method (see figure 4.1). The yield strength is

calculated at 0.2% strain. The average yield strength found for different diameter
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SWNT is about 103 GPa. When SWNT is loaded above the yield strength, it begins to
‘neck’ (see figure 4.8) as the cross sectional area of the nanotube decreases due to
plastic flow. The snap shot of SWNT for tensile test at different strains are shown in
figure 4.9. When necking become substantial, it may causes reversal of the
engineering stress-strain curve, where decreasing stress correlates to increasing strain
because of geometric effect. From the stress-strain curves of SWNT, it is seen that the

ultimate strength and failure strength are the same. This is the character of typical

brittle materials.

The Young’s modulus of elasticity is calculated from the slope of the stress-strain
curve. It is found that the Young’s modulus varies significantly with diameter. The
variation of Young’s modulus with diameter is presented in the figure 4.10. It is found

from the figure that Young’s modulus increases as the diameter increases.
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-
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Figure 4.3 Tensile stress versus strain curve for (3,3) pristine SWNT,
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Figure 4.4 Tensile stress versus strain curve for (4,4) pristine SWNT.
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Figure 4.5 Tensile stress versus strain curve for (5,5) pristine SWNT.
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Figure 4.6 Tensile stress versus strain curve for (6,6) pristine SWNT.
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Figure 4.7 Tensile stress versus strain curve for (7,7) pristine SWNT.
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Figure 4.8 Snap shot of necking of a (5,5) pristine SWNT.

The failure stress variation with diameter is illustrated in the figure 4.11. It is seen that
the variation of the failure stresses with the diameter of the SWNTs is negligible. The
failure stress decreases only by 1.3% with the increase of diameter by 233%. The
failure strain versus diameter curve is presented in the figure 4.12. It is found that the
variation of failure strains with the diameter of SWNT is also negligible. Failure strain

decreases by 4.23% for the increase of diameter by 233%.
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Figure 4.9 Snap shot of tensile test of (5,5) pristine SWNT (a) at 0% strain, (b) at 18%

strain, (¢} failure at 34% strain.
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Figure 4.10 Young’s modulus versus diameter curve for pristine SWNT
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Figure 4.11 Failure stress versus diameter for pristine SWNT.
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Figure 4.12 Failure strain versus diameter curve for pristine SWNT.

4.3.2 Compressive Test of Pristine SWNT

Like tensile tests, compressive tests are also performed for SWNTs with various
diameters. Again, for each diameter, different slenderness ratio is taken under
consideration. The end condition of the CNTs for the simulation used is fixed-fixed.
The buckling behavior of the SWNT as column is observed for larger slendemess
ratio. The stress-strain curve of (3,3), (4,4), (5,5) and (6,6) pristine SWNT under
compressive loads are presented in the figures 4.13 to 4.16. The nature of the stress-
strain curve of SWNT under compressive load is almost similar to that of stress-strain
curve under tensile load. The Young’s modulus is calculated from the slope of the
stress-strain curve under compressive load. For CNT with specific diameter, Young’s
modulus in compressive test is found almost the same as that found in the tensile test.
The variation of Young’s modulus with diameter is presented in the figure 4.17. It is

seen from the figure that Young’s modulus increases as the diameter increases.
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The critical stress (i.e. failure stress) veréus slenderness ratio curve is presented in
figures 4.18 to 4.21. The results obtained from MD simulations are compared with
results obtained from theoretical parabolic and Euler equation. The comparisons are
also presented in these figures. Critical slenderness ratio of particular CNT is
calculated at half of the corresponding yield strength using the Euler equation [61].
Based on the critical slenderness ratio, the columns are divided as short column and
long column. From the figures it is clear that MD simulation results are well agreed
with those of theoretical parabolic equation for long columns and theoretical Euler

equatton for short columns.

During the compressive tests deformation pattern of SWNTs with different
slenderness ratios are observed. Two types of deformations namely crushing ( or
kinking) and buckling are found for different slenderness ratios of SWNT and these
are shown in figures 4.22 and 4.23. It is observed that crushing occurs at lower

slenderness ratio whereas buckling is found at higher slenderness ratio.
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Figure 4.13 Compressive stress versus strain curve for (3,3) pristine SWNT.
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Figure 4.14 Compressive stress versus strain curve for (4,4) pristine SWNT.
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Figure 4.15 Compressive stress versus strain curve for (5,3) pristine SWNT.
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Figure 4.16 Compressive stress versus strain curve for (6,6) pristine SWNT.
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Figure 4.17 Young’s modulus versus diameter curve for pristine SWNT under

compressive load.

