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Abstract 

 

The primary focus of the thesis is to understand the role of defects and interfaces in 

the deformation of nanoscale structures and systems. Various nanoscale systems such as 

symmetric tilt-grain boundaries (STGB) in aluminum, topological defects in carbon 

nanotubes (CNT), hybridization defects in carbon nanotubes and nanoscale interfaces in 

CNT based composites are investigated using molecular dynamics and statics. In order to 

further explore the effect of nanoscale interfaces on the macroscopic behavior of CNT 

based composites a multiscale model, which hierarchically employs molecular dynamics 

and the finite element method is developed. 

Carbon nanotubes are cylindrical structures of carbon wrapped from a planar 

hexagonal mesh of atoms. Topological defects are planar irregularities in this hexagonal 

mesh, while hybridization defects are formed when changes in bonding cause out of 

plane disturbance. The deformation characteristics of CNTs in presence of both these 

types of defects are modeled using Brenner’s potential. The other material systems 

studied in this work are symmetric interfaces in aluminum. Symmetric tilt-grain 

boundaries are a type of grain boundaries with restricted degrees of freedom due to 

symmetry. The sliding behavior, energetics and effect of magnesium doping in these 

grain boundaries is investigated using embedded atom method (EAM) potentials in the 

molecular dynamics setting.  

Study of deformation has been traditionally under the purview of continuum 

mechanics; concepts such as stiffness, strength, damage, and fracture are best studied 

using continuum stress and strain measures. Because of the discrete nature of atoms, 

these concepts are not clearly understood in atomistic simulations. In this work, different 

stress measures are employed for Brenner’s potential and the criterion for applicability in 

various conditions is examined. A new methodology to evaluate strains for nanotubes is 

developed. Local and global deformation characteristics in elastic and inelastic regimes in 

nanotubes with defects are examined and compared with defect-free nanotubes. It is 

found that there is a decrease in stiffness of nanotubes in presence of topological defects. 

The local elastic moduli are found to reduce to 60 % of that of defect-free nanotube. A 



 

 xiii

simple model is developed to predict the reduction in stiffness in presence of a number of 

defects. In the case of hybridization defects caused by attachment of hydrocarbon 

functional groups, the elastic modulus is found to improve marginally. In addition, the 

onset of inelasticity and fracture occur at lower strains in functionalized nanotubes.  

Interfaces in composites affect the key mechanical properties such as stiffness, 

strength and fracture toughness. In this work, interfaces in nanotube based composites are 

modeled as hydrocarbon chemical attachments between the matrix and CNT. Molecular 

dynamics simulations of fiber pullout tests are then employed to understand the load 

transfer behavior and quantitatively determine the interface strength. These results are 

used to generate traction-displacement constitutive relation for a continuum description 

of interfaces in terms of cohesive zone model. A multiscale methodology is formulated 

using the atomically informed cohesive zone model to represent interfaces in a finite 

element formulation. Application of this approach is demonstrated by examining the 

effect of interface strength on the stiffness of nanotube based composites. 



Chapter 1

Introduction

1.1 Motivation

Human beings have always had a great fascination for the largest, tallest, fastest, heaviest

and biggest marvels and wondered at some of those creations that ranged from Pyramids

to Great Wall of China to the tallest Sears towers. Richard Feynman[1] in 1960 was per-

haps the first to point out the enormous potential of going down the scale in the opposite

direction towards individual atoms, in his speech, “There is plenty of room below”. In the

recent times a new class of materials has evolved, where the length scale of the entire sys-

tem is of the order of nanometers e.g. nanosensors, nano electrical and mechanical devices.

These systems possess unique mechanical, physical and electrical properties, study of which

constitutes nanoscience and nanotechnology. New developments in this field are driven by

promise of exciting applications such as very high strength composites, super fast computers

and miniature medical implements, and have led to concentrated research in this area. Ad-

vances in experimental techniques such as high resolution transmission electron microscopy

(HRTEM), atomic force microscopy (AFM) and nanolithography have greatly enabled atom

by atom manipulation and characterization of nanomaterials. The potential applications of

nanotechnology have reached new heights with the discovery of nanotubes by Ijjima [2] in

1991. Carbon nanotubes (CNT) are fullerene based structures which possess a combination

of properties never seen before; they have electrical conductivity higher than copper, thermal

conductivity higher than diamond, stiffness much greater than steel, strength higher than

that of Titanium, and density lower than many polymeric systems.

In one of the first books on nanotechnology Eric Drexler [3] predicted that nanotechnology
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has signaled the dawn of a new era and envisioned that

‘Coal and diamonds, sand and computer chips, cancer and healthy tissues: through-

out the history, variations in the arrangement of atoms have distinguished the

cheap from the cherished, the diseased from the healthy. Arranged one way the

atoms make up soil, air and water: arranged other they make ripe strawberries.

Arranged one way they make up homes and fresh air, arranged another they

make up ash and smoke! Our ability to arrange atoms lies at the foundation of

nanotechnology’

Atomic simulations embody the very essence of above visionary statements, for e.g. same

potential can represent diamond, and coal (amorphous carbon) with entirely different me-

chanical and physical properties, based on the arrangement of atoms. Classical molecular

dynamics (MD) is a deterministic technique of atomic simulation where the time evolution

of a set of atoms, interacting based on a potential, is obtained by integrating the equations

of motion. Lattice statics or molecular statics (MS) consists of determining the positions of

a set of atoms corresponding to the minimum energy configuration. While the study of elec-

trical properties of nanoscale systems require more sophisticated simulation techniques such

as tight binding and density functional theories, molecular dynamics and statics (MD/MS)

provide comparable accuracy at much lower computational requirements for the study of

thermomechanical properties. Traditionally atomic simulation has been used to provide in-

sight into fundamental understanding of atomic scale processes which affect the macroscopic

behavior. A striking example of this is the explanation of low temperature yield stress in

body centered cubic metals compared to face centered cubic metals [4] is based on the earlier

work by Vitek which used atomic simulations to show that screw dislocations have a non

planar core [5]

The relevance of atomic simulations has assumed gargantuan proportions, as they are

natural choice for the design and modeling of nanoscale systems. Importance of atomic

simulations is further accentuated due to the difficulty in performing experiments at this

scale. In this work, we use MD/MS for the study of role of defects in deformation of two

systems: (1) Carbon nanotubes (CNT) and (2) Symmetric tilt grain boundaries in aluminum.
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Carbon nanotubes can be visualized as graphene sheet rolled into a tube. Since their

discovery [2] carbon nanotubes have attracted immense research due to their unique physi-

cal, electrical and mechanical properties. For example, CNTs can be electrical conductors,

insulators or semiconductors depending upon their orientation. CNTs have failure strength

of about 150 GPa and stiffness in the order of 1000 GPa. There have been numerous in-

vestigations into the deformation behavior of CNTs, however there are several outstanding

issues, specifically regarding the effect of topological and hybridization defects. Due to their

excellent mechanical properties, CNTs are proposed as reinforcements for the next gener-

ation of composite materials. Limited understanding regarding the nature of interfaces in

these composites is inhibiting the progress in this field. In this work, we study the deforma-

tion of nanotubes with specific emphasis on topological and hybridization defects; further, we

model the interfaces in nanotube composites using a combination of atomistic and continuum

techniques.

The traditional role of metallic interfaces (grain boundaries) in plastic deformation is well

researched, however the understanding of atomistic details in deformation processes such as

grain boundary sliding is inadequate. We use molecular dynamics simulations to study the

energetics, segregation behavior and sliding characteristics in symmetric grain boundaries of

aluminum.

1.2 Role of Defects in Deformation

Inelastic deformation and failure of materials are dependant on defects and their interactions.

For example, plastic deformation in metals is based on dislocation motion while diffusion

based deformation in ceramics is dependant on point defects. However, in traditional ma-

terials, defects play a limited role in elastic deformation, primarily because of low volume

fraction occupied by the defects. As an example, the elastic modulus of heavily cold rolled

steel with dislocation density of 1012 is not significantly different from that of same material

after annealing. This is not necessarily true in nanoscopic systems. In these systems the

volume fraction of defects becomes significantly high because the overall size of the system

is itself in the scale of nanometers. In addition, the effect of defects in inelastic deformation
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and failure is also significant.

Two kinds of defects, topological defects and hybridization defects are prominent in

carbon nanotubes. Carbon nanotubes have hexagonal mesh like two-dimensional structure

with SP2 hybridization. Deviation from this hexagonal mesh to pentagons, heptagons or

octagons induces difference in the topology of CNT and are termed topological defects. Ex-

perimental and theoretical investigations have suggested the presence of topological defects

in as-processed nanotubes and formation of such defects during deformation and irradia-

tion [6, 7]. Simulations suggest that these defects play a key role in inelastic deformation

and failure of nanotubes [8]. Elastic properties of CNTs can be significantly reduced when

topological defects are present. Further, topological defects are geometrically necessary to

form T and Y junctions of nanotubes, and to connect dissimilar nanotubes. These T and

Y junctions are critical in electronic applications. In spite of their obvious significance, no

attempts have been made to understand the mechanical behavior of topological defects per

se, which is studied in this thesis.

Another type of defect present in nanotubes is the hybridization defect. This is formed

when regular SP2 hybridization changes to SP3 type of hybridization. This defect is present

in nanotubes with chemical attachment of functional groups. Functionalization of CNTs

or addition of chemical attachments has many applications in medicine, sensors and most

importantly composite materials [9]. The interfaces in composite materials are supposed to

be strengthened by chemical modification of surface of nanotubes, however researchers have

voiced concern about the effect these chemical attachments would have on the nanotube

fiber itself. The effect of hybridization defects on the elastic and inelastic deformation of

carbon nanotubes is studied in this thesis.
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Table 1.1 Role of defects in various applications of carbon nanotubes

Applicat ion Role of Def ect s

High St r engt h

Composit e

Elast ic Def ormat ion

Ef f ect on elast ic behavior of CNT ?

I nelast ic Def ormat ion and f ailure

Ef f ect on inelast ic behavior and f r act ur e of CNT ?

St rengt h and st if f ness of composit es

Does f unct ionalizat ion af f ect int er f ace behavior ?

Elect r ical

Applicat ions

Topological def ect s geomet r ically necessar y

f or T and Y j unct ions used f or making diodes

Sensor s Funct ionalizat ion and def unct ionalizat ion

basis f or many sensor applicat ions

Biological

Applicat ions

Funct ionalizat ion wit h pyr ene immobolizes

enzymes on nanot ube sur f ace

All the major applications of carbon nanotubes are affected by the above discussed de-

fects. Various applications of Carbon nanotubes and the effect of defects on these applications

is summarized in tabular form in Table 1.1. This forms the primary motivation for this work.

Molecular dynamics and statics involve study of discrete atomic configurations; hence the

fundamental quantities in this methodology are forces, displacements, velocities and energy.

Deformation studies involve quantities such as strength and stiffness, which are defined using

continuum field quantities of stress, strain and energy. Reports using molecular dynamics

for study of strength and stiffness have typically relied on global energy measures. While

the use of energy is adequate in idealized homogenous configurations, local measures of

stress and strain are desired to study the local behavior in presence of inhomogeneities like

defects. Further, the use of stress and strain enables harnessing of well-developed theoretical
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and mathematical framework of continuum mechanics in study of complex problems such as

inelasticity and fracture e.g. criterion for failure. In this dissertation existing stress measures

are studied thoroughly in regards to CNTs and a new strain measure is developed. We then

use these kinetic and kinematic measures to study earlier mentioned problems in deformation

of nanotubes with various defects.

1.3 Role of Interfaces in Deformation

Interfaces can be defined as two dimensional discontinuity in material or its properties. In-

terfaces are also defects albeit in two dimensions and very often can be considered as a

group of zero or one dimensional defects. (e.g. dislocation model for low angle grain bound-

aries). Interfaces are regions of high energy, hence typically have lesser strength and stiffness

than bulk material and act as weak link in deformation processes. In addition, interfaces

in composites are responsible for efficient load transfer, thereby affecting the overall proper-

ties of material. In this work, we study two atomic scale interfaces, homophase symmetric

grain boundaries in aluminum and interfaces between matrix and nanotubes in CNT based

composites.

It is well known that grain boundaries restrict the motion of dislocations and contribute

to hardening during plastic deformation. In another deformation process called superplastic

deformation, the primary mechanism of deformation is sliding of grains about each other.

The atomistic details of grain boundary sliding are not clearly understood. In this work,

we study the structure, energetics and sliding behavior of symmetric tilt grain boundaries

(STGB) in aluminum. STGB are a special class of grain boundaries with restricted geomet-

rical degrees of freedom. Further, we also investigate the segregation of Mg dopant and its

effect on the energetics and deformation of Al interfaces.

Another interface studied in this work is the interface between matrix and fiber in nan-

otube composite systems. Excellent mechanical properties of nanotubes make them ideal

reinforcements for ultra high strength composites. There is however a wide margin between

theoretically possible mechanical properties and those experimentally achieved in these com-

posites. One of the possible reasons is the load transfer and the behavior of interface between
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matrix and nanotubes. Interfacial strength plays a key role in not only the elastic properties

of the composite but also in limiting behavior such as fracture as the probability of crack

nucleation and propagation is higher at the interfaces. Interface behavior in conventional

composite materials is typically studied using push-out and pull-out tests [11]. There have

been a few indirect measurements of interface strength in nanotube composites, but direct

experimental measurements of interface strength are difficult due to the nanometer size of

the fibers. Earlier work by Wagner et. al.[12] and Qain et. al.[13] suggests presence of

strong interface when there is chemical interaction between nanotube and polymer. In this

work, molecular dynamics simulations are used to simulate fiber pull out of nanotubes bound

to matrix by chemical attachments. Different types of chemical attachments with varying

densities are used in order to understand the interface behavior. This information is useful

in understanding the behavior of nanotube as fiber in composite, but the utility of such

information is enhanced multi fold if it can be used in tandem with continuum simulations.

The computational limitation with respect to length and time scales limits the use of

atomic scale simulations. Recent advances in massively parallel computing have increased

the simulation scales by a few orders of magnitude, but even with these advances, simple

pair potentials systems of utmost 103 to 104 nm for a few nanoseconds can be simulated [10].

In addition, to the computational limitations of atomic simulations, several problems require

atomic resolution only in specific regions where high degree of non-linearity prevails. For

example, consider the problem of crack propagation, presence of high stresses and strains at

the crack tip lead to several processes like generation of dislocations; phase transformations

etc., which can be effectively studied using atomic simulation. However, in the regions away

from the crack tip resolution to atomic levels is a redundant exercise as the constitutive

response in these regions can be captured effectively using continuum models. Continuum

mechanics embodies a large volume of well-developed theoretical and computational tools,

which employed along with atomistic techniques can provide a greater insight into many

problems.

Specifically in the case of nanotube composite interfaces we can extend the length scale

of simulation by coupling the information obtained at atomic scale with finite element based

methods with cohesive zone elements to model the interfaces. Cohesive zone models were
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first proposed by Barenblatt [14] as an alternative to fracture mechanics in brittle materials

and was later extended to elastoplastic materials by Dugdale [15]. They have been used

by numerous investigators to study fracture and interfaces ([16] and references therein).

Cohesive zone method models the interface which essentially is a discontinuity, within the

purview of continuum mechanics. The main input for this model is the traction-displacement

behavior of the interface. Earlier mentioned atomic simulations are used to generate the

cohesive zone input and the elastic material properties of the nanotubes. The advantage

of using this continuum model is that various material models such as viscoelasticity and

plasticity can be used for matrix. This atomically informed continuum model is used to

study the interfaces between fiber and matrix in nanotube reinforced composites.

1.4 Goals of the Research Effort

The primary goal of the research work is to study the effect of defects and interfaces on

mechanical behavior of nanoscale structures and systems. We refer to defects in a broad

sense of the word to reflect deviation of the material from the regular atomic scale structure.

In this work, we are interested in understanding the effect of such deviations on not only the

atomic level behavior, but its effect on the macroscopic behavior. While it is realized that

some of the defects may have profound effect at the atomic scale, it may be smoothed out

and not felt at the global level and we are interested in identifying those cases also. Thus

our overall objective is to identify when and how the atomic scale defects alter the properties

at that scale and more so at the macroscopic scale. In the context of nanoscale structures,

we may have to refine our general picture of global scale. We identified the following task to

achieve the above objectives and eventually the overall goal.

The specific tasks in this work are as follows:

• Development of atomic models of nanotubes and grain boundaries. This constitutes

obtaining the equilibrium configurations of various symmetric tilt grain boundaries for

aluminum system, as well as developing the models of various carbon nanotubes with

different topological and hybridization defects.
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• Development and application of kinetic and kinematic measures. Various stress mea-

sures such as BDT, virial, lutsko, Yip stresses are needed to be applied to Brenner’s

potential and EAM potential. These stress measures are then used to study the local

behavior of inhomogenieties in grain boundaries and CNTs. Further, strain measures

consistent with the stress measures has also been developed.

• Study of energetics and sliding characteristics of symmetric tilt grain boundaries. Molec-

ular statics can be used to study the equilibrium configurations and energetics of var-

ious symmetric tilt grain boundaries of aluminum. The effect of misorientation angle

and grain boundary energy on sliding characteristics needs to be investigated using

molecular dynamics. Further, segregation of Mg at aluminum grain boundaries and its

effect on sliding are to be studied.

• Investigation of elastic behavior of CNTs with and without topological defects. Elastic

behavior of CNTs with and without topological defects needs to be investigated using

the earlier mentioned stress and strain measures. Local behavior of topological defects

is investigated and predictive model for loss in stiffness in the presence of defects is

formulated.

• Mechanical Behavior of functionalized CNT and comparison with defect free CNT. Both

elastic and inelastic deformation behavior of functionalized CNT have to be studied

at low and high temperatures. Defect evolution and fracture of functionalized CNTs

have to be investigated and compared with that of nanotubes without defects

• Atomic modeling of interfaces in CNT based composites. This involves modeling of

CNT-polymer interface cross-linked by hydrocarbon chemical attachments. Qualitative

aspects of behavior of interface and quantitative information regarding the strength of

interface have to be obtained from simulations of fiber pull-out tests.

• Development of atomically informed cohesive zone model. This constitutes developing

cohesive zone traction displacement functions based on the results of MD simulations

of fiber pull-out. Factors such as distribution of load and statistical variation of MD

simulation results are taken into account.
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• Finite element based multiscale modeling of nanocomposites incorporating atomically

informed cohesive zone models. Amultiscale model is developed based on finite element

method with input from atomic simulations regarding the interface behavior through

CZM and material properties of CNT. This model is used to study the load transfer

in CNT based composites.