57




L1

500
450
400
350
300
250
200
150
100

50

Critical Stress. o, (GPa)

Figure 4.18 Ciritical stress versus slenderness ratio curve for (3,3) SWNT.

160
140
120
100
80
60
40

Critical Stress, o (GPa)

20

Figure 4.19 Critical stress versus slenderness ratio curve for (4,4) SWNT.

=—o¢— Euler Equation
—&— MD simulation

= & = Parabolic Equation

Short column Long column

10 20 30 40

Slenderness ratio, I’k

50

—&— Euler Equation
—€— MD Simulation

— & - Parabolic Equation

Short column Long column

10 20 30 40 50

Slenderness ratio, Vk

58

60




Critical Stress, o, (GPa)

Critical Stress. o, (GPa)

600

500

400

300

200

100

300

250

200

150

100

50

—&=— Euler Equation
—&— MD Simulation
r - & = Parabolic Equation
Short column Long column
0 10 20 30 40 50 60
Slenderness ratio, Ik
Figure 4.20 Critical stress versus slenderness ratio curve for (5,5} SWNT. ‘
i —o— Euler Equation
—&— MD Simulation
I - & - Parabolic Equation
Short column Long column
0 10 20 30 40 50 60

Slenderness ratio, Vk

Figure 4.21 Critical stress versus slenderness ratio curve for (6,6) SWNT.
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Figure 4.22 Snapshot of (5,5) SWNT with /k=10.13 under compressive load

a) undeformed, b) crushing (or kinking).

Figure 4.23 Snapshot of (3,3) SWNT with 1/k=43.57 under compressive load

¥

a) undeformed, b) buckling.
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4.3.3 Tensile Test of Defective SWNT

As with any other material, the issue of defects cannot be neglected when trying to
analyze the properties of the nanotube or its composites. Considering only perfect
nanotubes is oversimplified. The effect of presence of vacancy and Stone-Wales
defect in SWNT with various defect densities are studied in this section. Here (3,3),
(4,4), (5,5), (6,6) and (7,7) defective SWNT of same aspect ratio ( i.e. l/d) is studied
for tensile test. The tensile test procedure is exactly same as that of pristine tensile

test of pristine SWNT.

The stress-strain curves of defective SWNT along with pristine SWNT are shown in
figure 4.23. Tt is seen from the figure that the defective structure behaves similar
manner as pristine structure. Looking at the stress-strain curve it is seen that Young’s
modulus does not change for defective SWNTs significantly. But failure strength and
failure strain change due to the presence of vacancy defects in the SWNTs. Failure
strength is almost same for one vacancy defect and three vacancy defect but failure
strain increases with the increase of defect density (i.e. number of defects). Figures
4.24 and 4.25 also show that with the increase of vacancy defects or Stone-Wales
defects slope of the stress-strain curve at higher strain decreases and behaving like
softer materials which indicates lower stiffness /strain hardening at relatively larger

deformation.

This is more explicitly shown in the figure 4.26. With the presence of one vacancy
defect and three vacancy defects, tensile strength of the nanotube reduces by 16.19%
and 16.66% on an average, respectively, for different diameter. However, in case of
Stone-Wales defect this reduction in strength is only 9.58% and 9.27% for one Stone-
Wales defect and three Stone-Wales defects. The figure shows that as the number of
defects increases, the strength is hardly influence by the number of defects. Because,
stress concentration occurs at a specific single defect site from where fracture of the
nanotube starts. These can be clear from observing the snapshots in figures 4.27 to
4.30 where SWNT failure is shown for one and three vacancy and Stone-Wales

defects.
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Figure 424 Comparison of stress-strain curves of pristine and defective (with
vacancy defect) (3,3) SWNT under tensile load. /
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Figure 4.25 Comparison of stress-strain curves of pristine and defective (with
Stone-Wales defect) (3,3) SWNT under tensile load.
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Figure 4.26 Comparison of failure strength of different defective and
pristine SWNTs of different diameters under tensile load.
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Figure 4.27 Snap shot of tensile test of (3,3) defective SWNT with one

vacancy defect (a) at 0% strain, (b) at 10% strain, (c) failure at 20% strain.
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Figure 4.29 Snap shot of tensile test of (3
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Stone-Wales defect

Figure 4.30 Snap shot of tensile test of (4,4) defective SWNT with three
Stone-Wales defect (a) at 0% strain, (b) at 20% strain, {c) failure at 33% strain.

4.3.4 Compressive Test of Defective SWNT

The effect of presence of vacancy and Stone-Wales defects in SWNTs with various
densities are studied in this section. Here (3,3), (4.4), (5,5}, (6,6) and (7,7) defective
SWNTs of same slenderness ratio ( i.e. 1/’k) are considered for compressive test. The
compressive test procedure is exactly the same as that of compressive test of pristine

SWNTs.

Figure 4.29 shows the comparison of failure strength of pristine SWNT and SWNT
with one and three vacancy defects. As seen in the figure, the presence of vacancy
defects reduces the compressive strength of the nanotube about 33.97% and 34.95%
for one vacancy defect and three vacancy defects, respectively. As the number of
defects increases there is hardly any influence of extra defects on the compressive
strength. Snap shot of compressive test of (4,4) SWNT with one and three vacancy

defects are shown in figures 4.30 and 4.31.
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Figure 4.31 Comparison of failure strength of pristine and vacancy defect

SWNT of different diameter (I/d=8.04) under compressive load.

vacancy
defect

(a) (b) ©
Figure 4.32 Snap shot of compressive test of defective (4,4) SWNT (I/k=38.20)
with one vacancy defect, (a) at 0% strain, (b) at 2% strain, (c) failure at 5% strain.
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Figure 4.33 Snap shot of compressive test of defective (3,3) SWNT (1/k=34.34) with

three vacancy defects (a) at 0% strain, (b) at 1% strain, (c) failure at 5% strain.

Figure 4.32 shows the comparison of failure strength of pristine SWNT and SWNT
with one and three Stone-Wales defects. As seen in the figure, the presence of Stone-
Wales defects reduce the compressive strength of the nanotube about 29.80% and
31.46% for one and three Stone-Wales defects, respectively. As the number of defects
increases there is hardly any influence of extra defects on the compressive strength.
Because, stress concentration occurs at a specific single defect site from where
buckling of the nanotube starts. Snap shot of compressive test of (3,3) SWNT with
one and three Stone-Wales defects are shown in figures 4.33 and 4.34.
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Figure 4.34 Comparison of failure strength of pristine and Stone-Wales defect
SWNT of different diameter (1/d=8.04) under compressive load.

(a) (b) (©)
Figure 4.35 Snap shot of compressive test of defective (3,3) SWNT (I/k=34.34) with
one Stone-Wales defect (a) at 0% strain, (b) at 1% strain, (c) failure at 5% strain.
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Figure 4.36 Snap shot of compressive test of defective (3,3) SWNT (I/k=34.34) with
three Stone-Wales defect (a) at 0% strain, (b) at 1% strain, (c) failure at 3% strdin.

4.3.5 Tensile Test of Pristine and Defective DWNT

The effect of presence of vacancy and Stone-Wales defects in DWNTs with various
orientations is studied in this section. Here ((3, 3), (8, 8)) pristine and defective
DWNTs of same length are studied. The tensile test procedure and initial conditions is

exactly the same as that of the tensile test of SWNT.

Figure 4.35 shows the failure stress of defective and pristine DWNTs. It is seen that
failure stress decreases due to presence of defects. The failure strength decreases by
15% of pristine DWNT for one vacancy defect at the middle of either outer or inner
tube. However, failure strength decreases by 22% of pristine DWNT for one vacancy

defect at the middle of both inner and outer tube.
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The failure strength decreases by 10% and 31% of pristine DWNT for one Stone-
Wales defect at the middle of outer tube only and inner tube only respectively.
However, failure stress decrease by 36% for one Stone-Wales defect at the middle of

both inner and outer tube,

140
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120

160
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<

60 I

40 |

Failure stress, ¢ (GPa)

20 ¢

Perfect tube Both tube deffective Qutertube deffective Innertube deffective

Figure 4.37 Comparison of failure stress of pristine and defective DWNT

under tensile test.

Figure 4.36 represent the snap shots of tensile test of a ((3,3),(8,8)) DWNT with one
vacancy defect on each tube. It is found from the figure that necking of the tube starts
at 8% strain and the tube fails at the defect site. This is because stress concentration
occurs at the specific defect site. The similar phenomenon is observed in case of

Stone-Wales defects.
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Figure 4.38 Snap shot of tensile test of ((3,3),(8,8)) defective DWNT (a) at 0%

strain, (b) at 8% strain, (c) failure at 19% strain.