Molecular dynamics and statics codes obtained from North Carolina State University

and Lawrence Livermore national laboratory, apart from in-house developed codes are used

for atomic simulations. New subroutines have been added to implement various boundary

conditions, stresses and strains. Commercial finite element package ABAQUS with user

developed cohesive zone subroutine is used for continuum simulations.

1.5 Contents of the Dissertation

Chapter 2 is a literature survey of various aspects of the dissertation. This chapter includes

earlier research on deformation of carbon nanotubes, deformation studies of grain bound-

aries, various multiscale approaches and applications of cohesive zone method to represent

interfaces in conventional composite materials.

Chapter 3 comprises study of metallic interfaces in aluminum. Symmetric tilt grain

boundaries are studied with respect to their equilibrium structure and energetics. The effect

of Mg dopant on these structures is also investigated. This chapter further involves studies

of grain boundary sliding characteristics and their variation with misorientation angle and

Mg doping.

Chapter 4 involves the study of deformation behavior of nanotubes containing topological

defects. This chapter introduces various stress and strain measures in molecular dynamics.

These measure are validated in defect free nanotubes and then used for studying elastic prop-

erties of nanotubes containing topological defects. Effect of interaction of these topological

defects on the mechanical properties of CNT is dealt with in the final section of this chapter.

Chapter 5 deals with elastic and inelastic deformation of nanotubes containing hybridiza-

tion defects. Hybridization defects are generated by functionalization of nanotubes with

hydrocarbon functional groups. We study the elastic deformation behavior, inelastic de-
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formation and defect evolution in defect free nanotubes and nanotubes with hydrocarbon

attachments.

Chapter 6 is the study of nanotube composite interfaces using molecular dynamics and

finite element method. The nature of separation/fracture at atomic scale is investigated.

This chapter involves, obtaining interface behavior from atomic simulations and the multi-

scale approach of using this information in continuum finite element model with cohesive

zone elements.

Chapter 7 includes contributions of this research work and recommendations for future

work. Each of the chapters are self contained and can be read together or independent of

each other.
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Chapter 2

Scientific Background

This chapter comprises relevant literature in various aspects of the dissertation. The method-

ology of molecular dynamics and statics is first introduced followed by study of the different

material systems studied in this work namely, carbon nanotubes, CNT based composites

and metallic grain boundaries. This is followed by a section on multiscale modeling and use

of cohesive zone method for the study of interfaces. Defects and interfaces and their role in

deformation is not presented in a separate section, instead it is the unifying theme in all the

sections of this chapter and is presented throughout the chapter.

2.1 Molecular Dynamics Simulation

Constitutive behavior of materials can be described in most general sense as the response of

materials to the action internally generated or externally applied disturbances. In continuum

mechanics we generally adopt a phenomenological approach to constitutive modeling assum-

ing that the processes occurring at atomic and mesoscopic scales average out and result in

the overall behavior. In a generic sense, this behavior can represent electrical, thermal, opti-

cal, electromagnetic or mechanical response. The concept of ’materials by design’ envisions

bottoms up building of materials based on the atomistic/mesoscopic interactions to achieve

a design of tailor made structures and devices. Interatomic potentials give the total energy

of an ensemble of atoms as a function of the relevant microscopic degrees of freedom. The

radial derivatives of this energy field give the corresponding force fields, which then form the

basis of molecular statics or dynamics problem of interest. They can be considered as the

atomic scale analogue of constitutive relation on the macro scale and hence merit close at-

tention. In its most fundamental form, evolution of degrees of freedom in atoms is described
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by Schrodinger equation, which accounts for the position of nuclei and electrons, however

computations which account for electronic degrees of freedom such as density functional

theory are severely computation restrictive. State of the art computations can solve prob-

lems of utmost 1000 atoms [17]. To achieve an increased length scale various approximation

strategies have been developed, in which the electronic effects are averaged out and only the

nuclear coordinates are considered as atomic coordinates for example pair potentials. In the

case of pair potentials, only two body interactions are considered. Lennard-Jones potential,

which is of the form given below, is a simple example of pair-potential.

E (rij) = 4ε




Ã
σ

rij

!12

−
Ã
σ

rij

!6


 (2.1)

The parameters ε and σ are fitted according to material behavior, say lattice parameter,

cohesive energy etc. Pair potentials are simple model systems and simulations of about five

billion atoms have been carried out using pair potentials, the nature of bonding however is

not accounted for in pair potentials. This leads to un-physical effects in the core of lattice

defects such as unusually high stacking fault energy in metals [23].

To account for the bond effects, angular potentials with higher order terms are used for

materials with covalent bonding, for example Stillinger-Weber potential [18] for Si which,

accounts for the effect of bonding with the help of an additional third order angular term.

Brenner’s potential also referred to as Tersoff-Brenner potential is reactive empirical bond

order potential [19]. The general form of Brenner potential is as shown below, the total

potential energy is given as summation over i-j bonds as

Eb =
X

i

X

j>i

h
VR (rij)−BijVA (rij)

i
(2.2)

Here VR and VA are repulsive and attractive pair wise interactions in the general form

of a morose (exponential) potential as shown below.

VR = fij (rij)
D

(e)
ij

Sij − 1
e−(
√

2Sijβij (r−R
(e)
ij

)) (2.3)
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VA = fij (rij)
D
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ij Sij
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In the above equations D
(e)
ij is the well depth equal to 6.329 eV for C-C interaction. Rij

is the equilibrium distance, βij is common morose code parameter to make the exponential

part non dimensional. fij (rij) is the cut-off function that smoothly goes to zero for 2A. It

is of the form

fij (r) =
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This cutoff function fij (rij) restricts the interaction to nearest neighbors and is used to

make the potential function continuous.

The bond order function is given by Bij as

Bij = (Bij +Bji)
1

2
+ Fij

³
N

(t)
i ,N

(t)
j , N

conj
i

´
(2.6)

This bond order function is responsible for Brenner potential accounting for various bond

types and conjugation of bonds. Bij is the many body coupling between atom i and atom j.

It includes the local environment of atom i. It takes into consideration the local coordination,

the bond angle and bond length effects. Fij in the above equation is the correction term

dependant on the cutoff function fij to account for bond conjugation.

Brenner’s potential is an advance over Tersoff potential as it not only accounts for single

double and triple bonds of carbon but also bond conjugation adequately. Brenner potential

has been used by numerous investigators to study processes such as deformation of carbon

nanotubes [6], formation of fullerenes from graphitic ribbons [20] and various surface chemical

reactions in carbon-hydrogen systems [21, 22]. This potential is used for simulation of carbon

nanotubes and the interactions between carbon and hydrocarbon chains through out this

work.

Embedded atom method (EAM) [23] similarly accounts for the electron cloud in metals
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and has been proved to provide more accurate description of metallic materials than pair

potentials without much increase in the computational effort. The total energy in EAM is

given by

E =
X
F (ρi) + φ (rij) (2.7)

Where F (ρ) is the embedding energy for electron cloud ρ (r) and φ (r) is the conventional

pair potential term. Ercoscolli and Adams have developed a scheme to empirically fit the

potentials based on ab initio calculations [24]. The Ercoscolli-Adams potential is found to

give the most accurate description of Al especially where mechanical properties are to be

determined. This potential has been extended to account for interaction of Al and Mg by

Liu and coworkers [25]. This potential has been used in several studies involving modeling

of grain boundaries [26, 27] fracture studies [28], study of surfaces, polycrystalline aluminum

[29], wear and friction [30]. We have used this potential for most of the work on Al grain

boundaries and interaction of Al and Mg.

Once the potential is chosen, molecular dynamics consists of determining the trajectories

of atoms by applying Newton’s laws to the force fields obtained from radial derivatives of

potentials. The flow chart of a typical molecular dynamics code is shown in the figure 2.1.

Standard molecular dynamics simulations are performed on NVE ensemble, this means that

number of particles (N), volume (V) and the total potential energy (E) is constant through

out the simulation. Developments in molecular dynamics enable alternate ensembles, for

example NVT ensemble where temperature is maintained constant. Temperature in molec-

ular dynamics is dependent on the velocities of particles; initial temperature is introduced

by attributing random velocities to atoms, however continuous monitoring and correction

of velocities is required to maintain constant temperature. Various schemes are available in

literature for this purpose [31, 32, 33]. Other alternate ensembles include constant pressure

[34] and constant stress/strain ensembles [35]. In this work, we have used combinations of

different ensembles based on the requirement of the problem.

In molecular statics, equilibrium atomic positions are determined by minimizing the total

energy of the configuration. Energy minimization is typically performed using conjugate
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Analysis and Visualizat ion

Figure 2.1: Flow chart of molecular dynamics simulation
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gradients technique. Molecular statics is helpful to gain an insight into equilibrium structures

of lattice defects in metals, grain boundaries, surfaces and interfaces [36, 37]. In carbon

nanotubes it has been used for determination of elastic properties and obtaining equilibrium

structures.

The versatility of molecular dynamics and statics can be gauged from its applications

in various fields from pharmaceuticals to fluid flow problems to metallurgy [38] in materials

systems such as metals, intermetallics [39] and polymeric materials.

In the following sections we will consider the material systems studied in this dissertation

carbon nanotubes , CNT based composites and grain boundaries in aluminum.

2.2 Carbon Nanotubes

2.2.1 Structural features:

The atomic number of Carbon is six; therefore, it has two core electrons tightly bonded

to the nucleus and four valence electrons. The electronic structure can be written as 1S2

2S22P2. The difference between the energy levels of 2S and lower 2P orbitals is smaller than

the binding energy of chemical bonds. This results in mixing of the 2S and 2P orbitals to

reduce the binding energy of covalent bonds with other neighboring atoms. This concept is

known as hybridization.

There are three possible variations in hybridization of carbon. SP hybridization is a

result of linear combination of 2S and one of the 2P orbitals and results in a linear bond

as in acetylene. In SP2 hybridization, 2S and two 2P orbitals mix resulting a planar bond

with bond angle of 120o. e.g. graphite, polyacetylene. When three of 2P orbitals mix with

2S orbital SP3 hybridization is observed. e.g. Methane, Diamond. Because of these unique

features in bonding of carbon, it exhibits isomers with 0 to 3 dimensions. SP3 hybridization

results in three-dimensional diamond cubic structure. SP hybridization is observed in one-

dimensional chain like structure called carbines.

It is interesting to note that SP2 hybridization of carbon forms 0, 1 and 2 dimensional

isomers. Graphite, a planar structure of carbon with bond angle of 120o exhibits SP2 hy-
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Figure 2.2: Illustration of types of single wall nanotubes (a) Graphene sheet (b) Zig-zag
(10,10) nanotube (c) Arm chair (20,0) nanotube (d) Chiral (6,4) nanotube.

bridization. When this planar structure is rolled into a polyhedral form, zero-dimensional

(macroscopically zero and microscopically three dimensional structure) structure of fullerene

is formed. Carbon nanotubes are also based on SP2 hybridization; they are planar graphitic

structure in cylindrical form. From a macroscopic perspective, carbon nanotubes are consid-

ered one-dimensional because of their high length to diameter ratio [41]. Smalley predicted

existence of fullerene based tubular structure of carbon in 1990 [40]. Ijjima in 1991 [2] was

the first to observe carbon nanotubes experimentally using transmission electron microscopy.

Since then, there have been numerous investigations into structure, physical and mechanical

properties of nanotubes.

Graphene is planar structure of carbon composed of hexagons as shown in figure 2.2(a).

Nanotubes are formed by rolling of this sheet into a closed cylindrical form. Various geomet-

rical structures [41] can be formed by the orientation of axis of rolling. Prominent in these

structures are arm chair and zig-zag nanotubes which are formed with two extreme rolling

directions as shown in figures 2.2 (b) and (c) , all other intermediate orientations are called

chiral nanotubes. The three types of nanotubes are shown in figure 2.2.
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The orientation along which nanotube is rolled is called chiral vector (Ch). Chiral vector

of a (n, m) nanotube is given by:

Ch = na1 +ma2

a1 and a2 are the real space unit vectors of the nanotube (primitive vectors of graphene

lattice multiplied by the lattice constant=2.49
o

A.). Other important geometrical parameters

are chiral angle (θ) and translation vector (T). Chiral angle is the tilt angle of the hexagons

with respect to nanotube axis. Armchair or cis-type nanotubes correspond to chiral angle

of 30o, while trans-type or zigzag nanotubes are formed with 0o chiral angle. Translation

vector (T) is the unit vector of one dimensional nanotube. It is perpendicular to the chiral

vector.

Various geometric parameters for nanotubes are shown in figure 2.3 and tabulated in

table 2.1. Nanotubes of different diameters are formed based on the magnitude of chiral

vector. The termination of nanotubes also known as end-caps are hemispherical portions of

fullerenes. Each cap contains six pentagons and varying number of hexagons depending on

the nanotube.

Nanotubes can also be classified as single wall and multi wall nanotube (See figure 2.4 ).

Multiwall nanotubes contain nanotubes inside nanotubes, the tubes are separated by a dis-

tance of 3.4
o

A[41], which is which is slightly higher than the interplanar spacing in graphite.

The interplanar bonding between the nanotubes in multiwall tube is very weak compared to

in-plane bonding. This leads to distinct mechanical properties in multiwall tubes. It may

be noted that multiwall nanotubes are more commonly observed experimentally, however

to avoid additional complexities, most of the computational studies are on single wall nan-

otubes. The diameters of single wall nanotubes are typically in the range of few angstroms

to 1nm, while the diameter of multiwall nanotubes is of the order of 30 nm [42, 13]. The

length of both these structures is typically of the order of one micron. Experimental obser-

vations indicate that nanotubes are commonly found as bundles or ropes of several (20-100)

nanotubes [43]. CNTs in these bundles are typically of uniform diameter and are weakly

coupled by Vanderwall’s forces.
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Figure 2.4: Schematic of multiwall nanotube and single wall nanotube

Differences in various forms of nanotubes may alter the mechanical properties, both

individually and in composites; however, we restrict our attention to single wall nanotubes,

primarily because of the simplicity in modeling. All these variations should eventually be

addressed in future work. The terms nanotube and CNT through out the thesis specifically

refer to single wall carbon nanotubes unless otherwise mentioned.

2.2.2 Synthesis of nanotubes

Synthesis of nanotubes is not directly related with the work in this dissertation; hence,

it will be addressed only briefly. The various techniques of fabrication of CNTs are arc

method [44, 45], Chemical vapor deposition [47], laser vaporization technique [43, 46] and

high pressure CO conversion [48]. Particular aspects of each of these methods are presented

in table 2.2. Of these methods laser ablation produces single wall nanotubes with a low

number of defects while chemical vapor deposition seems to be most suited for industrial

scale operations which requires low cost, high yield method.
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Table 2.2. Various methods for synthesizing carbon nanotubes

Synt hesis

t echnique

Elect r ic Ar c

Dischar ge

Ebbeson &

Aj ayan (1996)

Chemical vapor

Deposit ion

Chi et . al. (1998)

Laser

Vapor izat ion

Thess et . al.

(1996)

High pr essur e

CO conver sion

Bronikowski

(2001)

Pr ocedur e

High t emperat ur e

(3000 C)

vapor izat ion using

car bon arc

o

Pulsed laser

on graphit e

t arget

chemical

decomposit ion

of gaseous

hydr ocar bons

CVD at high

pressur e and

t emper at ur e

Not es

- Low def ect single wall

and mult iwall t ubes

- Yeild 30 %

- highly ent angled t ubes

- Diamet er cont r ol via

t emper at ur e possible

-Low def ect single

wall t ubes

-Tubes shor t lengt h

-Mult i-wall t ubes

wit h lot s of def ect s

- Best suit ed f or

indust r ial scaling

- Bet t er qualit y t ubes

t han convent ional CVD

- possibilit y of scaling up

2.2.3 Elastic behavior of nanotubes

We are primarily interested in the mechanical behavior of nanotubes and nanotube-reinforced

composites, hence these will be considered in detail in the next few sections. This section

will focus on elastic behavior of nanotubes.

Numerous researchers both computational and experimental have focused on determin-

ing the elastic modulus of nanotubes. Most of the investigators report an elastic modulus

of about 1000 GPa in single wall nanotubes. It must be noted that determination of elastic

modulus requires calculation of volume of nanotube. Common consensus with many re-

searchers is to use wall thickness of 0.34 nm. This is based on interplanar spacing between

graphene layers in graphitic structure.

Robertson and coworkers [49] studied energetics and the elastic behavior of different

nanotubes using molecular statics. They report that strain energy due to curvature of
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nanotubes decreases with increasing radius of CNTs. This is supported based on a simple

continuum model. The values of elastic moduli are also calculated to reach the value of those

for graphene sheet as the radius of nanotube increases.

Several other investigations report Young’s modulus values based on similar energy mini-

mization computations using molecular statics and tight binding. Molina and coworkers [50]

estimates a value of about 1000 GPa and based on a simple model, reports that this value

is substantially reduced for clusters of nanotubes. Lu [51] obtains a value of about 970GPa

for various nanotubes and observes that the differences are not significant with variation

of nanotube diameter. Hernandez and coworkers [52] calculate Young’s modulus of carbon,

boron nitride and boron carbide nanotubes using tight binding. They also report similar

values of around 1200 GPa and propose use of volume dependant modulus since determina-

tion of volume in nanotubes is not unique. Holicogulu [53] uses a global stress measure to

evaluate the elastic properties and obtains a value of 1100 GPa. Zhou and coworkers have

calculated the Young’s modulus value of 765 GPa using first principles calculations [54]. Lier

and coworkers [55]obtain values in the range of 750 GPa-1200 GPa for different tubes using

similar method. Poisson’s ratio has been reported in a number of investigations and is found

to vary between 0.2 and 0.3.

All the investigations reported above, use various energy minimization schemes and axial

tension to determine the properties. Several investigations have been reported using dif-

ferent methodologies and loading conditions other than uniaxial tension. For example, Xia

and coworkers [56] study the elastic behavior by applying internal pressure using molecular

dynamics and report Young’s modulus of 1.14 TPa. Cronwell and Willie [57] report that

the modulus in compression may be up to 2 TPa and varies significantly with radius of

nanotubes. Yao and lordi [58] use thermal vibrations in molecular dynamics simulations

and report Young’s modulus value of 1000 GPa. Qian and coworkers [59] use an analyti-

cal method on graphene sheet to determine elastic properties. They obtain a value of 980

GPa. Yakobson and coworkers [6] obtain a Young’s modulus value of 5.5 TPa based on a

continuum shell model. Tu and coworkers [60] use energy from first principles calculation in

a continuum model and obtain Young’s modulus of 4.7 TPa.

All the investigations mentioned above with the exception of Holicogulu [53] and Xia
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et. al. [56] use global energy for evaluation of elastic properties. The two investigations

use global stress measures. These approaches fail to capture local behavior in nanotubes

with inhomogeneities. We use local stress and strain measures and study local behavior of

nanotubes with inhomogeneities. These aspects are discussed in detail in chapter 4.