4.3.6 Compressive Test of Pristine and Defective DWNT

The effect of presence of vacancy and Stone-Wales defects in DWNTs with various
orientations is studied in this section. Here ((3, 3), (8, 8)) pristine and defective
DWNTs of same length are studied for compressive test. The compressive test

procedure is exactly the same as that of the compressive test of SWNT.

Figure 4.37 shows the failure stress of pristine and defective and pristine DWNTs. It
is clear from the figure that the failure stress decreases if there is defect in any of the

tubes of DWNT. The failure strength decreases by 16% of pristine DWNT for one
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vacancy defect at the middle of either outer or inner tube. However, failure strength
decreases by 20% of pristine DWNT for one vacancy defect at the middle of both

inner and outer tube.
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Figure 4.39 Comparison of failure stress of defective ((3,3),(8,8)) DWCNT
(1/k=15.29) and pristine DWNT under compressive test.

The failure strength decrease by 14% of pristine DWNT in case of one Stone-Wales
defect at the middle of either outer or inner tube. However, the failure strength
reduces by 16% for one Stone-Wales defect at the middle of both inner and outer

tube.
Figure 4.38 represent the snap shots of compressive test of a ((3,3),(8,8)) DWNT with

one vacancy defect on each tube. It is found from the figure that the tube buckles at

the defect site. This is because stress concentration occurs at the specific defect site.
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(a) (b) (©)

Figure 4.40 Snap shot of compressive test of defective ((3,3),(8,8)) DWCNT

(1/k=15.29) (a) at 0% strain, (b) at 4% strain, (c) failure at 7% strain.

73



CHAPTER 05

CONCLUSIONS &
RECOMMANDATIONS



5.1 Introduction

Carbon Nanotubes (CNTs) have exceptional mechanical, electrical, and thermal
properties. CNTs having perfect structure (i.e., structure without any defect) hold very
high mechanical properties. However, defects in CNTs affect their these exceptional
properties. In this work mechanical properties of CNTs with defects are studied under

both compressive and tensile loads using molecular dynamics (MD) simulaticns.

In this work both single-walled and double-walled carbon nanotubes (SWNTs and
DWNTs) with perfect structure, vacancy defects and Stone-Wales defects are
simulated with MD. Five armchair SWNTs having indexes of (3,3), (4,4), (5,5), (6.6)
and (7,7) and one armchair DWNT having index of ((3,3),(8,8)) are considered. To
create Stone-Wales defect, four neighboring hexagons are converted into two
pentagons and two heptagons with a 90° rotation of the horizontal bond of the
hexagonal structure of the CNT whereas to create vacancy defects carbon atoms are
removed from the perfect hexagonal structure of the CNTs. Molecular simulations are
carried out using the classical MD method, in which the Newtonian equations of
motion are solved numerically for a set of atoms. The velocity-Verlet algorithm is
used for solving the Newtonian equations of motion. The Brenner potential is used for
carbon-carbon interaction in the CNT and non-bonded interaction between the CNTs
in DWCNTs is modeled with the Lennard-Jones potential. Temperature of the system
is controlled by velocity scaling. In the simulation, tensile and compressive loads are
applied by moving the end atoms of the CNTs rigidly outward and inward directions

respectively.

Results and discussions have been presented in Chapter 4. Main findings and

recommendations are given in current chapter.
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5.2 Conclusions

The following major conclusions can be drawn from the current investigation:

1.

From the tensile test of pristine SWNTs, it is found that Young’s modulus varies
with CNT diameter significantly. However, failure strength and failure strain’
remain almost same with variation of diameter.

From the compressive test of pristine SWNTs, it is seen that failure strength.
decreases with the increase of slenderness ratio and the MD simulation results
well agree with theoretical Euler’s equation for long column.

The SWNTs with defects fail at lower tensile strength than that of pristine
SWNTs. Tensile failure strain increases with increase of defect density which
means that the SWNTs with higher defect density behaves as soft material. Withlj
the presence of one vacancy defect and three vacancy defects, tensile strength of-‘
the nanotube reduces by 16.19% and 16.66% on an average respectively for
different diameter. However, in case of Stone-Wales defect this reduction in
strength is only 9.58% and 9.27% for one Stone-Wales defect and three Stone-
Wales defects.

The presence of vacancy defects reduces the compressive strength of the nanotubei.‘
about 33.97% and 34.95% for one vacancy defect and three vacancy defects,
respectively. In case of Stone-Wales defects, the compressive strength of the:
nanotube is reduced about 29.80% and 31.46% for one and three Stone-Wales
defects, respectively. |
From the tensile test of DWNT with vacancy defect, it is seen that the failure
strength decreases by 15% of pristine DWNT for one vacancy defect at the middle
of either outer or inner tube. However, failure strength decreases by 22% of
pristine DWNT for one vacancy defect at the middle of both inner and outer tube.
The failure strength decreases by 10% and 31% of pristine DWNT for one Stone-
Wales defect at the middle of outer tube only and inner tube only respectively.
However, failure stress decrease by 36% for one Stone-Wales defect at the middle
of both inner and outer tube.

From the compressive test of DWNT with vacancy defect, the failure strength
decreases by 16% of pristine DWNT for one vacancy defect at the middle of

either outer or inner tube. However, failure strength decreases by 20% of pristine
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DWNT for one vacancy defect at the middle of both inner and outer tube. The
failure strength decrease by 14% of pristine DWNT in case of one Stone-Wales
defect at the middle of either outer or inner tube. However, the failure strength
reduces by 16% for one Stone-Wales defect at the middle of both inner and outer

tube.

5.3 Recommendations

Following recommendations can be suggested for further improvement:

1. CNTs with larger diameter and length can be simulated for further
investigation.

2. Multi-walled nanotubes (MWNTSs) with three or more layers can be simulated
to investigate the effect of defects.

3. Cross-link between inter wall of MWNTs can be considered for further
studies.

4. The results obtained by MD technique can be compared with other methods
like Quantum Mechanics (QM), Continuum Mechanics (CM) or Finite
Element (FE)} technique.

5. The results presented in current study are obtained from computer simulation.

These results can be verified by experiment.
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Arc Discharge

The carbon arc discharge method, initially used for producing Ceo fullerenes, is the
most common and perhaps easiest way to produce CNTs as it is rather simple to
undertake. However, it is a technique that produces a mixture of components and

requires separating nanotubes from the soot and the catalytic metals present in the

crude product.
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Figure A-1 Experimental set-up of an arc discharge apparatus [63].

This method creates nanotubes through arc-vaporization of two carbon rods placed
end to end, separated by approximately 1mm, in an enclosure that is usually filled
with inert gas (helium, argon) at low pressure {(between 50 and 700 mbar) as shown in
the figure A-1. A direct current of 50 to 100 A driven by approximately 20 V creates a
high temperature discharge between the two electrodes. The discharge vaporizes one

of the carbon rods and forms a small rod shaped deposit on the other rod. Producing
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nanotubes in high yield depends on the uniformity of the plasma arc and the

temperature of the deposit form on the carbon electrode [63].

Different diameter distributions have been found depending on the mixture of helium
and argon. These mixtures have different diffusions coefficients and thermal
conductivities. These properties affect the speed with which the carbon and catalyst
molecules diffuse and cool, affecting nanotube diameter in the arc process. This
implies that single-layer tubules nucleate and grow on metal particles in different
sizes depending on the quenching rate in the plasma and it suggests that temperature
and carbon and metal catalyst densities affect the diameter distribution of nanotubes.
Depending on the exact technique, it is possible to selectively grow SWNTs or
MWNTSs (see figure A-1[63]). Two distinct methods of synthesis can be performed

with the arc discharge apparatus.

If SWNTs are preferable, the anode has to be doped with metal catalyst, such as Fe,
Co, Ni, Y or Mo. A lot of elements and mixtures of elements have been tested by
various authors [64] and it is noted that the results vary a lot, even though they use the
same elements. This is not surprising as experimental conditions differ. The quantity
and quality of the nanotubes obtained depend on various parameters such as the metal
concentration, inert gas pressure, kind of gas, the current and system geometry.
Usually the diameter is in the range of 1.2 to 1.4 nm. A couple of ways to improve the

process of arc discharge are stated below.