Apart from the above-mentioned theoretical investigations, there have been a few exper-

imental reports on evaluation of elastic properties. Experimental investigations are bogged

down because of limitations in fabrication techniques to isolate single nanotubes without

defects, in addition to difficulties in manipulation at nanoscale.

The first experimental determination of Young’s modulus was reported Treacy and cowork-

ers [61]. They measure free standing room temperature thermal vibrations inside transmis-

sion electron microscope on nanotubes obtained from laser ablation. A weighted average

elastic modulus value of 1.25 TPa is reported. Yu and coworkers [62] have performed ex-

perimental tension test in a scanning electron microscope on single wall nanotubes obtained

from laser ablation. They report an average Young’s modulus value of 1.002 TPa. Selvetat

and coworkers [63] perform beam-bending experiments using the probe of atomic force mi-

croscope on single wall nanotube bundles obtained from carbon arc. They report a value of

1TPa for bundles of diameter 3 nm, however the modulus is observed to drop drastically to

0.1 GPa in bundles of higher diameter (20 nm). In another investigation [64], same authors

report higher modulus of 300 to 800GPa in multiwall nanotubes obtained from laser abla-

tion and a much lower value of about 50GPa in nanotubes obtained from carbon arc. It is

interesting that they attribute this reduction to carbon arc tubes having a large number of

topological defects. This explains the relevance of our work on local elastic moduli in chap-

ter 3. Poncharal and coworkers [65] use electromechanical deflection in transmission electron

microscope on multiwall nanotubes obtained using carbon arc. They report a modulus value

of 1TPa in low diameter nanotubes. Xie and coworkers [66] use miniature stress-strain tests

on nanotube bundles and obtain a value of 0.45 TPa. They observe that lower modulus may

be attributed to presence of defects in nanotubes fabricated using chemical vapor deposition.

Demeczyk and coworkers [67] performed a combination of bending and tension tests on single

wall nanotubes to obtain Young’s modulus of 0.91 TPa.

It can be summarized that theoretical investigations obtain Young’s modulus values rang-

24



ing from 0.3 to 5.56 TPa, however the value centers around 1 TPa in most of the investiga-

tions. Experimental reports validate the theoretical predictions. In addition, experimental

investigations report lower Young’s modulus in nanotubes fabricated from carbon arc and

chemical vapor deposition compared to laser ablation. The reason for this is suggested to be

higher occurrence of defects in nanotubes produced by these methods. This underlines the

need for better understanding of mechanics of topological defects.

2.2.4 Inelastic behavior, evolution of defects and fracture of nan-

otubes.

Topological defects are deviation from hexagonal arrangement of atoms to form heptagons

or pentagons or octagons etc. Simulations have shown that onset of inelastic behavior and

fracture of nanotubes is invariably linked to evolution of topological defects. This section

will discuss the literature in these aspects.

While there have been a few experimental investigations regarding elastic behavior of nan-

otubes, experimental studies on inelastic behavior have been very limited. Yu and coworkers

[62] developed novel experimental technique to study nanotube behavior using nano-stressing

stage located within a scanning electron microscope. Bundles of single wall nanotubes were

found to fail at strain of 5.3 %, while multiwall nanotubes exhibit fracture strain of 12%.

They estimate tensile strength of individual single wall tubes to be in the range of 13-52

GPa. In a related study, they estimate multiwall nanotube strength of 11 - 63 GPa [68].

These tubes are observed to fail by sword in sheath mechanism. Pan and coworkers estimate

the strength of multiwall nanotubes fabricated by chemical vapor deposition to be about

3.6GPa. They suggest that lowered strength may be due to higher concentration of defects

in these nanotubes.

Experimental investigations show that nanotubes can exhibit large elastic deviations es-

pecially in bending. Using molecular dynamics simulations based on Brenner’s potential,

Yakobson [6] has shown that reversible shape changes occur when nanotubes are loaded in

compression, torsion and bending. The nanotubes revert to original configurations upon

unloading indicating elastic nature of such deformations. In addition, there is good corre-
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spondence between this behavior and continuum shell models.

Simulations show that inelastic behavior in nanotubes is accompanied by formation of

topological defects. Onset of inelasticity in nanotubes has been explained using dislocation

theory. Deviation from regular hexagon structure to form a pentagon and heptagon is called

5-7 defect in nanotube parlance. This defect can be visualized as a dislocation in graphene

layer. This dislocation would have a Burger’s vector 1/3a (2 1 1 0 ) and the dipole of

the dislocation core would be another 7-5 dislocation. Yakobson predicted that this dipole

forming a 5775 defect would play a role in inelasticity of nanotubes [70]. This defect is known

as Stone -Wales defect and is formed by bond rotation in graphene structure. Nardelli and

coworkers [71] have observed nucleation and growth of these topological defects in various

CNTs. Several other researchers [73, 72, 77, 76, 75, 74] have observed similar formation of

defects in nanotubes under high strain (greater than 7%) and high temperatures (greater than

1000 K). We also observe formation of these defects at high strains and observe interesting

behavior in functionalized CNTs regarding formation of defects. This is dealt in chapter 4.

Activation energy for formation of topological defects is quite high. Recent ab initio sim-

ulations [72] report values of 8.6 eV for formation of 5775 pair in (5,5) nanotubes. However,

this value is reported to drop to 1.95 eV with strain of 15 %. further, there is reduction in

activation barrier at high temperatures.

In another recent investigation, it has been shown that the propensity for defect forma-

tion increases at realistic strain rates [73]. It may be noted that this tendency for defect

formation has not been observed at temperatures below 1000K. This suggests that bond ro-

tations required for formation of topological defects have high activation barrier [77], which

is scaled only at high temperatures in defect free nanotubes. Presence of carbon adatoms

[78], or preexisting defects has been reported to reduce the activation barrier and increase the

tendency for defect formation. In general, nanotubes are reported to contain a high number

of defects. These defects may act as nucleation sites for further defects to form resulting in

ductile behavior.[75]

Nanotubes exhibit two kinds of fracture behavior depending on the geometry and loading

conditions [8, 75]. Ductile fracture is observed in low diameter nanotubes and arm chair type

of nanotubes [8]. The geometry of these tubes promotes propagation of defects which results
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in a plastic flow. In zig-zag nanotubes there is no flow of defects hence brittle fracture is

observed. High activation barrier for nanotubes at low temperatures leads us to conclude that

there is higher possibility for brittle fracture [76] in defect free nanotubes at low temperatures.

2.3 Nanotube Based Composites

Nanotubes are purported as ideal reinforcements in composites because of their excellent

mechanical properties. Table 2.3 compares the mechanical properties of various fibers used

traditionally used for reinforcing polymeric composites. It can be observed that nanotubes

have superior properties compared to any other existing fibers. Good properties of fibers do

not necessarily translate to good properties of composites. There are several issues pertaining

to alignment, dispersion and load transfer which have to be dealt with to obtain high strength

composites. This section discusses recent advances in these topics.

Table 2.3. Comparison of mechanical properties of various fibers.

(Fiber properties other than CNT are obtained from ASM handbook[86] )

Fiber s
Elast ic modulus

(GPa)

Tensile St r engt h

(GPa)

Densit y

g/ cc

Car bon

S-Glass

SiC

E-Glass

C-Glass

Kevlar

Bor on

Cer amic

oxides

Carbon

Nanotube

2.62

2.5

2.56

3.44

4.58

3.31

81.3

88.9

230-320 3.3-6.8 1.7-1.9

1.4583-190 2.8-4.1

400 3.6 2.5

3.03.9400

2.5 - 41.38 - 3.469 - 380

~1000 ~60 ~1.3

Several techniques have been used in fabrication of nanotube-reinforced composites. The

most prominent of these methods are direct mixing [82], solution casting [13, 81, 80] and melt
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blending [79]. Each of the processing technique has certain advantages and disadvantages

over others.

2.3.1 Mechanical properties

Numerous researchers have investigated the mechanical properties of nanotube-reinforced

composites. Generalization of these investigations is a difficult task because of different vari-

ables associated with the composite; these include fabrication technique of composite and

nanotubes, matrix material, degree of dispersion, alignment and issues related to load trans-

fer. The common feature in most of the investigations is the general increase in mechanical

properties.

Schaddler and coworkers [80] report an increase in tensile and compressive elastic proper-

ties by 20% using a direct mixing technique for epoxy based composite with 5 Wt %multiwall

nanotubes obtained from CVD. The tensile and compressive moduli of the composite were

3.7 GPa and 4.5 GPa compared to epoxy moduli values of 3.1 and 3.6 GPa. Further, the

Raman spectroscopy measurement of strains indicate that only outer tubes in the multiwall

nanotube were subject to tension while the inner tubes experienced compression (when the

composite is loaded in tension). They conclude that this could be either due to poor load

transfer between the layers of nanotube or due to poor load transfer between nanotube and

matrix.

Jia and coworkers [83] used PMMA matrix and varying content of nanotubes fabricated

by CVD. They further subject the nanotubes to pretreatment consisting of ball milling to

improve dispersion by separating the agglomerates. They report that a considerable increase

in strength was obtained in pretreated nanotubes. In addition, increasing the polymerization

time of PMMA was found to improve composite properties. This is attributed to improved

interface strength. In this investigation, the SEM micrographs seem to indicate wrapping of

polymer around nanotube, which could result in high interface strength.

Andrews and coworkers [84] have obtained an increase of 40% in elastic modulus and

25% in strength by using 1Wt % CNT in polystyrene matrix. They fabricate the composite

by using a method of shear mixing in a bowl mixer with roller rotors. Failure studies suggest

that failure occurs by both fiber pullout and nanotube cracking. Further, when direction of
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loading was parallel to nanotube orientation failure occurs along the crack face rather than

by pull out suggesting strong interfacial bonding. Appendix A presents all the published

experimental work on CNT based composites in a tabular form.

The critical issues in composites, which affect the mechanical properties, are now ad-

dressed.

2.3.2 Dispersion of nanotubes

Dispersion of nanotubes is desired for better properties of composites. Nanotubes tend

to agglomerate into loosely bound bundles interacting based on Vanderwall’s forces. This

reduces the properties of composite considerably. Various techniques have been suggested to

improve dispersion, which include subjecting to high-energy ultrasonic treatment, ball milling

[83] and interaction with polar solvents. In a recent study, Gong and coworkers[85] obtain

increased elastic properties and glass transition temperature by subjecting nanotubes to

surfactant treatment. They conclude that surfactant treatment significantly alters dispersion

and load transfer resulting in superior properties. Dispersion is a topic of ongoing research

and advances are required to harness the properties.

2.3.3 Alignment of nanotubes

One of the drawbacks of nanotubes compared to conventional fibers is inability to manipulate

nanotubes effectively to obtain preferential alignment. Ajayan and coworkers [87] report

preferential alignment of CNTs when the composite is cut into thin slices. This occurs due

to shear flow. Zhou and coworkers[88, 89] have aligned urethane-based composites with 0.1

% wt fraction of nanotubes to obtain preferential alignment. Similar procedure has been

used by Jin and coworkers [90, 91] in higher wt % composites. This procedure involves

subjecting to large tensile deformation at temperatures above glass transition temperature

of polymer matrices. Melt spinning has also been suggested as a possible means of producing

aligned composites [92]. The anisotropic magnetic susceptibility of single wall nanotubes has

been used for alignment of nanotubes in a solution by Smith and coworkers[93]. Chen and

coworkers[94] used electric fields to generate alignment, however neither of these studies has
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been extended to nanotube composites.

2.3.4 Interface behavior

Interface behavior in composites not only affects the elastic properties but also inelastic

behavior such as in fracture. Interfaces in nanotube composites have been a subject of many

investigations and there are widely conflicting results.

Poor load transfer observed by Schaddler and coworkers [80] has been attributed to weak

interaction of concentric tubes in the multiwall nanotubes used in the investigation. Ajayan

and coworkers [81] opine that relative slipping of tubes in nanotube bundles is the reason

for decreased load transfer.

On the other hand, various investigations report significant load transfer. Qain et al.

[13] have observed significant load transfer in composites with polystyrene matrix. Their

TEM studies indicate that interface bonding is operative into the inelastic regime. Wagner

and coworkers [12] studied the stress-induced fragmentation of urethane matrix nanotube

composite. Their microscopic characterization reveals that nanotubes parallel to loading

direction undergo progressive fragmentation. Based on Kelly-Tyson model (which assumes

perfect bonding) they calculate the interface strength to be of the order of 500 MPa, which

is an order higher than that observed in conventional composites. They suggest chemical

bonding between nanotubes and matrix as a possible reason for this. In another investigation

[95] by the same group fiber bridging of nanotubes was observed in insitu TEM experiments.

They report that failure occurs in the matrix rather than interface suggesting strong interface.

Based on a molecular statics study Lordi and Yao [96] infer that helical wrapping of

polymer around matrix is a critical factor in determining interface strength. Using molecular

dynamics simulations Liao and coworkers [97] obtain a value of 160 MPa for polystyrene

molecules fully wrapped around the nanotube. They assume that interactions between CNT

and polymer are only due to Vanderwall’s interactions. Frankland and coworkers [99] studied

polyethylene nanotube composite system and suggest improved interfacial strength with

chemical bonding between matrix and nanotube.

Functionalization of nanotubes implies chemical attachment of various functional groups

to CNTs. Functionalization of nanotubes has been proposed as one of the methods to obtain
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higher interfacial strength. Chandra and Ghonem [98] have noted that thermo-mechanical

load transfer between fibers and matrix in conventional composites is generally affected by

both chemical and mechanical bonding. While chemical bonding arises from the formation of

new phases, mechanical bonding occurs by interlocking of asperities. Chemical attachments

to nanotubes can improve interface strength chemically cross-linking the CNT and matrix

enabling a strong interface. They are also expected to act as ”tethers” (mechanical bond)

and help in load transfer when the composite is deformed either slowly or rapidly.

Researchers have attached different functional groups to the walls of nanotubes using

various experimental techniques. For example Michelson and coworkers [100] have fluori-

nated CNTs using alcohol solvents, while Pekker and coworkers [101] attached hydrogen

using ammonia. Khare and coworkers [102] have hydrogenated nanotubes using electric dis-

charge. Chen and coworkers [94] have attached alkyl chains using amidization, whereas Sun

and coworkers used amidization and esterification to attached carboxylic acids [104]. The

latter also processed PVA thin films embedded with functionalized nanotubes, which could

be used for preparation of aligned nanocomposites. Eitan and coworkers [105] report chem-

ical attachment of epoxide-based functional groups. They suggest that use of these fibers

in epoxy composite can result in significant cross-linking and improvement of interfacial

characteristics.

Apart from possible applications in nanocomposites, functionalization of CNTs is pro-

posed as a useful technique for altering electronic properties (fluorination) and for fabrica-

tion of sensors [107]. Another investigation suggests that non-covalent attachment of pyrene

derivative on nanotubes immobilizes enzymes on the surface of nanotubes [108]. This could

have far reaching biological applications.

2.3.5 Continuum level studies of nanotubes and nanotube com-

posites

While molecular dynamics and more refined computations (density functional theory and

tight binding) are required to model the atomistic details of the systems, the mechanics of

conventional composites has been traditionally studied using continuum level theories and
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modeling techniques. Careful understanding of the underlying physics is required before one

attempts to apply continuum models to nanoscale systems; on the other hand, there is no

denying the fact that these approaches if applicable will enable much better understanding.

Yakobson [6] has shown that predictions of continuum shell theories are compatible with

atomic simulation results of deformation of nanotubes in bending and compressive loading

conditions. There have been several attempts to model the elastic behavior of nanotubes

using continuum techniques (for e.g. [59]). Chou and coworkers [109] use a structural me-

chanics based approach to model nanotubes as atomic trusses with stiffness having all the

components typical of covalent bonds (angle dependence, torsion etc). This approach how-

ever is limited to elastic interactions and does not include dynamic effects even in the elastic

range. Application of continuum methods becomes more relevant in nanotube-reinforced

composites because the increase in the length scale of systems renders atomic simulation

computationally demanding.

Wagner and coworkers [12] have used Kelly-Tyson model in combination with experi-

mental results to obtain interfacial strength in urethane matrix nanotube composite. Liu

and coworkers [110] have suggested various representative volume elements for evaluating

average mechanical properties . Throntenson and coworkers [113] use micromechanistic

model to obtain composite effective properties. Fisher and coworkers [111, 112] have incor-

porated nanotube waviness into micromechanics model of nanotube composites. Aroyo and

coworkers [114, 115] have extended an atomistic -continuum method called quasicontinuum

to nanotubes. They deal with the implications of quasi continuum rule on curved sheets.

All these investigations on composites using continuum methods [12, 110, 113, 111, 112]

assume perfect bonding at the interface, which is questionable. In addition, a coupling with

atomic simulations would enhance the models by incorporating new phenomenon, which

may be occurring at atomic scale. In chapter 6, we present a new model to study nanotube

composites using a combination of continuum and atomic simulations. This method is used

to study the effect of interfaces in nanotube composites.

The next section introduces the background literature in grain boundaries and grain

boundary sliding, which is another system, studied in this work.
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2.4 Grain Boundaries

2.4.1 Structure and energetics

Grain boundaries are interfaces between two grains with different orientations. In most gen-

eral way, any grain boundary can be characterized completely with respect to macroscopic

geometry by five independent degrees of freedom. There are three degrees of freedom as-

sociated with specification of proper rotation: two for unit vector along the rotation axis

and one for the rotation angle, in addition there are two more degree of freedom required

to specify the unit normal of the interface. The same degree of freedom can be viewed in

another manner. The generation of interfaces can be treated as a two stage process: first

bring together two crystals with normals bn1 and bn2 and then rotate one with respect to

other by an angle θtwist. Thus we have five degree of freedom two each corresponding to unit

vectors bn1 and bn2 and one for twist angle θtwist [116]. The geometry of a general bicrystal is

illustrated in figure 2.5. With these five degree of freedom there are innumerable variations

of crystals possible. In order to study the grain boundary behavior systematically researchers

(both in experiments and modeling) normally use symmetric tilt grain boundaries (STGB).

These are pure tilt grain boundaries with the condition that θtwist = 0 , further bn1 and bn2

make same angle with the grain boundary plane, thus in centrosymmetric lattices such as

cubic and hexagonal systems STGB can be considered as twist boundaries with 180o twist

angle. STGB are also called type I twin boundaries. Coincident site lattice (CSL) theory

is often used to represent symmetric tilt grain boundaries [116, 117, 118]. This consists of

identifying a superlattice of grain boundary such that this is a repeat unit cell for the grain

boundary. The misorintation factor Σ is defined as the ratio of volumes of primitive cell of

the CSL and that of bulk material. A typical representation of symmetric tilt grain bound-

ary is [uvw]ΣN(hkl) where [uvw] is the axis of rotation and (hkl) is the plane of the grain

boundary.