If both electrodes are graphite, the main product will be MWNTs. But next to
MWNTs a lot of side products are formed such as fullerenes, amorphous carbon, and
some graphite sheets. Purifying the MWNTs, means loss of structure and disorders
the walls. However scientist are developing ways to gain pure MWNTs in a large-
scale process without purification. Typical sizes for MWNTSs are an inner diameter of
1-3 nm and an outer diameter of approximately 10 nm. Because no catalyst is
involved in this process, there is no need for a heavy acidic purification step. This

means, the MWNT, can be synthesized with a low amount of defects.
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Laser Ablation

In 1995, Smalley's group [65] at Rice University reported the synthesis of CNTs by
laser vaporization. The laser vaporization apparatus used by Smailey's group is shown
in Figure A-2. A pulsed or continuous laser is used to vaporize a graphite target in an
oven at 1200 °C. The main difference between continuous and pulsed laser, is that the
pulsed laser demands a much higher light intensity (100 kW/cm® compared with 12
kW/cm?). The oven is filled with helium or argon gas in order to keep the pressure at
500 Torr. A very hot vapor plume forms, then expands and cools rapidly. As the
vaporized species cool, small carbon molecules and atoms quickly condense to form

larger clusters, possibly including fullerenes. The catalysts also begin to condense, but

more slowly at first, and attach to carbon clusters and prevent their closing into cage

structures. Catalysts may even open cage structures when they attach to them. From
these initial clusters, tubular molecules grow into single-wall carbon nanotubes until
the catalyst particles become too large, or until conditions have cooled sufficiently
that carbon no longer can diffuse through or over the surface of the catalyst particles.
It is also possible that the particles become that much coated with a carbon layer that
they cannot absorb more and the nanotube stops growing, The SWNTs formed in this
case are bundled together by Van der Waals forces. There are some striking, but not
exact similarities, in the comparison of the spectral emission of excited species in
laser ablation of a composite graphite target with that of laser-irradiated Ceo vapor.
This suggests that fullerenes are also produced by laser ablation of catalyst-filled
graphite, as is ‘the case when no catalysts are included in the target. However,
subsequent laser pulses excite fullerenes to emit C, that adsorbs on catalyst particles
and feeds SWNT growth. However, there is insufficient evidence to conclude this
with certainty.

Laser ablation is almost similar to arc discharge, since the optimum background gas
and catalyst mix is the same as in the arc discharge process. This might be due to very
similar reaction conditions needed, and the reactions probably occur with the same

mechanism.
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Figure A-2 Schematic drawings of a laser ablation apparatus.

Chemical Vapor Deposition

Chemical vapor deposition (CVD) synthesis is achieved by putting a carbon source in
the gas phase and using an energy source, such as plasma or a resistively heated coil,
to transfer energy to a gaseous carbon molecule. Commonly used gaseous carbon
sources include methane, carbon monoxide and acetylene. The energy source is used
to “crack” the molecule into reactive atomic carbon. Then, the carbon diffuses
towards the substrate, which is heated and coated with a catalyst (usually a first row
transition metal such as Ni, Fe or Co) where it will bind. CNTs will be formed if the
proper parameters are maintained. Excellent alignment, as well as positional control
on nanometer scale, can be achieved by using CVD. Control over the diameter, as
well as the growth rate of the nanotubes can also be maintained. The appropriate

metal catalyst can preferentially grow single rather than multi-walled nanotubes.
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CVD synthesis is essentially a two-step process consisting of a catalyst ﬁreparation
step followed by the actual synthesis of the manotube. The catalyst is generally
prepared by sputtering a transition metal onto a substrate and then using either
chemical etching or thermal annealing to induce catalyst particle nucleation. Thermal
annealing results in cluster formation on the substrate, from which the nanotubes will
grow. Ammonia may be used as the etchant. The temperatures for the synthesis of
nanotubes by CVD are generally within the 650-900°C range. Typical yields for CVD
are approximately 30%.

These are the basic principles of the CVD process. In the last decennia, different
techniques for the CNTs synthesis with CVD have been developed, such as plasma
enhanced CVD, thermal chemical CVD, alcohol catalytic CVD, vapor phase growth,
aero gel-supported CVD and laser assisted CVD.

Purification Technigues

A large problem with nanotube application is next to large-scale synthesis is the
purification. In this section, the purification of SWNTs will be discussed. The as-
produced SWNT soot contains a lot of impurities. The main impurities in the soot are
graphite (wrapped up) sheets, amorphous carbon, metal catalyst and the smaller
fullerenes. These impurities will interfere with most of the desired properties of the
SWNTs. Also in the fundamental research, it is preferred to obtain SWNTSs as pure as
possible. In order to understand the measurements better, the SWNT samples also
have to be as homogeneous as possible. The common industrial techniques use strong
oxidation and acid refluxing techniques, which have an effect on the structure of the
tubes.