Atomic simulation has contributed immensely to the development of grain boundary

geometry energetics and various processes involving grain boundaries. Molecular dynamics

and statics have been used for studying the energetics and equilibrium configurations of

grain boundaries [123], and for various processes such as intergranular fracture [28, 121],
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Figure 2.5: Schematic illustrating the degree of freedom in grain boundary

segregation of impurities [119, 120], grain growth [38], migration [134], dislocation generation

and interaction [135] etc. Most of the atomic simulation studies are limited to bicrystal

modeling but there are a few studies of nanocrystalline poly-grained materials [29].

In this work, we have studied equilibrium structure, energetics and effect of Mg impurity

in grain boundaries. We also study the deformation characteristics of grain boundary slid-

ing which is an important mechanism of deformation in superplasticity. The next section

introduces superplasticity and grain boundary sliding.

2.4.2 Superplasticity and grain boundary sliding

Superplasticity is defined as the ability of material to exhibit in a generally isotropic manner,

very high elongations prior to fracture. It is observed to be of two types internal stress su-

perplasticity and the more commonly observed fine grained superplasticity [124]. Fine grain

superplasticity has been reported in a wide range of materials including metals, ceramics and

metal-ceramic composites in particular temperature and stress ranges. The current record

for highest superplastic strain is 8000% in commercial bronze (This has been entered into
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Guiness book of world records) and strains over 1000% have been observed in 2 mol% Yttria

stabilized tetragonal Zirconia (YTZ) [125, 126]. On a macroscopic level the constitutive re-

sponse of superplastic deformation is observed to be rate dependant. There are many models

to describe superplastic deformation; they are typically of the form

.
²= Kσndb exp

µ
−
EA
RT

¶
(2.8)

where K is the material constant, n is called stress exponent, b is the grain size exponent

and EA is the activation energy. The distinguishing feature of fine grained superplasticity

from plasticity is the mechanism of deformation. The grains remain equiaxed even after

large deformation (see figure 2.6). This is because of a deformation mechanism called grain

boundary sliding. While the deformation mechanism in plasticity is primarily dislocation

based, superplastic deformation occurs by rearrangement of grains or grain boundary sliding

along with diffusion or dislocation based accommodation mechanisms in metallic and ceramic

materials respectively. The accommodation mechanisms are necessary to avoid discontinuity

of material called cavitation.

Because of the high extent of deformation in superplasticity, it is possible to obtain near-

net shapes, consequently there is enormous (a rough estimate of 30%) savings in weight

(because bolts, nuts and fixtures are not needed). Applications of superplasticity range from

automobile, aerospace to interior designing [127].

Superplasticity has been modeled successfully using both phenomenological and microme-

chanical approaches, however the atomistic details of grain boundary sliding are not clearly

understood. It is here that atomic simulation aided by bicrystal experiments and advanced

characterization techniques play a significant role.

There have been a few experimental studies on bicrystal sliding, and in particular Monzen

et al [128, 129, 130] performed ingenious experiments on Cu bicrystals with Fe-Co precipitates

at the grain boundaries on a series of [110] tilt boundaries to obtain nanometer scale sliding

of boundaries in absence of significant interfacial dislocation motion. Based on observations,

they conclude that the sliding rate and temperature at which sliding starts and the activation

energy for sliding depend on the grain boundary energy. Sheik Ali and coworkers [131] have
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studied the sliding of symmetric tilt boundaries in Zn bicrystals. They report that sliding in

STGB is accompanied by dislocation generation and formulate a mechanism for dislocation

assisted grain boundary sliding.

Atomic simulation can overcome difficulties in experimentation with respect to measure-

ment and characterization and is well suited to study the atomic processes involved in sliding.

Few researchers have modeled grain boundary sliding using atomic simulations. Deymier and

Kalonji [132] investigated the effect of critical temperature and grain boundary melting on

sliding. They find that local melting at grain boundaries helps in better sliding characteris-

tics. Molteni et al [133] conducted abinitio simulations of grain boundary sliding on Ge in

a quasi-static way by applying constant strain increments. Chandra and Dang [134] inves-

tigated the effect of applied stress and displacement on tilt grain boundaries in Aluminum.

They report that sliding and migration are intricately related in STGB. Kurtz et al [135, 122]

studied the effect of dislocations on the grain boundary sliding, and observed that sliding

occurs more easily in the presence of dislocations. Recently Ballo and coworkers have studied

the effect of vacancies at grain boundary location on sliding using EAM based monte carlo

methods. they find that the annealing temperature is found to play an important role in

determining the grain boundary energetics and mobility [136].

In this dissertation, we have studied the effect of misorientation angle on grain boundary

sliding using EAM potentials and MD/MS simulations in STGB of Al. We find that sliding

rate and grain boundary energy are intricately related.

Another aspect of superplasticity in general and grain boundary sliding in particular is

the effect of second-phase or impurity atoms. Conventionally second phase particles inhibit

grain growth at high temperatures thereby maintaining the small grain size required for

grain boundary sliding. Impurities even in minor quantities tend to segregate to the grain

boundaries (as they are high energy locations) and affect sliding in superplastic materials.

We study the effect of Mg dopant on energetics and sliding characteristics of STGB in

aluminum.
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(b) Superplastic Deformation

(a) Plastic Deformation

Figure 2.6: Schematic illustrating the difference between (a) plasticity and (b) superplastic-
ity. Note that grains remain equiaxed after deformation in the case of superplasticity
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2.5 Multiscale Modeling

By their very nature mechanical response of materials are governed by the phenomenon oc-

curring at atomic scale. For example, deformation of metals involves complex interplay of

various mechanisms at atomic scale. Metal plasticity is affected by dislocation generation,

motion and interaction, diffusion based mechanisms, grain boundary sliding and migration,

interplanar cleavage etc. MD/MS simulations can be used to gain a fundamental under-

standing of particular problems, which in turn helps in clarification of the issues involved

at macroscale. Though atomic simulations provide insightful details in many problems of

interest, the exceedingly high computational requirements of atomic simulations places a

stringent limitation on length and time scales for the problem of interest. Recent advances

in massively parallel computing have increased the simulation scales by a few orders of mag-

nitude, but even with these advances, simple pair potentials systems of utmost 103 to 104 nm3

for a few nanoseconds can be simulated. On the other hand, continuum based methodologies

solve for fewer degrees of freedom, hence are computationally more efficient. These factors

call for development of multiscale computational methods which can provide atomistic detail

within the continuum framework to solve complex problems in deformation and fracture of

materials. Recent advances in such multi scale methods are briefly presented now.

The idea that intense atomic calculations are required only at the core of the lattice

defects while continuum based solutions can be used away from the core has been exten-

sively used in most of the prevalent multiscale methods. Similar ideas have been used in

atomic simulation of cracks and dislocations with flexible border technique [137, 121]. In

this methods outer atoms surrounding crack or dislocation are updated based on continuum

elastic solutions. Finite element -atomistic simulation method by Mullins and Dokainsh [139]

generalizes the flexible border methods by employing finite element method in the outer re-

gions of atomic simulation of crack system. Kohlhoff et al. [140, 141] use a similar method

but in their case, an interface between MD and finite element regions is made up of one

to one correspondence between nodes and atoms. A more recent hand-shaking or coupling

of length scales (CLS) method adds increased sophistication to such calculations by using

tight binding along with MD and finite element regions [142, 143]. Here again, the interface
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coupling is achieved by kinematic restraints. Dynamic crack propagation has been studied

by Rafii-Tabor and coworkers [144, 145] using a three-scale model. In this model, macroscale

FEM is connected to micro scale molecular dynamics using a mesoscale finite element mesh

with a one to one correspondence between nodes and atoms. Boundary conditions for MD

are generated by mesoscale and the stochastic diffusion constant obtained at atomic scale is

fed into macroscale calculation. Another interesting multiscale method with MD near the

crack core and micromechanics to define the outer region has been developed with the idea

of permitting the motion of dislocations across the scales [146, 147].

Coarse grained molecular dynamics [154] (CGMD) is another finite element based mul-

tiscale method which reduces to MD when finite element mesh is refined to atomistic limit.

In the case of a coarser mesh, the nodal variables are determined as weighted average of the

atomic variables. Finite element based atomistic method known as quasicontinuum method

has been developed by Tadmor and coworkers [148]. In this method, the total energy of

system computed using atomic potentials is minimized in finite element framework. Energy

is explicitly calculated for atoms of interest near the defect known as nonlocal atoms. Ho-

mogenous deformation is assumed in atoms away from the core and energy is computed from

deformation gradient by invoking Cauchy-Born rule. Quasi continuum method has been suc-

cessfully used to model crack problem [153], nano indentation [150], grain boundaries and

dislocations[152]. Shenoy et al. [153] have modified this method to exactly mimic molecu-

lar statics in nonlocal region. Quasicontinuum method has been applied to deformation of

nanotubes by modifying the Cauchy born rule for planar curved systems.[114].

In a recent review of quasicontinuum method, Ortiz and Phillips opine that quasicon-

tinuum method has been inspired from a continuum method called cohesive zone method.

Cohesive zone method was originally introduced by Barenblatt as an alternative to fracture

mechanics for brittle solids. Interestingly the original formulation of cohesive zone by Baren-

blatt [14] is based on cleavage in interatomic planes. Shet and coworkers [157] and Grujecic

et. al.[155] have attempted to obtain the cohesive zone parameters for metallic systems from

atomic simulations. We propose a multiscale model to study nanotube-matrix interface in

CNT based composites based on cohesive zone method. The fundamentals and applications

of cohesive zone model are now discussed.
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2.5.1 Cohesive zone models

Cohesive zone model (CZM) has been proposed by Barneblatt [14] and extended to ductile

fracture by Dugdale [15] and quasi brittle materials by Hillerborg [158] (called fictitious crack

model used for fracture mechanics of concrete). The basic concept of cohesive zone method

is illustrated in figure 2.7.

There are several interesting concepts in cohesive zone model. Firstly, this method is

micromechanistic in nature, i.e. it considers all the possible micromechanisms which cause

damage and fracture. The fracture process zone is particularly modeled through this ap-

proach, consequently there are regions describing complete failure, perfect material and

material undergoing fracture. This region exhibits stress according to traction displacement

curve. Advantage of cohesive zone method is clear by the fact that we can specify the length

of fracture process zone (displacement to failure in τ − δ curve), the stress to failure (peak

stress of τ − δ curve) and the nature of stress distribution in the process zone (through the

shape and features of τ − δ curve). The area under the traction -displacement curve repre-

sents energy for failure process. Interfaces, specifically in composites have been modeled in

various ways e.g. using springs, contact finite elements. In contrast, CZM based formulation

has the interesting capability of not only modeling bonded interfaces but also separation

of interfaces without the use of any ad-hoc stress/strain/energy based fracture criterion.

Since CZMs have the ability to retain the continuity conditions mathematically, despite the

physical separation, the methodology is very appealing. However, before CZMs can be used

to model real structures under real loading conditions, the parameters that represent the

CZMs should be properly identified and evaluated. In all the CZMs, the traction-separation

relations for the interfaces are such that with increasing interfacial separation, the traction

across the interface reaches a maximum, then decreases and eventually vanishes, permitting

a complete decohesion. The main difference in various models lies in the shape and the

constants that describe that shape. CZM consolidates the effect of a number of intrinsic

and extrinsic toughening (or softening) mechanisms occurring within and the immediate

neighborhood of separating surfaces (process zone). The operative mechanisms depend on

the type of material (ductile, brittle, semi-brittle), microstructure (monolithic, composites),
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temperature and rate of loadings (static, dynamic, cyclic). Some of the commonly used

cohesive zone models are shown in figure 2.8
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Cohesive zone method readily lends itself to numerical implementation in finite element

method. In spite of early theoretical developments usage of this method has increased

significantly only in recent times, owing to the developments in computing. Plethora of

work has been recently reported covering a number of material systems and a variety of

loading conditions and cohesive zone models [16, 159, 160, 161, 162, 163, 164, 165, 166]

We use cohesive zone method to study interface mechanics of nanotube composite in a

two scale model. Molecular dynamics simulations are first used to simulate fiber pull-out

tests in nanotube composite. The results of this model are then used to generate traction-

displacement curve used for the cohesive zone models. Finite element method with atomically

informed cohesive zone parameters is then used for modeling the composite material.
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Chapter 3

Energetics and Sliding of Metallic

Interfaces: STGB in Al

3.1 Introduction

Both experimental and computational studies of the structure and deformation character-

istics of grain boundaries have assumed greater importance, not only with the advent of

powerful characterization tools such as high resolution transmission electron microscope and

computational methods like molecular dynamics, but also because of the significant role of

grain boundaries in nanocrystalline materials. The relative volume fraction occupied by grain

boundaries is significantly high in nanocrystalline materials because of the high interface to

volume ratio in these materials. It is well known that during plastic deformation of metals,

grain boundaries impede the motion of dislocations thereby contributing to hardening. The

role of grain boundary deformation becomes much more significant in superplasticity.

Superplasticity is defined as the ability of material to exhibit in a generally isotropic man-

ner, very high elongations prior to fracture [124]. The main difference between fine grained

superplasticity and plasticity is in the microscopic mechanism of deformation. While the de-

formation mechanism in plasticity is primarily dislocation based, superplastic deformation

occurs by rearrangement of grains, known as grain boundary sliding along with diffusion or

dislocation based accommodation mechanisms (in order to avoid material discontinuity, cav-

itation). Though it is well established that grain boundary sliding is primary mechanism of

superplastic deformation, the atomistic mechanics in this process needs better understand-

ing. For example, Impurities in minor quantities are known to affect the grain boundary
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sliding in superplastic materials [126]. It has also been observed through experiments and

simulations that grain boundary sliding is affected by the geometry and orientation of grain

boundaries [131, 167]. Since the tendency of trace elements to segregate is higher near the

grain boundaries, the observed effects could perhaps be explained by the segregation of trace

elements to grain boundary affecting the local structure, energy and deformation behavior.

Atomic simulations used along with experimental techniques such as HRTEM and STEM

can provide a better insight into grain boundary processes like segregation and sliding.

Monzen et al [128, 129, 130] performed ingenious experiments on Cu bicrystals with Fe-Co

precipitates at the grain boundaries on a series of [110] tilt boundaries to obtain nanometer

scale sliding of boundaries in absence of significant interfacial dislocation motion. Based on

observations, they conclude that the sliding rate and temperature at which sliding starts and

the activation energy for sliding depend on the grain boundary energy. Difficulties associated

with measuring such a small extent of sliding experimentally have limited such studies.

Atomic simulation can overcome such difficulties and is well suited to study the atomic

processes involved in sliding. Few researchers have modeled grain boundary sliding using

atomic simulations. Deymier and Kalonji [132] investigated the effect of critical temperature

and grain boundary melting on sliding. Molteni et al [133] conducted abinitio simulations of

grain boundary sliding on Ge in a quasi-static way by applying constant strain increments.

Chandra and Dang [134] investigated the effect of applied stress and displacement on tilt

grain boundaries in Aluminum. Kurtz et al [135, 122] studied the effect of dislocations on

the grain boundary sliding, and observed that sliding occurs more easily in the presence of

dislocations.

Grain boundaries can be characterized geometrically by five macroscopic degrees of free-

dom in addition to three more degree of freedom when atomic details are considered [116].

This presents us with innumerable combinations of boundaries. In order to study the problem

in a systematic manner, we have considered [1 1 0] symmetric tilt grain boundaries (STGB).

STGB are formed by restricting the five macroscopic degrees of freedom to two (tilt angle

and grain boundary plane). The material system chosen for the work in this chapter is alu-

minum; this is motivated not only by preponderance of superplasticity in aluminum based

alloys, but also by the availability of accurate potentials.
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We use molecular dynamics and statics for this study. The objectives of this work are

(1) to understand the structure and energetics of symmetric tilt grain boundaries in Al, (2)

to understand the effect of crystal misorientation on grain boundary sliding and (3) to study

the effect of Mg impurity atoms on the structure and sliding behavior of aluminum grain

boundaries.

Potentials based on embedded atom method (EAM) [23] for the molecular dynamics and

statics simulations are employed in this work. It has been proven that EAM potentials are

more reliable in representing atomic interactions in metallic systems [123, 134], than in tra-

ditional pair potentials. The main limitation of the pair potential models is that they fail

to take into account the metallic bonds (i.e. coordinate-dependent or many body interac-

tions), while EAM potentials include in an implicit way the many-body effects. Specifically

in the case of grain boundary simulations, atoms interacting across the interface experience

an electron density different from that of atoms interacting with each other on the same side

of the interface. This intrinsically anisotropic character of the atoms near the interface is

not taken into account by pair potential. EAM potentials include this effect by the addition

of coordination dependant electron density term. For the initial part of the work analytical

EAM functions developed by Oh and Johnson [168] are adopted for both Al and Al-Mg in-

teractions. Ercolessi - Adams force matching potentials [24] for aluminum are used in most

of the work since they are known to predict more accurate stacking fault energies and elastic

constants than conventional embedded atom potentials. For studying the interaction with

magnesium we have used potentials based on force matching potentials of Al and Mg fitted

for various intermetallic compounds by the same group [25].

3.2 Equilibrium Grain Boundary Structures and En-

ergies

Grain boundaries are modeled as planar bicrystalline high-angle structures specified by co-

incident site lattice (CSL) models. CSL grain boundaries are found to occur naturally in

all polycrystalline materials, and their frequency of occurrence is strongly dependent on
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the processing history [169]. As a consequence of the CSL model, the lowest-energy grain

boundary structure for a given misorientation (characterized by Σ) is postulated to be the

symmetrical configuration [116]. Figure 3.1 illustrates the designations of symmetric tilt

grain boundaries (STGB) used in this chapter. In this figure, the rotation axis [uvw] is per-

pendicular to the plane of the paper (z-direction), consequently, the grain boundary plane

(h k l) is x-y plane with y-direction aligned to the grain boundary normal; and the misori-

entation angle θ is computed from the two [0 0 1] directions of each of the bicrystals. Grain

boundaries are designated as [uvw]ΣN(hkl), thus the grain boundary shown in figure 3.1

describes [110]Σ3(111) tilt boundary.