Here several purification techniques of the SWNT will be discussed. Basically, these
techniques can be divided into two mainstreams, structure selective and size selective
separations. The first one will separate the SWNTs from the impurities; the second

one will give a more homogeneous diameter or size distribution. The techniques that
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will be discussed are oxidation, acid treatment, annealing, ultrasonication, micro
filtration, ferromagnetic separation, cutting, functionalisation and chromatography

techniques.

Oxidation

Oxidative treatment of the SWNTs is a good way to remove carbonaceous impurities
or to clear the metal surface. The main disadvantages of oxidation are that not only
the impurities are oxidized, but also the SWNTs. Luckily the damage to SWNTs is
less than the damage to the impurities. These impurities have relatively more defects
or a more open structure. Another reason why impurity oxidation is preferred, is that
these impurities are most commonly attached to the metal catalyst, which also acts as
oxidizing catalyst. Altogether, the efficiency and the vield of the procedure are highly
dependable on a lot of factors, such as metal content, oxidation time, environment,

oxidizing agent and temperature.

The fact that metal acts as oxidizing catalyst, the metal content should certainly be
taken into consideration, when looking at the oxidizing time. For example, when the
temperature is raised above 600°C, SWNTs will also oxidize, even without catalyst.
This is the case with thermal, fixed air and pure oxygen oxidations. These can easily

oxidize all the components, so the temperature and the time should be in good control.

There are a couple of examples for clearing the metal surface, to prepare the sample
for a metal removal step. The first one is (mild) oxidizing in a wet environment with
soluble oxidizing agents, such as Hy0, and H,SO4. These will only oxidize the defects
and will clear the surface of the metal.

Most commonly, the metal catalyst stays intact during these processes, but when
oxygen is used in a wet atmosphere, the outer layer of the metal will be oxidised.
Then, the density of this surface increases and the surface covering carbon layer

ruptures. Not only the carbon impurities are oxidized now, but also the metal is
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partially oxidized and exposed. Quite different from the oxidative techniques above is
microwave heating. The microwaves will heat up the metal and will catalytically

oxidize the carbon attached to the metal.

Acid Treatment

In general the acid treatment will remove the metal catalyst. First of all, the surface of
the metal must be exposed by oxidation or sonication. The metal catalyst is then
exposed to acid and solvated. The SWNTs remain in suspended form. When using a
Heaﬁnent in HNOs, the acid only has an effect on the metal catalyst. Tt has no effect
on the SWNTs and other carbon particles. If a treatment in HCl is used, the acid has
also a little effect on the SWNTSs and other carbon particles. The mild acid treatment
(4 M HCI reflux) is basically the same as the HNO; reflux, but here the metal has to
be totally exposed to the acid to solvate it.

Annealing

Due to high temperatures (873 — 1873 K) the nanotubes will be rearranged and defects
will be consumed. The high temperature also causes the graphitic carbon and the short
fullerenes to py‘folyse. When using high temperature vacuum treatment61 (1873 K)

the metal will be melted and can also be removed.

Ultrasonication

In this technique particles are separated due to ultrasonic vibrations. Agglomerates of
different nano-particles will be forced to vibrate and will become more dispersed. The

separation of the particles is highly dependable on the surfactant, solvent and reagent
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used. The solvent influences the stability of the dispersed tubes in the system. In poor
solvents the SWNTs are more stable if they are still attached to the metal. But in some
solvents, such as alcohols, monodispersed particles are relatively stable. When an acid
is used, the purity of the SWNTs depends on the exposure time, When the tubes are

exposed to the acid for a short time, only the metal solvates, but for a longer exposure

time, the tubes will also be chemically cut. P

e L2 .08

.....

Functionalisation

Functionalisation is based on making SWNTs more soluble than the impurities by
attaching other groups to the tubes. Now it is easy to separate them from insoluble
impurities, such as metal, with filtration. Another functionalisation technique also
leaves the SWNT structure intact and makes them soluble for chromatographic size
separation. For recovery of the purified SWNTs, the functional groups can be simply

removed by thermal treatment, such as annealing.
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