Seventeen tilt [1 1 0] CSL boundaries: Σ3(1 1 1), Σ3(1 1 2), Σ9(2 1 1), Σ9(1 1 4), Σ11(1

1 3), Σ11(3 3 2), Σ17(3 3 4), Σ19(3 3 1), Σ27(1 1 5), Σ27(5 5 2), Σ33(2 2 5), Σ33(4 4

1), Σ33(1 1 8), Σ41(4 4 3), Σ43(5 5 6), Σ43(3 3 5), and Σ51(5 5 1) were examined for

grain boundary energy. For each of the grain boundaries, the computational crystal was

generated based on the orientation of a given grain and on the symmetry between that and

the adjacent grain across the boundary plane. Due to the fact that multiple energy minima

may exist with very similar energies and very different atomic structures [37], it may be

necessary to obtain lower-energy states by removing (or adding) atoms from the boundary

plane during construction of the initial unrelaxed structures. Because grain boundaries are

extended defects in two dimensions, but inhomogeneous in the direction normal to the grain

boundary plane, it is usual to construct a computational crystal that is periodic only in the

2-D plane of the interface (x- and z-directions in this work). In the grain boundary normal

direction (y-direction), free-surface boundary conditions are imposed as shown in figure 3.2.

Consequently, the crystals are designed to be large enough in the y-direction to remove the

free surface effects on the grain boundary structure. The computational crystals used for

structure and energy calculations contain about five-thousand atoms.

Figure 3.3 shows the final equilibrium structures of selected grain boundaries obtained

using molecular statics simulations. It should be noted that for convenience only a portion

of the whole computational crystal close to the grain boundary is shown. The open and filled

circles represent atoms in two adjacent (1 1 0) atomic planes, which have been projected in

a plane normal to z= [1 1 0] direction. It was observed that during the simulation process,
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most of the atomic movements occur near the grain boundary plane compared to the initial

unrelaxed configurations. We observe a displacement in atoms at the grain boundaries

perpendicular to the direction of grain boundary plane, when the grain boundaries were

equilibrated. This is associated with grain boundary excess volume and has been reported

to decrease exponentially at a distance from the grain boundary.

The equilibrium grain boundary configurations shown in figure 3.3 were compared to

other available computational and experimental results. The key aspect to be compared is

the micro-facet structural details near the boundary, which includes the relative positions

of atoms in the boundary and neighboring planes. The present results for two of the CSL

structures Σ9(221) and Σ11(113) agree well with the experimentally observed tilt boundaries

using high-resolution transmission electron microscopy (HRTEM) [171], [172].

The energy of the individual atoms can be used in the evaluation of grain boundary

energy, which is equal to the energy of atoms within the width of the grain boundary in

the defective system less than that for the perfect crystal, divided by the area of the grain

boundary plane. Figure 3.4 a shows the grain boundary energy (Egb) for the tilt grain

boundaries, plotted as a function of the misorientation angle (θ). As can be seen from the

plot, three energy cusps for special angles were observed in this work in grain boundaries

which correspond to three twin boundaries Σ3(111), Σ3(112), and Σ11(113). The shape of

the curve and the energy cusps match well with those obtained in earlier studies but, the

absolute values of energy in the figure are slightly higher than those obtained in earlier studies

using pair potentials [123] and conventional EAM potential [134]. This tendency could

possibly be ascribed to the fact that the E-A force matching potential predicts higher (more

accurate) stacking fault energy compared to the earlier potentials. Further our simulation

results are in reasonable agreement with experimental results by Otsuki and coworkers [173]

3.2.1 Effect of Mg doping on STGB in Al

We now proceed to compute grain boundary energy when a Mg atom is added to system.

The results of magnesium doping are discussed in reference to Σ9(221) and Σ11(113) grain

boundaries which are representative of high and low energy STGB. There is an increase in

grain boundary energy with addition of Mg atom. As Mg atom is placed at positions away
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Figure 3.3: Configurations of equilibrated symmetric tilt grain boundaries (a) [1 1 0] Σ3 (1
1 1), (b) [0 0 1] Σ5 (2 1 0), (c) [1 1 0] Σ9 (2 2 1) and (d) [1 1 0] Σ11 (1 1 3)
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Figure 3.4: Grain boundary energy as a function of misorientation angle. (a) From molecular
dynamics calculations in this work (b) comparison with experimental results by Otsuki
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from the boundary, grain boundary energy stabilizes to a constant higher value (0.0294

eV/A2 in Σ9(221) and 0.00767 eV/A2 in Σ9(221)) as shown in figure 3.5. This increase is

due to the dissolution of Mg in Al. Energy of dissolution is the difference in energy of Al

crystal with and without Mg doping and in the present case is about 0.0012 eV/A2. In Σ9(2

2 1) grain boundary, there is a difference in grain boundary energy when Mg atom occupies

positions 1 and 2 at the grain boundary (See figure 3.5). In the Σ11(1 1 3) grain boundary,

there is a relative decrease in grain boundary energy when Mg atom occupies central location

at the grain boundary. Another interesting case is Σ3(111) STGB, in this boundary there

is an increase in grain boundary energy when Mg atom is added but there is not much

change in the energy when Mg atom is placed near or away from the grain boundary. This

could be ascribed to Σ3(111) being a low energy twin boundary, energetically similar to a

perfect crystal interior. These results are in agreement with earlier work using first principles

simulations on segregation of Mg and Cu in Al [25, 119].

This position dependence of grain boundary energy can be explained by the hydrostatic

stresses experienced by the site. For EAM potentials the components of atomic level internal

stresses can be calculated as:

σH =
1

3V




X

α= 1,3

X

j

³
F
/
i ρ

/α
j + F

/
j ρ

/α
i + φ

/
ij

´ rαij.rαij
rij



 (3.1)

Where V is the volume of the computational crystal, is the αth component of the relative

position vector of atom i and j ; F / ρ/ and φ/are the derivatives of the EAM functions

[182]. If we consider a system of pure aluminum the atom at position 1 is surrounded by

14 nearest neighbors (figure 3.6 b) in contrast to a pure face centered cubic site in bulk,

which is surrounded by 12 neighbors (figure3.6 a). This causes a compressive stress state at

the position 1 of grain boundary. When a larger sized Mg atom (Mg is 12 % larger than

Al) replaces an Al atom, Mg experiences an eigen strain in the sense of Eshelby resulting

in a state of hydrostatic compression. Consequently, the surrounding Al matrix atoms will

be subjected to a small radial compression but a significantly high hoop tensile stress. This

state of stress creates a neutralizing effect on the existing compressive stress field. Because of

this, the Mg atom is more stable at position 1 in Σ9(221) grain boundary. The reverse is true
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Figure 3.5: Grain boundary energy in presence of Mg atom. Note the changes in grain
boundary energy are significant When Mg atoms are placed at the grain boundary.

for Mg atom at position 2, which is surrounded by 10 Al atoms. The effect of hydrostatic

stress on segregation is evident from figure 3.8. The segregation energy plotted in this figure

is computed as the difference in energies between grain boundary containing Mg atom and

corresponding equilibrated pure Al grain boundary. The variation of hydrostatic stress in Σ3,

Σ5, Σ9 pure aluminum grain boundaries is shown in figure 3.8.Hydrostatic stress fluctuates

and tends to zero as we move across the boundary. Similar oscillatory behavior of interplanar

spacing at free surface and grain boundary has been reported by Chen and coworkers [38].
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3.3 Grain Boundary Sliding

We now study the process of grain boundary sliding using MD. Most of the experiments on

bicrystal sliding [128, 129, 130, 131, 167] are performed with grain boundary oriented at 45

degrees to the tensile (or compressive) axis. To simulate these conditions grain boundaries

for dynamics simulations are also formed with similar boundary conditions. figures 3.9, 3.10

describes the crystal generation procedure. These boundaries are periodic in Z direction,

free in X and Y direction. They contain about 14000 to 15000 atoms. Similar boundary

conditions have been used in the study of intergranular crack propagation [28]. Both shape

and volume of the simulation cell are allowed to change. A state of shear stress is applied on

the grain boundary by applying an external stress tensor s in fixed (XYZ) reference frame:

σ =






τ 0 0

0 −τ 0

0 0 0






(3.2)

The stresses are applied by introducing an additional force term corresponding to the applied

stress. In the simulation, the boundaries are considered dynamic variables driven by the

imbalance between external applied stress and internal stress tensor. The amount of sliding

is calculated as difference between the average X displacements in the bottom and top crystals

in the rotated reference frame. Stresses of about 10% of Voigt average shear modulus for this

potential are employed in these studies. All the simulations were carried out at temperature

of 448K for about 5 ps. Sliding in six tilt boundaries: Σ3(111), Σ9(221), Σ11(113), Σ17(334),

Σ43(556) and Σ51(551) are studied in this work.

Variation of grain boundary sliding with grain boundary energy is shown in figure 3.11.

Maximum sliding is observed in Σ17(334) and minimum in Σ3(111). There exists a cor-

relation between grain boundary energy and sliding. Grain boundary sliding is more in

the boundary, which has higher grain boundary energy. Monzen et al [128, 129, 130] have

observed a similar variation of grain boundary energy and tendency to slide by measur-

ing nanometer scale sliding in copper. They report that there is no significant dislocation

activity.
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Figure 3.9: Schematic showing the crystal generation for grain boundary sliding simulations

To study the directional dependence of sliding state of shear stress was applied in the

opposite direction for Σ3(111) ,Σ9(221) and Σ17(334) grain boundaries. There was a decrease

in the extent of sliding in the case of Σ9(221) and Σ17(334) boundaries but no noticeable

difference in Σ3(111) grain boundary. Σ9(221) and Σ17(334) boundaries slide by 3.46 Å

and 4.11 Å in contrast to 3.50 Å and 4.23 Å in the other direction. It is interesting to note

that directional dependence of crack propagation was observed experimentally in Σ9(221)

bicrystals of copper [129]

There are two mechanisms, which explain grain boundary sliding at atomic scale. One

of them attributes sliding in STGB to the glide of interfacial dislocations and migration to

the climb [131]. This mechanism is supported by experiments on Zn bicrystals where ratio

of migration to sliding matches with that predicted by theory. Kurtz et al [122] have noted

through molecular dynamics simulations on Al crystals that sliding is much easier in presence

of interfacial dislocations. The second mechanism is based on geometrical analysis given by

Ashby [174] in which atomic scale sliding is controlled by boundary diffusion.

In the present simulation, grain boundary sliding is manifested as relative displacement of

atoms across the grain boundaries; the top crystal displaces more compared to the bottom

56



Figure 3.10: Schematic of [1 1 0]Σ9
³
221

´
grain boundary used for grain boundary sliding

simulation
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while same state of stress is applied equally to the top and bottom crystals. During the

process of sliding, no dislocations are observed and this is similar to Cu bicrystal experiments

by Monzen [129]. Our observation indicates that the natural tendency of the grain boundary

to slide depends on the disorder of the grain boundary as represented by the grain boundary

energy. A higher energy grain boundary like Σ17(334) has more disordered structure; hence,

there is a higher stress concentration and consequently higher tendency to slide than low

energy boundaries such as Σ3(111). In Σ9(221) crystals similar simulations of sliding were

carried out by placing a Mg atom in positions 1 and 2. There was an increase in the extent

of sliding in presence of magnesium. This increase is dependent on position of Mg atom.

In Σ9(221) crystal the Mg atoms placed at position 2 gave higher sliding (about 3.57 Å)

than in position 1 (3.54 Å) than in pure crystal (3.50 Å). It may be noted that the grain

boundary energy is higher in Σ9 crystal with Mg atom at position 2 than at position 1 than

pure crystal. In the case of Σ11(113) grain boundary addition of Mg to the symmetric center

position increases the sliding distance from 1.73 Å to 1.78 Å. There is a further increase of

sliding distance to 1.82Å when Mg atom is placed at off symmetric site in the next layer.
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Similar increase in sliding distance was observed in Σ17 grain boundary. Presence of Mg

atoms at the grain boundary tends to increase the sliding tendency at least in some of grain

boundaries.

3.4 Summary

There is a definite correlation between sliding and grain boundary energy in Aluminum

STGB. Higher disorder boundaries, which have higher grain boundary energy exhibit more

sliding. There is an increase in grain boundary energy in Al bicrystals with the presence of

magnesium. However, this increase is dependant on the position of Mg atom. Presence of

Mg at grain boundary tends to increase sliding in some of the grain boundaries studied in

this work.
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Chapter 4

Local Mechanical Behavior of

Topological Defects in CNT

4.1 Introduction and Motivation

The exceptional mechanical properties of carbon nanotubes (CNTs) and their potential use

in structural components and devices have stimulated great interest and extensive research,

ever since their discovery by Iijima [2] in 1991. The stiffness and strength of CNTs are in

the range of TPa and GPa respectively, while the nearest competing material exhibit these

properties in the range of GPa and MPa respectively. Also the fact that CNTs are extremely

light weight compared to other materials make them potential candidates as reinforcing fibers

in super strong composites. Before they can be applied in real nanocomposites, strength and

stiffness of CNTs as stand alone units and their ability to transfer loads between matrix and

the nanotubular fibers through nanoscale interfaces needs to be clearly understood. At the

heart of the problem is the very definition of strength and stiffness at these scales. Strength

and stiffness are defined based on stresses and strains at the macroscopic continuum level

and these definition are ambiguous at the nanoscopic level. Widely reported computational

and experimental results of CNT strength and stiffness are based on averaged quantities that

are computed/measured at the length scales of the nanotubes that are many orders greater

than the local atomic dimensions. Though these averaged quantities may lead to acceptable

properties for a few idealized configurations, local measures are required to unequivocally

determine certain extremum behavior such as inelasticity, damage, fracture and failure. Such

is the case when we need to study the origin and effect of deviation from the regular hexagonal
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arrangement of carbon in graphene sheet or in carbon nanotubes. Local mechanical behavior,

for example in a 5-7-7-5 Stone-Wales defect is entirely different from that of a region away

from the defect, all within the same nanotube subjected to a far field force. The relation

between the average and local behavior is a well-known problem in the macro world but

is manifested with even more vigor in the CNTs based nano-world, and is the subject of

this chapter. Though we have focused on single walled CNT in this work, the methodology

developed here is equally applicable to multi-walled CNTs. Since we mainly deal with single

wall carbon nanotubes in this work, the term CNT refers to single wall carbon nanotube

unless indicated otherwise.

Experimental observations have revealed that topological defects such as 5-7-7-5 Stone-

Wales defect are commonly present in nanotubes [7]. These local defects can alter not only

the inelastic properties but also the elastic properties, e.g., Young’s modulus and Poisson’s

ratio. Salvetat and coworkers [64] infer that low Young’s modulus of CNTs prepared using

chemical vapor deposition is due to higher concentration of defects in these nanotubes.

These defects may alter the longitudinal, lateral stiffnesses, and flexural rigidity in response

to tension, torsion and bending respectively. It should be noted that analogous point or line

defects (vacancies, substitutional atoms and dislocations) in a bulk crystalline materials tend

to influence only the inelastic properties because these type of defects though quite large in

number are still extremely small volumetrically. Because of the unique planar hexagonal

mesh-like structure of the carbon nanotubes, topological defects can alter the deformation

response and hence the elastic properties. In addition, these can also be the potential sites

where irreversible mechanical response initiates [6]. While these assertions are true even

for planar graphene sheets, when rolled as carbon nanotubes these defects locally alter the

ovality of the tubes causing further nonlinear effects. Consequently they respond differently

not only when the diameter varies, albeit to a lesser extent, compared to the chirality where

the rolling orientation directly affects the geometry near the defects.

Studies have shown that topological defects in CNTs may not only affect the mechanical

properties, but electronic, magnetic and hybridization characteristics and hence needed to be

understood thoroughly [175, 176, 177]. In addition, the transition in the Y-junction contem-

plated in CNT based molecular electronics is achieved through the incorporation of many
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5-7-7-5 defects either by design or otherwise [178]. In a recent experimental investigation

topological defects have been directly observed in nanotube junctions [179]. Transition from

nanotubes from one diameter to another can be achieved by locating a few of these defects

strategically in the transition region [41]. There has been evidence for higher possibility of

chemical reaction in end caps of nanotubes [180, 181] which essentially contain topological

defects. This leads us to conjecture higher possibility of chemical bonding in polymers when

the topological defects are present. Thus when studying load transfer issues in CNTs, un-

derstanding the energetics of these zones is critical. Another area of potential application

of CNTs is in the effective storage of hydrogen for possible use in fuel cells. Here again the

propensity of hydrogen penetrating a defected region and entering the tube is higher than

regular regions.

In this chapter, we introduce the definitions of atomic stress and atomic strain quantities

as applicable to carbon nanotubes. Though these stress measures have already been used

to compute stresses in a general three dimensional crystalline materials, their application to

carbon nanotubes is new and entails certain re-evaluation of what constitutes the proper vol-

ume in a planar configuration. We have formulated a methodology to evaluate the kinematic

measure of atomic strain specifically for carbon nanotubes. Strain at the atomic level is still

defined as the spatial gradient of the displacement field; the displacement field is expressed

in terms of atomic displacements and interpolation functions. These measures are applied

to CNTs with and without 5-7-7-5 Stone-Wales defects. Local stress -strain response in the

defected and the perfect regions are then examined. It is observed that the defect produces

a stress and strain concentration effects in the vicinity of the defect due to changes in the

geometric configuration and concomitant force fields. It is observed that the local stiffness

substantially decreases in the defected region and the mechanics of why this happens is care-

fully examined in terms of both the kinematics and kinetics. We then study the reduction

in Young’s modulus in presence of a large number of defects and present a model to predict

the decrease in modulus based on local modulus.
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4.2 Atomic Level Stress Measures

Stress is a measure defined to quantify the internal resistance of material to counter external

disturbances. These external disturbances can either be mechanical, thermal, electrical,

magnetic or gravitational in nature. While mechanical loads appear as forces and moments

at the surfaces of the body other loads are distributed throughout the volume as body forces.

Stress in a simplified sense can be construed as force over an infinitesimal area as the area

tends to zero in the limiting process. It is implied in this definition that force acting over the

infinitesimal area is uniform leading to a unique state of stress. Without loss of generality

this concept of uniform force over an infinitesimal volume can be extended to the three

dimensional state of stress with forces acting on the surfaces of the cube.

When we define stress at a point, in the sense of continuum mechanics we implicitly

assume that a homogenous state of stress exists within the appropriately chosen infinitesimal

volume surrounding that point. As we apply this concept to discrete lattice mechanics, we

need to identify a volume around a given point over which the stress becomes homogeneous.

Such a selection of appropriate volume clearly depends on the degree of stress heterogeneity

existing at the material in question. It should be noted that the heterogeneity in the stress

state can be caused either due to the heterogeneity in the material (e.g. defects such as

inclusions) or due to inhomogeneous loading conditions (e.g. bending). If stress in a selected

volume has a very sharp spatial gradient, than we are required to choose smaller and smaller

volume to evaluate the stress quantity with a clear objective of choosing the largest possible

volume to satisfy the condition of homogeneity within that volume.

In this context there have been various formulations of stress in molecular dynamics

such as virial stress [182], BDT or atomic stress [183], Lutsko stress [184, 185], mechanical

stress by Cheung and Yip [186]. We invoke these various definitions of stress measures

with different volumes of interrogation and apply them to carbon nanotubes in a molecular

dynamics formulation based on Brenner potential [19].

The most commonly used stress measure at atomic scale is virial stress (Σij) . [182]For a
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pair potential V this can be expressed as

Σij =
1

ΩTot

X

α= 1,n



1

2
mαvαi v

α
j +

X

β= 1,n

riαβr
j
αβ

|rαβ|

dV

drαβ



 . (4.1)

Here i, j denote the indices in Cartesian coordinate system 1, 2 and 3, while α and β are

the atomic indices. The summation is over all the atoms occupying total volume ΩTot. mα

and vα denote the mass and velocity of atom α. rαβ is the distance between atoms α and β.

The term dV
drαβ

is the scalar of force exerted on atom α by atom β. Without loss of generality

this expression can be rewritten for potentials dependent on bond angles such as bond order

potentials as:

Σij =
1

ΩTot

X

α= 1,n



1

2
mαvαi v

α
j +

X

β= 1,n

rjαβf
i
αβ



 . (4.2)

We have used this form to calculate virial stress. A similar form for atomic stress has been

used for Si modeled with Tersoff potential by Yu and Madhukar [187]. Based on the preceding

discussion regarding volume it may be noted that this stress formulation is strictly valid only

when homogenous stress state exists in the entire volume of the simulation box. For example

this measure would be valid for uniformly loaded nanotubes without defects.

Above definition of bulk stress has been extended to one atomic volume by Basinski,

Deusberry and Taylor [183] to define atomic stress (also called BDT stress). This is based

on the assumption bulk stress measure would be valid for a small volume Ωα around an atom

α. This definition of atomic stress
³
σαij

´
for atom α can be expressed as:

σαij =
1

Ωα



1

2
mαvαi v

α
j +

X

β= 1,n

rjαβf
i
αβ



 . (4.3)

Theoretically, the above definitions are valid only for homogenous systems, though BDT

stress gives a fair indication of the nature of stresses in systems with defects and has been

used to study point defects and grain boundaries in a number of metallic systems [183, 27, 26].

Total volume and volume of single atom are required for the calculation of virial and BDT
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stresses. Further, to ensure consistency

Σij =
1

ΩTot

X

α

σαijΩ
α. (4.4)

The total volume has been used extensively in the computation of elastic modulus based

on energy approach (See references in table 3.1). We have used the most commonly used

volume Ωtot = πdtl where d is the diameter, l is the length and t = 3.4
o

A is the interpla-

nar spacing in graphite. Atomic volume has been computed based on interatomic distance

(1.42
o

A in undeformed tubes) and interplanar spacing (3.4
o

A).

Other definitions of stress have been advanced by Lutsko [184] and Cheung and Yip [186]

to study inhomogeneous systems. According to Cheung and Yip’s definition, mechanical

stress is calculated as sum of time rate of change of momentum flux and forces divided by

area across particular surface of interest. The concept of local stress advanced by Lutsko and

extended by Cormier et al. [185] is based on the local stress tensor of statistical mechanics.

Further, this definition has been shown to conserve linear momentum. Lutsko stress
³
σLij

´

can be expressed as:

σLij =
1

ΩAvg

X

α= 1,n



1

2
mαvαi v

α
j +

X

β= 1,n

rjαβf
i
αβlαβ



 . (4.5)

Here lαβ denotes the fraction of the length of α-β bond lying inside the averaging volume

Ω
Avg. Further, this averaging volume can be a small part of the total volume possibly con-

taining defects. Lutsko stress has been used to evaluate local elastic properties of grain

boundaries in metals. Cormier and coworkers [185] have recently shown that this measure

gives a better match for continuum solution of inclusion problem.

In bulk materials the averaging volume (for Lutsko stress) is typically considered as a

spherical volume, however the derivation of the stress tensor places no such restriction. We

have considered averaging volume as shown in figure. 4.2 for this calculation.

In summary, Virial stress can be used if the stress state is homogenous in the entire

volume (of simulation cell); Lutsko stress can be computed for a partial volume and the

homogeneity restriction is still applicable to that volume. If stress needs to be computed
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Figure 4.1: Schematic showing volume considered for stress calculation

around a single atom, then BDT stress can be used. Here again homogeneity is assumed in

the volume in which stress is computed. In the converse if inhomogeneity exists then the

choice of the stress measure depends on the extent of spatial inhomogeneity. For example if

we need to examine the overall effect of a 5-7-7-5 Stone-Wales defect, we need to use Lutsko

stress. If we are further interested in the role of specific atom in the defected region, then

we need to use BDT stress to capture the physics of the problem.

In spite of the fact that these various definitions have been used with regularity in study-

ing metallic systems (both for EAM and pair potentials), and some non metallic systems

such as Si, Ge [187], to the best of our knowledge they have not been used for carbon

nanotubes. For carbon nanotubes, Halicioglu [53] has obtained the atomic stress values in

carbon nanotubes based on the strain energy consideration using

σij =
1

Ω

∂Eα

∂εij
. (4.6)

Here Eα is the strain energy and εij is the corresponding strain component. This measure
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was used for the entire tube and requires knowledge of conjugate strain. Belytschko and

coworkers [75] calculate stress based on applied forces and cross sectional area of nanotube.

Xia and coworkers [56] calculate stress based on pressure exerted by hydrogen atoms in the

nanotube and averaged increase in the dimensions of the nanotube.

The prevailing methods of evaluating elastic moduli and stress-strain behavior of nan-

otubes implicitly assume that homogenous state of stress exists allowing them to use energy

to compute the modulus. Further, they need to know the value of strain and assume that

strain is constant through out the domain. This would not pose any problems for nanotubes

without defects under uniaxial loading. We show in the later sections that when the condi-

tion of homogeneity is violated, as in a defected system, or in the case of multiaxial state of

loading local stress and strain measures would prove to be more useful than global energy

based approaches. Now we proceed to develop the kinematic or strain measure for nanotubes

at atomic scale.

4.3 Atomic Level Strain and Energy Measures

In the description of continuous media, the thermomechanical behavior of materials is usu-

ally prescribed by relating the kinetic quantity at a given material point (or particle) to a

kinematic quantity through a constitutive equation. For example, in the Hooke’s law for

isotropic materials the kinematic quantity strain, ε, is related to the kinetic measure stress,

σ, using the simple relation σ = Eε where E is the Young’s modulus. This modulus is

usually evaluated in a uniaxial tensile test where the stress state is uniaxial (σ11 = σ) but

the strain state is multiaxial (ε11 = ε; ε22 = ε33 = −νε) and the modulus is E = σ11

ε11
= σ

ε
.

The strain energy associated with the deformation is given by

dW = σdε⇒W =
σ2

2E
=
Eε2

2
. (4.7)

If Young’s modulus is a constant then the stress-strain response is linear and strain energy

in equation (4.7) is valid. Such is the case for a linear elastic isotropic material. The above

equation illustrates the fact that in order to evaluate Young’s modulus in a linear elastic
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model, only any two of the variables, stress, strain and energy are independent. While we

pursue to evaluate the former two, many workers have used energy and strain to obtain these

quantities under homogenous conditions. Young’s modulus can be evaluated using energy

and some strain measure using the equation,

E =
2W

ε2
or in general terms as, E =

∂2W

∂ε2
. (4.8)

In the above equation selection of any strain measure ε yields a corresponding modulus E,

though it can be easily noticed that pairs are not unique. For example, if one were to select

a new measure ²∗ and then evaluate E∗ then this new modulus will be quite different as

shown below.

²∗ = αε σ∗ = βσ ⇒ E∗ = γE where γ =
β

α
given that αβ = 1. (4.9)

The above equation holds good for any arbitrary value of α and β. It is thus clear that one

can get quite different values of Young’s modulus based on the selection of strain measure or

stress measure. For the more general case of anisotropic elastic materials, ifW is assumed to

be a function of only current deformed state and independent of the history of deformation

then the material is hyperelastic with

Cijkl =
∂2W

∂εij∂εkl
, (4.10)

where Cijkl are the components of fourth order elasticity tensor and εij are the components

of strain tensor. Unfortunately for the above equation to be consistent with the usual elas-

ticity tensor components one needs to identify εij as the components of the frame invariant

Green-Lagrange strain tensor. Thus evaluating stiffness components using equation (4.10)

or equation (4.8) has several shortcomings.

1. The magnitude of the Young’s modulus even for isotropic cases, depends on the choice

of strain measure, as shown in equation (4.9).

2. In using equation (4.7) the carbon nanotubes exhibit directional independence in their

material orientations. Clearly this is not the case as the mechanical response of a zig-
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zag tube is different from that of an armchair tube. Thus the equation presumes that

material is isotropic which is incorrect.

3. The equation implicitly assumes that a state of homogeneous deformation occurs

throughout the volume of interrogation which is not always the case.

4. We need to implicitly assume that strain energy density function exists for these classes

of materials.

5. We need to assume that the internal strain energy in the material is always equal to

the change in potential energy as given by the interatomic potentials. This would not

be true for simulations at finite temperature.

Based on the above argument, the proposed method of evaluating local stresses and

strains is a better approach to the problem. Strain is a measure of the deformation suffered

by a body and is typically measured by the relative changes in length and angles of line

segments of the deformed configuration compared to the original. The simplest form of

strain is the uniaxial strain defined by ε = (L−Lo)/Lo, where L is the current length and Lo

is the original length. Though this form of strain has been used for nanotubes, [75, 188] it may

not be sufficient to represent multiaxial strain state or prove adequate for inhomogeneous

distributions.

A more general measure that is applicable to large deformation and finite rotation cases

is the deformation gradient tensor F which relates deformed configuration x to undeformed

configuration X given by

F =
dx

dX
. (4.11)

Displacement u of a given atom can be expressed as

u = x−X. (4.12)

An infinitesimal strain measure ε defined as

ε =
∂u

∂X
= (F− I), (4.13)
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is used in this work. For a theoretically consistent formulation one needs to identify a set

of frame invariant stress and strain measures that are not only conjugate quantities but

are evaluated in the same configuration, either in the undeformed or the deformed state.

If we choose to use the deformed configuration as our reference state, then we can use

Cauchy stress and Almansi strain as the conjugate quantities. Further, Almansi strain can

be approximated to the small strain measure presented above (equation 4.13), if the strains

are not large and if the rigid body rotations during the deformations are limited.

The computational methodology for calculating strains is as follows: Defect free nanotube

can be considered as a mesh of hexagons. Each of these hexagons can be treated as containing

four triangles. A local coordinate system
³
X 0Y 0Z

0
´
is constructed for each of these triangles

with centroid as origin and local Z 0 axis is along the length of tube (See figure 4.2 ), the local

Y0 is coincides with the radial direction of the centroid of the triangle. Local X 0 is obtained

as cross product of Z 0 and X 0 axes, so that atoms lie on X
0−Z0

plane. The in-plane strains

(εz0, εx0, εz0x0) for this configuration can be evaluated using displacements of atoms i, j and l

(ui, vi,..) which form the triangle as






εz0

εy0

γz0y0






= [B]
½
ui vi uj vj ul vl

¾T

where [B] is the matrix of the gradient of the interpolation function [189]. Once the strains of

the triangular facets are obtained strains in hexagons are evaluated as area weighted average

of triangles contained in the hexagons. In the case of tubes with 5-7-7-5 defect the mesh

described above contains heptagons and pentagons along with hexagons. These pentagons

and heptagons are composed of three and five triangular facets respectively. Strain at each

atomic location is evaluated as average of three hexagons (or heptagons/pentagons) that

encompass the concerned atom.
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Figure 4.2: Schematic of element used for strain calculation in nanotube

4.4 Application to Defect Free Nanotubes

In this section we present results obtained from molecular static simulations using conjugate

gradient algorithm and Brenner potentials [19]. Periodic boundary conditions were applied

to model tubes of infinite length. For simulating CNTs under uniaxial loading, displacements

were applied to the atoms in the longitudinal direction. Stress, strain and energy measures

at the local and global levels were computed for all cases. In order to validate the new

local stress and strain measures, a perfect (9,0) CNT was analyzed. Once validated, these

measures are used to study the 5-7-7-5 defect in tubes with different diameters and chiralities.

When subjected to a far field load on a defect free homogenous state of stress and strain

exist. Strain calculations based on triangular facet approach give consistent results for tubes

with different chiralities and diameters. Also the three stress measures yield consistent stress

values. For a tube with uniform strain, the variation in BDT stress (computed for each atom)

from atom to atom is negligible, and the magnitude of BDT stress and virial stress are found

to be identical. When Lutsko stress is evaluated with a minimum interrogating volume

(cylinder with length at least twice cut-off radius), this value is equivalent to other stress
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measures. In the limit, when the interrogating volume approaches the total volume Lutsko

stress becomes identical to the virial stress.

It is interesting to note that the strain values in the triangles are not necessary equal

to applied strain values. Though the magnitude of strain in adjacent triangles is different,

the weighted average of strain in any hexagon is same and is identical to the applied strain.

As a consequence every atom experiences same state of strain. The variation of strain state

within the hexagon (in different triangular facets) is a consequence of different orientations

of interatomic bonds with respect to applied load axis.

Further, to validate the applicability of the three stress measures and the strain measure,

stress strain curves are plotted for a perfect (9,0) CNT under uniaxial tension. Figure

4.3 shows the stress strain curves based on virial, Lutsko and BDT stress, measured in

longitudinal (Z) direction and longitudinal strain εz. The Young’s modulus is evaluated

as the slope of stress strain curve at zero strain (initial tangent). We obtain a Young’s

modulus value of 1.002 TPa for (9,0) CNT. This compares favorably with values published

in the literature as shown in table. 4.1. Though there is a wide variation in the value of

the Young’s modulus (0.5 to 5.5 TPa), based on different computational and experimental

approaches, the value centers around 1TPa which compares well with this investigation.
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Figure 4.3: Stress-Strain plots for (9,0) CNT. Note that use of different stress measures gives
comparable results for homogenous systems.
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Table 4.1. Elastic constants obtained in various investigations.

Note that inspite of variation most of the values center around 1TPa

Author & Year Method
Young’s

Modulus

(TPa)

Other

Material

Parameters
Comments

Timur Halicioglu

(1998)

Molecular dynamics
(Brenner’s Pot)

Axial tension

0.50
Poisson’s ratio:

0.18
wall thickness=0.34 nm

0Y ( )
====

==== ∂∂∂∂ ∂∂∂∂
É

ë É

Hernandez, Goze

Bernier, Rubio
(1998)

Total-energy,

non-orthogonal
tight binding,

Axial tension

1.22 -1.26
wall thickness=0.34 nm

21 2

o
Y V ( E )−−−−==== ∂∂∂∂ ∂∂∂∂É

Poisson’s ratio:
0.18

Dong Qian, Wing kam
Liu and Rodney S Ruoff

(2001)

Analytical method

on graphene sheet
0.989

Poisson’s ratio:
0.367

wall thickness=0.34 nm
2

ijkl j i lk
C ( W F F )==== ∂∂∂∂ ∂∂∂∂ ∂∂∂∂

G Zhou, W Duan B GU
(2000)

First principles

cluster method (LDA)
Axial tension

0.764
Tensile strength =6.249

GPa,
Poisson’s ratio:

0.32

J P Lu

(1997)

Emperical force
constant model

0.971-0.975
Poisson’s ratio:

0.277-0.280
wall thickness=0.34 nm

J M Molina, S S savinsky
and N.V. Khokhriakov

(1995)

Tight binding 1.4 ---- wall thickness=0.34 nm

A. Krishnan, E. Dujardin

T W Ebbesen, P N Yianilos
and M M J Treacy

(1998)

Experimental: free

standing room
temperature vibrations

1.25 ----- Weighted average value

B I Yakobson C J Brabec

and J Bernholc,
(2001)

Many body potential

and continuum shell
model

5.5
wall thickness=0.066 nmPoisson’s ratio:

0.19

B G Demczyk, YM Wang,

J Cumings, M Hetman,
W Han, A Zettl, RO Ritchie

(2002)

:Experimental pull
and bend test 0.91

Tensile strength

=0.15 TPa

wall thickness=0.334 nm

with continuum
correction Young’s

modulus = 0.8TPA

Yu MF, Files BS,
Arepalli S, Ruoff RS

(2002)_

Experimental

Tension test
0.32-1.47

Failure strength:

13-52 GPa
wall thickness=0.34 nm

Tu ZC abd Yang ZCO
(2002)

LDA 4.7
Poisson’s ratio:

0.34
wall thickness=0.075 nm

Lier GV, Alsenoy CV,

Doren, VV, Geerlings P
(2000)

Poisson’s ratio used
in calculation

0.17

Y Xia, M Zhao, Y Ma,
M Ying, X Liu, P Liu

and L Mei
(2002)

Molecular dynamics

and ab initio
Internal pressure

C(5,5)

2.55(Ézz<0.003)

0.85(Ézz<0.04)

1.14(Érr<0.003)

0..52-0.26-

(0.003<Érr<0.04)

Independent of wall
thicknesss. Y increases

with 5-7-7-5 defect

Treacy MMJ, Ebbesen TW,

Gibbson JM (1996)
Experimental

(TEM)

1.81 ----- First measurement of Y

Salveta JP, Briggs GAD,
Bonard JM, Bacsa RR,

Kulik AJ, Stockli T,
Burnham NA, and Forro L

(1999)

Experimental
(Atomic Force

Microscope)
1.0

Shear modulus
= 1GPa, wall thickness=0.34 nm

Yao N, Lordi V
(1998)

Molecular Dynamics
(Thermal vibrational

frequencies)

1.0 wall thickness=0.34 nm----

Cornwell CF, and Wille LT
(1997)

Molecular Dynamics
(axial Compression)

0.2 - 2.0 ----- Y varies with radius

Ab initio 0.72-1.120 Poisson’s ratio:
0.026-0.125

wall thickness=0.34 nm
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Figure 4.4: Stress-strain plots of different (n,0) nanotubes

Figure 4.4 shows the stress-strain plots for various (n,0) type of nanotubes with different

diameters. There is not much variation in elastic modulus values with change is diameter

or chirality. There are conflicting results on this aspect in the existing literature. We have

compare the elastic moduli obtained in this investigation with the tight binding calculations

of Lu [51], and Hernandez and coworkers [52]. While Lu does not observe much variation

with diameter, Hernandez observes a steady increase and stabilization. Our results are

comparable in numerical values to both these investigations while the trend is similar to

that observed by Lu.

It is interesting to note that even for fully equilibrated defect free CNTs a non zero stress

of few GPa is observed at zero strain (see figure 4.4). This is analogous to residual stresses

which are typically defined as self equilibrating internal stresses in the absence of external

loads (thermal or mechanical). It is useful to evaluate the magnitude of residual stresses as

function of CNT radii. Figure 4.5 shows variation of residual stresses with inverse of radius
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Figure 4.5: Residual stress (at zero strain) in nanotubes as a function of diameter. It can be
noted that residual stress goes to zero as diameter increases and approaches that of graphene
sheet.

for various (n,0) CNTs. It can be seen from the figure that indeed the residual stresses

(stress at zero strain) go towards zero as radius of CNT is increased to that of graphene

sheet. Since the residual stresses vanish for graphene sheet and increase with curvature,

these stresses can be considered to be formation stresses relative to graphene sheet. Thus

all CNTs exhibit a difference in energy with respect to graphene sheet, which is manifested

as residual stresses. The residual stresses correspond to strain energy relative to graphene

sheet as evidenced in the results of Robertson and coworkers [49], and others [52]. In the

earlier investigations strain energy was used in the calculation of elastic properties. By using

stress we can explicitly calculate the residual stress due to curvature.
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4.5 Local Elastic Properties of Nanotubes with 5-7-7-5

Defect

We now proceed to examine the reduction of Young’s modulus with topological defects. 5-

7-7-5 defect can be considered as a prototype of topological defects in nanotubes. In zig-zag

(n,0) nanotubes and arm chair (n, n) nanotubes 5-7-7-5 defects can be manifested in two

different types, type I and type II , as shown in the figure 4.6. In type I defect, a horizontal

bond of a hexagonal network is rotated by 90o so that when the defect is formed, two of the

hexagons are transformed to two heptagons and two pentagons, placed symmetrically about

x(or y) − z axes. In the type II defect heptagons and pentagons are asymmetric with x(or

y)− z axes.

Figure 4.7 shows the variation of Lutsko stress σ33 along the length of the (9,0) tube. The

tube has a symmetric 5-7-7-5 defect placed in the middle of the tube. Nanotube is divided

into seven segments along the length, and a strip of atoms in each segment as shown in figure

4.1, is selected for computing average stresses and strains. It can be clearly observed from

the figure 4.7 that there is a stress amplification in the central segment which contains the

defect. We note that even at zero strain level, a stress value of about 15 GPa is observed at

the defect, analogous to residual stresses at macro scales. As the strain level increases, the

stress concentration factor (defined as the ratio of peak stress to average stress) decreases.

Figure 4.8 shows the variation of longitudinal strain ε33 along of length of CNT for

different strain levels. At 0% external strain, the local strain at all the points are equated to

zero and forms the reference configuration against which further deformation is measured.

Though it is possible to use other reference states (for example, a defect-free CNT with a

hexagonal network) the present choice is preferred since displacements are identically zero.

With this definition of the initial state, strain is zero, in not only defect free hexagons, but

also in pentagons and heptagons.

From figure 4.8, it can be observed that magnitude of strain increases at the defect and

is uniform away from the defect. The longitudinal strain response is considerably different

from that of the stress. The strain concentration (defined as the ratio of local to the global

average) increases with increase in externally applied load, while the stress concentration

77



Figure 4.6: Schematic of two types of 5-7-7-5 topological defect in nanotube
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is found to decrease with increasing applied strain. The shear strains are equal to zero in

nanotubes without defects but a small amount of shear (about one tenth of applied strain)

is present in defected tubes. This effect is found to extend to the areas adjoining defected

region.

Since the local values of stress and strain vary for each of the atoms in the defected

region, it is useful to examine the spatial variation of these quantities using a contour plot.

Figure 4.9 shows the stress and strain contour plots near the defected region for various

applied strains. Stress contours are based on BDT (atomic) stresses and correspond to

the strain states which are also computed at each atom. Both stress and strain contours

show concentration effects on the rotated bond that engenders the type I defect. Though

not shown here, there is a peak in stress at the defect even at zero applied strain and this

corresponds to the stress caused due to the presence of defect. Contour plots show that both

stress and strain values monotonically increase though there are some differences in their

responses.

Use of Lutsko stress enables us to examine the stress strain response of the defected

region per se and compare it with the properties of defect free CNT. Figure 4.10 shows

Lutsko stress-strain curves for defect free (9,0) nanotube (plot a) and compares it with the

Lutsko stress-strain curves of the defected regions. From this plot it can be observed that

there is a drop in stiffness at the defect. The stiffness of type I defect (plot b) is 0.619 TPa

and that of type II defect (plot c) is 0.627 TPa in contrast to a much higher Young’s modulus

value of 1.002 TPa for defect free CNT.

We now proceed to compare the effect of defects on mechanical properties for varying

diameters and chiralities. The numerical values of stiffness of defected regions in different

CNTs are tabulated in table. 4.2. Figure 4.11 shows the stress strain curves for different

(n,0) tubes with varying diameters. It can be observed that the stiffness values of defects for

various tubes with different diameters do not change significantly. This indicates that the

effect of defect on mechanical properties is not significantly affected by curvature of tube.

To study the effect of chirality we have plotted stress strain curves for a type I defect placed

in tubes of near equal radius ( radius range 3.39
o

A for (5,5) to 3.523
o

A for (9,0) tubes) but

with varying chiral angles (Figure 4.12). Stiffness of defected region in (9,0) tube is higher
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Figure 4.7: Profile of Lutsko stress along the nanotube. Observe the stress concentration at
the defect site.

than that of (5,5) tube but chiral tubes (7,3) and (6,4) have higher stiffness than either of

them.
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Figure 4.9: Contour plots of stress and strain in (9,0) nanotube with 5-7-7-5 type I defect.
Observe the stress and strain concentrations at defect site
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Figure 4.11: Effect of diameter on the elastic moduli of various (n,0) type of nanotubes.

Table 4.2. Stiffness of defected region of different nanotubes.

Nanotube Radius(nm) Chiral angle Stiffness (TPa)

(9,0) (Defect Type I) 0.352 0o 0.621

(9,0) (Defect Type II) 0.352 0o 0.627

(10,0) 0.391 0o 0.639

(11,0) 0.431 0o 0.639

(13,0) 0.509 0o 0.638

(15,0) 0.587 0o 0.629

(5,5) 0.339 30o 0.524

84



Strain

S
tr

e
s
s

(G
P

a
)

0 0.01 0.02 0.03 0.04 0.05

0

5

10

15

20

25

30

35

40

45

(5,5) no defect

(5,5) at defect

(6,4) no defect

(6,4) at defect

(7,3) no defect

(7,3) at defect

(9,0) no defect

(9,0) at defect

Figure 4.12: Effect of chirality on elastic properties of nanotube containing defects.

85



4.5.1 Discussion

In the earlier section it was noted that residual stress exists in nanotube even when externally

applied strain was absent (figure 4.5). It can be observed from figure 4.8 that there is an

additional increase of stress is observed near the defect even at zero strain. In other words

the residual stresses near the defect are higher than in regions away from the defect. This

increase can be attributed to defect formation energy in addition to the formation energy of

defect free CNT. This is because atomic structure in the vicinity of defect has more deviation

from perfect SP2 hybridized structure (Planar with bond-angles of 120o as in graphene sheet)

compared to perfect regions.

The stress concentration due to the presence of defect is observed to decrease at higher

strains (See figure 4.8). In other words with increased strain levels, the effect of defect in

enhancing the local stress level decreases. Several investigators [70, 71, 73, 74] have observed

spontaneous formation of defects at higher strains and temperatures. This indicates lower

energy of defected structure at higher strains which is also reflected in the lowering of stress

concentration. Nardelli and coworkers[71], [8] propose formation of defects as a possible

mechanism of strain energy release there by lowering total energy of the system. In a

recent investigation Wei and coworkers [73] observe that defects are formed at lower strains

when realistic strain rates are applied and determine activation energies for formation of

defects. Based on defect formation energy calculations Yakobson and coworkers [70] show

that defected structures are more stable at higher strains. Results of stress concentration

are in agreement with these observations.

Strain concentration at the defect increases as applied strain is increased (see figure 4.9).

This indicates a rearrangement of structure of defect at higher strains. In order to understand

this let us look more closely at the deformation pattern away from the defect and near the

defect. Consider a region away from defect as shown in figure 4.13 b. The basic hexagonal

network is expected to stretch under the action of axial load. As a result there is a reduction

in bond angles such as dUPQ and a corresponding increase in bond angles such as dPQY

Geometrical constrain due to hexagonal nature of mesh entails that increase in angles dPQY

be about two times the decrease in angles dUPQ. Also bonds in the line of action of axial

86



load such as PY are expected to stretch and bonds such as PQ stretch and rotate. The

deformation induces predominantly longitudinal strains and compressive lateral strains due

to the Poisson’s effect. Shear strain is a measure of angular deformation, though there are

changes in angles this does not result in angular deformation, therefore the shear strains are

negligible as expected. This simple model of deformation behavior explains the behavior of

defect free portions of nanotube.

Now consider a 5775 defect region in (9,0) nanotube as shown in figure 4.13a. In strain

free state the heptagons and pentagons are not regular polygons. Further, there is consid-

erable deviation from perfect sp2 structure with (bond angle 120o). It is intuitive to expect

that deformation of this high energy structure would occur by rearranging of bond angles

rather than bond lengths. Figure 4.15 shows the bond angle change for selected atoms near

the defected region with respect to applied strains. Significant variation in bond angles is

observed; for example there is a angular variation of up to 11% in dABH at applied strain of

8% in contrast to maximum angle variation of 4% in defect free structure. Larger changes in

bond angles induce a larger component of rotation to the strain hence, higher longitudinal

strains in the defected region. In addition, because of irregularity of the heptagons and pen-

tagons combined with large angular changes causes a sizeable angular distortion and shear

strain. As a result of these larger strains at lower stresses the local stiffness of defected region

is much lower than corresponding defect free regions. A fluctuation in radius of curvature is

observed at the defect. For example radius of curvature at the defect varies from 3.45 to 3.53
o

A in (9,0) CNT with radius of 3.523 A. This fluctuation creates an instability at the defect

similar to a notch and contributes to the strain concentration and lowering of stiffness.

There has been considerable amount of interest in plastic behavior and fracture of CNTs

[75, 70, 71, 73, 74]. It is now understood that the limiting behavior of nanotube either for

onset of plasticity or for fracture is generation of topological defects. Once the defects are

nucleated they tend to serve as sites for further propagation of defects[75], or result in a

crack propagation and brittle fracture[8] depending on various factors such as chirality and

temperature. Belytchko and coworkers[75] report that there is a reduction in fracture stress

in presence of 5775 defect, in addition defect serves as nucleation site for fracture. Lower

stiffness of defect region is responsible for this behavior. Defected sites of CNT experience
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higher strains for similar values of stress compared to defect free tubes. This is a clear

indication of reduced load carrying capacity at the defect site. Reduced stiffness at defect

site causes higher localized strain concentrations which is responsible for fracture at lower

applied strains or further nucleation of defects resulting in ductile behavior

Local stiffness of various CNTs tabulated in table 4.2 show that the stiffness values are

relatively independent of diameter but the variation is significant with differing chirality.

While the curvature is different for various (n, 0) CNTs ( (8,0), (9,0), (10,0), (11,0), (13,0)

and (15,0) ) the orientation of the defect and the direction of loading with respect to nanotube

orientation remain same, however in different chiral tubes are chosen such that diameters

are close ( (9,0), (5,5),(6,4) and (7,3) ) there is no significant variation in curvature but the

orientation of defect and loading axis are considerably different. Lack of radial symmetry

in the atomic structure of 5775 defect suggests anisotropic response to loading. When a

defect is placed in CNTs of different chiralities the orientation of defect to loading axis

changes considerably. In addition, Young’s modulus of CNTs with different chiralities varies

considerably. As a result defected regions in various CNTs are subject to different loading

conditions. This combined with anisotropy of defected region is responsible for fluctuations

in the local stiffness of defects in various CNTs. In this context, it is informative to compare

formation energies to local stiffness in various tubes. There is no necessary correlation

between formation energy and stiffness but energy being a scalar embodies the orientation

dependence in a single value while stiffness is a tensorial quantity. The formation energy of

5775 defect in (5,5) CNT (3.34eV) is considerably higher than that of (n,0) nanotubes (2.12

to 2.75 eV) correspondingly the local stiffness is much lower in (5,5) CNT (0.524 compared

to 0.621-0.639 TPa for (n,0) tubes). Further, the contour plots of figure 4.9 show that stress

and strain concentrations originate from the rotated bond of the 5775 defect. The orientation

of this bond with the loading axis varies significantly in CNTs of different chiralities.

4.6 Interaction of Defects

Several researchers [63, 64, 65] have reported that Young’s modulus of CNTs synthesized

from CVD processes is lower than that of CNTs obtained from more controlled techniques
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such as laser ablation. They suggest that presence of a large number of topological defects

is responsible for the reduction in Young’s modulus. In the earlier sections we have noted

that there is a reduction of local stiffness by about 40% at the defect site. We now proceed

to evaluate the effect of group of defects on the elastic behavior of CNTs. We first study the

effect of distance between two topological defects, the effect of defect density on the elastic

behavior is then investigated.

In order to study the effect of distance between the defects two type I 5-7-7-5 defects

are placed along the length of nanotube with varying separation distances (l) between them.

Figure 4.16 shows % loss in stiffness as a function of normalized length
³
l
ao

´
, where ao is the

bond length. It can be observed that, when the defects are spaced sufficiently far apart, the

reduction in Young’s modulus remains unchanged, but when they are closer than a specific

distance, there is higher effect on stiffness. The distance at which the deviation takes place

is termed as ’interacting distance’ (li) , below which defects interact causing additional loss

in stiffness. From figure 4.16, interacting distance can be evaluated as 30ao (˜40
o

A ). When

the distance between the defects is less than li, the loss in stiffness is significantly higher and

is the highest when the two defects are adjacent to each other.

To further understand the effect of interaction between 5-7-7-5 defects, Lutsko stresses are

computed along the length of the entire tube for various separation distances (l). Figure 4.17

shows the variation of stresses at nine regions along the length for an applied strain of 8%.

A stress concentration is observed in the defected region. Two peaks can be observed when

the defects are at a distance and the peaks merge into a single peak as the distance between

the defects reduces. Figure 4.17 corroborates the observation that when l > li (about 30 ao)

defects do not interact and have independent peaks. At this length, stress levels between the

defects has the same value indicating, that the central region is unaffected by the presence

of defects. Stress-length profile can be considered harmonic with half-a-wavelength of 20
o

A

and peak stress of σ
σAve

.When the defects are placed within li, then the wavelength increases

although the peak stress slightly decreases. At the minimum distance, when the two 5-7-7-5

defects are juxtaposed, the half-a-wavelength almost doubles to about to 40
o

A .

To further examine the defect interactions, local strains were computed in those nine

segments and plotted in figure 4.18. Here again the applied strain level at the ends is 8%.
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Indeed the average strain in defect free region is 7.6 %, where as near the defect it jumps

to 9.2 %, when l = 30
o

A, the smallest non-interacting distance. At the other extreme of

l = 2.7
o

A , the peak value of strain increases to 10.2 % indicating both stress and strain

increase with separation distance l. Though the peak stress falls slightly from 1.2 σAve to

1.156 σAve, the strain continues to increases from 9.2 % to 10.2 %, as the separation distance

is reduced to the minimum value. Examination of bond length and angles indicates that

at very close distances, the bond length actually reduces at the cost of angle. Thus, stress

decrease marginally while the strain continues to increase. In any case, it can be concluded

that locally, the material is able to deform more at a reduced load level leading to higher

reduction in Young’s modulus.
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4.6.1 Young’s modulus variation with defect density

We now proceed to study the effect of defect density on the overall Young’s modulus of

CNT. Let A be the surface area of the entire CNT (A = pdl, d and l diameter and length

of the nanotube), and Ad be the surface area of influence for defect, E Young’s modulus of

a defect-free, and Ed that of a tube with N non-interacting defects (distance between the

defects greater than li). If El is the Young’s modulus of the defected region, these quantities

can be related by using the rule of mixtures as shown below:

AEd = E(A−NAd) + ElNAd (4.14)

Ed =
1

A
[E (A−NAd) + ElNAd] (4.15)

The Equation 4.15 allows us to predict the Young’s modulus of a defected CNT with N

non-interacting defects. Figure 4.19 show the prediction of Equation 4.15 along with molec-

ular static simulation results of reduction in modulus for CNTs with two type of defects 5-7-

7-5 and 5-5-7-8-7-5-5 defects. The predicted value of for a given number of non-interacting

defects compares well with the values calculated from molecular statics simulations. This

validates not only the ’rule-of-mixture’ approach postulated in Equation 4.15, but also the

concept of local stiffness in a defected region based on local stress and strain measures. The

value Young’s modulus of predicted from the Equation 4.15 obviously vary from that of a

completely defect-free tube of 969 GPa to that of local modulus El (666 GPa for 5-7-7-5 and

600 GPa for 5-5-7-8-7-5-5 defects) as the upper and lower bounds in values.

4.7 Summary and Conclusions

Summary and conclusions of this chapter are as follows.

1. Various stress measures in molecular dynamics and their application to nanotubular

systems with Brenner potential are discussed

2. Strain measures based on the current and final positions of atoms which is similar
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strain calculations in finite element method are formulated

3. The stress and strain measures are used to study elastic properties of nanotubes with

different geometries. Virial stress can be used for calculating the residual stress due to

curvature of nanotubes.

4. Use of stress-strain instead of global energy measures enables calculation of local elastic

properties of regions with topological defects.

5. It is found that there is a considerable reduction of Young’s modulus in the presence

at topological defects.

6. The reduction in modulus is explained in terms of local changes at the defect site.

7. A simple model is suggested to predict the reduction of stiffness in presence of a number

of defects.
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Chapter 5

Deformation of Functionalized CNT:

Hybridization Defects

5.1 Introduction

Carbon nanotubes have planar SP2 like structure. A small deviation from perfect SP2 (for

example: graphene sheet) exists due to the curvature. It is known that carbon exhibits

three different hybridizations. In this chapter we explore the effect on mechanical behavior

of a few atoms of carbon exhibiting SP3 hybridization. This occurs when various functional

groups (both organic and inorganic) are attached to the walls or caps of CNT and is termed

as functionalization.

Functionalization can be caused by oxidizing of the nanotubes with different chemical

agents. Researchers have attached various functional groups to the walls of nanotubes using

various experimental techniques. For example Michelson and coworkers [100] have fluo-

rinated CNTs using alcohol solvents, while Pekker and coworkers[101] attached hydrogen

using ammonia. Khare and coworkers[102] have hydrogenated nanotubes using electric dis-

charge. Chen and coworkers[94] have attached alkyl chains using amidization, whereas Sun

and coworkers [9, 104] used amidization and esterification to attached carboxylic acids. The

latter also processed PVA thin films embedded with functionalized nanotubes, which could

be used for preparation of aligned nanocomposites. In a recent work Eitan and coworkers

[105] have attached epoxy based functional groups to CNTs. There is evidence that polymer-

ization of conducting polymers ( for e.g. PmPv) in presence of nanotubes leads to chemical

attachments along nanotubes in a periodic manner. Apart from this number of investigators
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have observed or suggested the existence of covalent bonding between matrix and nanotube

in different matrices like urethane [95, 12], PMMA [83], PmPv [190]. This neccessitates the

study of mechanical behavior of functionalized nanotubes perse before their effect on the

overall composite can be evaluated. Functionalization can alter the electrical and optical

properties of nanotubes which can be regained by defunctionalizatio. This idea can be used

for fabricating nanoscale sensors. An Important application of nanotubes is as reinforcement

for composite materials. Functionalization can alter the interface behavior there by changing

the mechanical properties of composite.

The high strength (˜150 GPa) and stiffness (1.47 TPa) of nanotubes make them ideal

candidates for reinforcements in high strength composite materials. In spite of outstanding

properties of individual nanotubes, the mechanical properties of composites are in the lower

end of theoretical predictions (see appendix A). As discussed in chapter 2 the main obstacles

to achieve high strength in composites are dispersion, alignment and interfacial load transfer.

Chemical attachment or cross linking of nanotube walls and polymeric matrix has been

proposed as one of the techniques to improve the interfacial bonding. Based on molecular

dynamics simulation Frankland and coworkers [99] report that CNT matrix shear strength

and critical length for load transfer improve considerably by chemically cross-linking the

CNT and matrix. Lordi and Yao [96] based on molecular mechanics simulation suggest

that molecular level entanglement as a possible method to strengthen the interface. Further,

surface modification of nanotubes can also provide better dispersion and thereby improve the

mechanical properties. Gong and coworkers [85] obtained improved mechanical properties

in CNT epoxy composite by using surfactactant coating on nanotube. They infer that this

is due to increased interfacial strength and better dispersion.

Chandra and Ghonem [98] have noted that thermo-mechanical load transfer between

fibers and matrix in conventional composites is generally affected by both chemical and

mechanical bonding. While chemical bonding arises from the formation of new phases, me-

chanical bonding occurs by interlocking of asperities. Use of functionalized nanotubes as

fibers in composites could enhance the cross-linking (chemical bond) and interfacial strength

between matrix and fiber. These chemical attachments are also expected to act as ”teth-

ers” (mechanical bond) and help in load transfer when the composite is deformed either
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slowly or rapidly. Though these concepts are well established in conventional composites

at micrometer scale interfaces, it is not clear if the same concepts could be transferred to

nano-scale interfaces. Further, the effect of chemical alteration of nanotubes on mechanical

properties has been studied in very few investigations. Garg and Sinnott [191] have studied

the compressive properties of functionalized tubes, and reported that the force required for

buckling reduces marginally by chemical attachment of hydrocarbon chains. In order to use

chemical attachments as a means to achieve increased interfacial strength, it is necessary to

have an understanding of mechanical properties of functionalized nanotubes. In this chapter

we study the effect of functionalization on the mechanical response CNTs under tension, and

explore its origin. We also examine the effect of different number and types of (hydrocarbon)

attachments primarily on the elastic response and also inelastic response and fracture.

5.2 Structure and Energetics

In order to study the effect of functionalization on CNT we attach linear hydrocarbon chains

to various (n,0) and (n, n) type of CNTs. Tersoff-Brenner potential is used to calculate C-C

and C-H chemical interactions based on molecular dynamics and statics simulations. Linear

hydrocarbons can form SP3 bond with a π orbital on the CNT surface. For calculating

bond lengths and energies we examine the attachment of methyl group (-CH3) and hydrogen

on the surface of various nanotubes. Bond energies are calculated as difference in energies

between chemically bonded structures and non bonded structures. All structures are first

equilibrated by energy minimization using molecular statics.

When hydrogen atom is bonded on the surface of a graphene sheet, the bond length of

C-H bond is found to be 1.092
o

A. We obtain the bond energy of this bond as -2.29 eV. This

shows the thermodynamic stability of this bond. There is a visible out of plane displacement

at the site of bonding as shown in figure 5.1. This is because of the formation of tetrahedral

SP3 hybridized bond at the location of C-H bond. When the hydrogen atom is bonded to

(10,0) CNT we obtain a bond length of 1.087
o

A and a bond energy of -3.0 eV. Lowering of

bond length and energy are indicative of higher stability of C-H bond in nanotube compared

to graphene sheet. This can be explained based on geometry. Because of the curvature of
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Figure 5.1: Illustration of H and -CH3 attachments to (10,10) CNT

nanotube, the changes in bond angles with chemical attachments are lesser in CNT than in

planar graphene sheet. Higher curvature of this local carbon bonding curvature is responsible

for lowered bond energies and lengths. It has been reported that bond energy of C-H bond

is still lower in fullerene C60 structures due to the same reason.

Figure 5.1 shows the chemical attachment of -CH3 group to (10,10) CNT. The bond length

of C-C bond at the site of chemical attachment is found to be 1.54
o

A in CNT and 1.58
o

A in

planar graphene sheet. The bond energy for C-C bond attachment to (9,0) nanotube is -2

eV for -CH3 chemical attachment. It is interesting to note that this bond energy does not

change significantly when the length of chemical attachment is increased. However there is a

decrease in bond energy to 1.91 eV when methyl group is bonded to graphene sheet. There

is also a local increase in the radius of CNT by about 0.7
o

A due to the change in bonding

structure.

5.3 Elastic Deformation

Now we present the molecular dynamics results of nanotubes with chemically attached hy-

drocarbon chains. Zigzag and armchair nanotubes with varying diameter were considered for

this study. All the nanotubes are about 120
o

A in length, tensile stresses were applied by fix-
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ing and displacing both the ends of nanotubes (15
o

A on either side) followed by stabilization

for 1500 time steps with a step size of 0.2 fs. The temperature is maintained at 77K. Stresses

and strains are evaluated as average over 15 time steps. Hydrocarbon chains are attached

to the nanotubes at randomly selected positions in the central region of nanotube. Various

stress measures such as Virial stress, BDT stress, Lutsko stress and Yip stress which were

discussed in chapter 3 are used to characterize the mechanical response. We primarily use

Lutsko stress given below to calculate the local stresses in regions with chemical attachments.

σLij =
1

ΩAvg

X

α= 1,n



1

2
mαvαi v

α
j +

X

β= 1,n

rjαβf
i
αβlαβ



 . (5.1)

Here lαβ denotes the fraction of the length of α-β bond lying inside the averaging volume

Ω
Avg. Strains are calculated using the methodology described in chapter 3. Lutsko stress

enables us to select any averaging volume in which stresses are calculated. The selected

volume is shown in Figure 5.2; wall thickness is considered to be 3.4
o

A. In order to make

consistent observations the stresses and strains are calculated within the same averaging

volume for CNTs with and without hydrocarbon chain attachments. Since we are primarily

interested in elastic properties most of the simulations were carried out for a total strain up

to 5%.

Figure 5.3 shows the Lutsko stress vs. strain plots for (10,10) nanotube without any

chemical attachments, and with 21 vinyl attachments in the central region. There is a

marginal increase in local stiffness when the carbon chains are attached (For e.g. 0.84 to

0.92 TPa for (10,10) CNT). The stiffness here is evaluated as initial tangent of the stress

strain curve. Caution should be exerted in comparing this stiffness value with overall Young’s

modulus because the CNTs here are of finite length and the local stiffness is calculated only

for the region in which hydrocarbon chains are attached. The increase in local stiffness is

further confirmed by corresponding increase in the slope of force-displacement curve.

Table 5.1 provides the computed stiffness values for various cases of diameters, chirality,

number and type of hydrocarbon attachments studied here. In all the cases, the local stiffness

increases with any type of chemical attachment. This effect is more pronounced in nanotubes

with smaller diameter. For e.g. there is an increase in local stiffness from 0.86 TPa to 1.05
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TPa in (8,0) CNT of radius 3.13 while, in the case (15,0) nanotube with radius 5.87 stiffness

increases to 0.95 TPa. (See rows 1 to 4 and 5 to 7 of table 5.1). In order to observe the

effect of number of chemical attachments, different numbers of chains (21, 31 and 50) are

attached to (10,10) nanotube. Stiffness increases from 0.83 TPa to 0.93 TPa with 21 vinyl

attachments; it increases to 1.02 and 1.11 TPa with 31 and 50 attachments respectively

(Rows 11 and 12 of table 5.1). This is understandable based on concentration of chemical

attachments. Evidently, the concentration of chemical attachments is higher in CNTs with

lower radius; also, increasing the number of hydrocarbon chains increases the concentration

of chemical attachments.

Longer hydrocarbon chains with three, four and five carbon atoms were attached to

(10,10) CNT and the elastic behavior was examined. For these attachments, there are two

energetically stable structures i.e. cis and trans isomers. We have restricted this study to

extended configurations (trans) as they have higher possibility of interacting with polymer

matrix in composite applications. It is observed that there is a stiffness increase in all the

cases though the magnitude of increase does not show a clear trend. The stiffness values

increase as the chain length is increased from two carbon atoms (0.93 TPa) to four carbon

atoms (1.03 TPa) but there is a small drop with pentene attachments (0.95 TPa) (Rows 6

and 8 to 10 respectively).

In order to observe the effect of functionalization more precisely, we have plotted contour

plots based on BDT stress for (10,10) nanotube with a single vinyl group attached to it. The

plots are shown at 0 %, 2%, 3% and 4.5% strain. BDT stress is defined as:

σαij =
1

Ωα



1

2
mαvαi v

α
j +

X

β= 1,n

rjαβf
i
αβ



 . (5.2)

where, Ωα is the volume around a single atom. Based on the definition of BDT stress,

stresses are observed at zero strain; these are similar to residual stresses at macroscopic

scale. Contour plots show that there is considerable stress concentration at the location of

chemical attachment. From the definition of atomic stress above, value of stress depends

upon the number of atoms in the neighborhood of the concerned atom and the forces of

interactions between them. The neighborhood of the atom to which vinyl group is attached
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Figure 5.2: Volume computation in functionalized nanotubes for lutsko stress calculation

has higher number of neighbors than rest of the atoms. This results in expected higher stress

at this location. The plots, however show that surrounding regions exhibit lower stresses

than corresponding regions of defect-free CNT. In contrast to this behavior, uniform stress

distribution is observed in CNT without chemical attachments. These stress fluctuations

show that the effect of chemical attachment is not limited to the location where bond changes

occur, instead a diffuse behavior is observed.

105



Strain

S
tr

e
s
s

(G
P

a
)

0.01 0.02 0.03 0.04

5

10

15

20

25

30

(10,10) CNT with vinyl attachments

(10,10) CNT no attachments

Figure 5.3: Stress-strain response of functionalized (10,10) nanotube with vinyl attachments
and comparison with defect free CNT.

106



Table 5.1.Stiffness values for various nanotubes with and without chemical attachments

(8,0)

(10,10)

(10,10)

(10,10)

(10,10)

(10,10)

(12,0)

(15, 0)

(8,8)

(10,10)

(12,12)

(10,0)

3.13

3.91

6.78

6.78

6.78

6.78

6.78

4.69

5.87

5.42

6.78

8.13

21

21

21

21

21

31

-C2H3*

-C2H3

-C2H3

-C2H3

-C2H3

-C2H3

-C2H3

-C3H5

-C4H7

-C5H9*

-C2H3

-C2H3

21

21

21

21

21

50

0.862

0.854

0.859

0.849

0.721

0.837

0.784

0.837

0.837

0.837

0.837

0.837

1.05

1.04

0.977

0.951

0.889

0.932

0.906

0.940

1.03

0.95

1.02

1.11

Nanot ube Radius Chemical # of E (TPa) w/ o E (TPa)
Group At t achment s At t achment s At t achment s

5.4 Plastic Deformation and Fracture

Yakobson and coworkers [70] have observed formation of topological defects such as 5-7-7-5

Stone-Wales defect in nanotubes subject to tensile deformation at high temperature. They

envisage formation of these defects as a possible mechanism of strain release during plastic

deformation. Belytchsko and coworkers [75] have observed that formation of these topological

defects precedes fracture in nanotubes. In order to study the effect of functionalization on

plastic deformation and fracture, the functionalized nanotubes were subjected to tensile
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the location of
attachment

Stress (GPa) Stress (GPa)

Stress (GPa)
Stress (GPa) Stress (GPa)

(a) (b)
(c)

(d) (e) (f)

Figure 5.4: Contour plots of stress for (10,10) CNT with one vinyl Attachment at 0% strain
(a), 1% strain(b), 2% strain(d) , 3% strain and 4.5 % strain (e). Schematic is shown in figure
(c)
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deformation at 3000K. Results indicate that topological defects are formed at lower strains

in functionalized nanotubes as compared to CNT without chemical attachments (See figure

5.6. For example in (10,10) CNT with 21 vinyl chains attached at the center, first defects

originate at an overall strain of 6.5 % as compared to 13 % in a similar tube without chemical

attachments. It is interesting to note that the topological defects are first observed in the

region away from the center. At higher strains more topological defects are formed at the

location of functional attachments. This results in fracture of functionalized CNT at lower

strain of 14% where as the CNT without chemical attachments does not fail completely at

this strain. The failure in the functionalized CNT occurs near the functional attachments.

We observe that a ductile fracture takes place in nanotubes without chemical attach-

ments. Topological defects are formed and then they coalesce into bigger defects and which

finally results in failure. Nardelli and coworkers observe similar behavior of in (n, n) type

of nanotubes. Figure 5.5 illustrates the formation and expansion of defects. In contrast

functionalized nanotubes fail by bond breakage in the region where there are chemical at-

tachments (See figure 5.7). Topological defects form at much lower strains in regions away

from ends (the central region contains functional attachments) but, failure occurs in central

regions with chemical attachments. Samsonidge [77] and coworkers have observed similar

phenomenon in CNT without attachments at lower temperatures. Based on the results we

are led to infer that functionalization promotes brittle failure at lower strains than those

observed in CNT without defects, further defect formation also occurs at lower strains.

Garg and Sinnot [191] have noted that the chemical attachments are unstable and de-

tach from the nanotubes when small diameter (less than 5 ) nanotubes are compressively

deformed. We observe similar behavior at large tensile strains (greater than 6%) and high

temperatures, although the attachments remain stable at lower strains and temperatures.

5.5 Discussion

There is an alteration in chemical bonding at the site of hydrocarbon attachment; the SP2 hy-

bridization in CNT is altered to diamond like SP3 hybridization. Shenderova and coworkers

define nanostructural stiffness as the force required to cause unit elongation in a nano-scale
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Figure 5.5: Evolution of defects in nanotubes without chemical attachments at increasing
strains. The regions where defects are formed are marked.
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Figure 5.6: Defects are formed at much lower strains in functionalized nanotubes. Picture
shows formation of defects at 6.5 % strains in functionalized CNT and no defects are observed
at this strain in CNT without chemical attachments

Figure 5.7: Illustration of mechanism of failure in CNT (a) without and (b) with chemical
attachments. Nanotubes without chemical attachment fail in ductile manner by generation
and growth of topological defects while functionalized CNT fail by bond breakage
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structure. They report that the nanostructural stiffness is more for SP3 hybridized diamond

nano rods than that for multi walled or single walled nanotubes. This alteration in chemical

structure of functionalized nanotube could be one of the reasons for increase in stiffness.

Further, to enable the corresponding changes in bond lengths and bond angles, the radius of

curvature of the CNT is increased at the location of hydrocarbon attachments. Figure 5.8

shows the radius of curvature variation in (10,10) CNT with and without chemical attach-

ments. The peaks in figure 5.8 correspond to the locations of chemical attachment; it can be

observed that the radius at these locations is about 7.3 as compared to 6.78 . In addition,

there is a decrease in radius of curvature in regions adjoining the location of attachment. Be-

cause of this, there is a reasonable deviation from the ideal cylindrical structure of nanotubes

resulting in sort of ’serrations’ in the region of chemical attachments. The contour plots of

stress show that surrounding the high stress region at the location of chemical attachment

there are regions of low stress. We can infer from this that the peaks and valleys in structure

lead to stress fluctuations, which in turn result in the increased local stiffness in functional-

ized region. In the case of tensile deformation at high temperature, topological defects are

formed at lower strains in regions away from chemical attachments, in comparison to nan-

otubes without chemical attachments. This can be rationalized based on the observation of

stress fluctuations and lower stiffness in the region where hydrocarbon chains are attached.

We can conjecture that this increased local stiffness leads to higher strains in the regions

away from region of chemical attachments resulting in defects formed at lower overall strains.

Combined with the fact there is fracture at lower strains in functionalized nanotubes we can

conclude that in the regions where chemical attachments are made nanotubes are stiffer and

more brittle than nanotubes without chemical attachments.

5.6 Summary

The effect of functionalization on mechanical behavior of carbon nanotubes has been in-

vestigated. We find that functionalized CNT in general have higher local stiffness than

nanotubes without chemical attachments. When deformed at high temperature, formation

of topological defects and fracture are observed to occur at lower strains.
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Figure 5.8: Radius variations in (10,10) CNT with and without chemical attachments. The
peaks correspond to the locations of hydrocarbon attachments.
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Chapter 6

Role of Nanoscale Interfaces in CNT

Based Composites

6.1 Introduction

It has been emphasized through out the thesis that CNTs possess excellent mechanical

properties in terms of stiffness and failure strength. These superior mechanical properties

combined with their large aspect ratio (length >>diameter) make them ideal candidates as

fibers for next generation of ultra high strength composite materials. In addition to me-

chanical properties, excellent physical properties such as electrical conductivity and optical

properties enable various functional applications of CNT based composites such as in field

emission display [192]. Good interfacial bonding between fiber and matrix is a prerequisite

for achieving superior properties in composite materials. In this chapter we will deal with

the role of interfaces in CNT based composite materials [98].

Earlier chapters have considered the mechanical behavior of grain boundaries and of

CNTs with defects as stand alone entities. Atomic simulation based on MD is sufficient for

studying these relatively small systems, however, in this chapter we are interested in the

mechanical behavior of CNT based composites. The system sizes here are much larger to

be comfortably studied using molecular dynamics alone. Various multiscale methodologies

prevalent in the literature are discussed in chapter 2. In this chapter, we introduce a hier-

arch ical multis cale mo del bas ed on c oh esi ve z on e ap proa ch in finit e ele ment set t i n g. We us e

this methodology to study the elastic behavior of composites, that specifically includes the

effect of interfaces. Use of this multiscale methodology helps us in not only improving the
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computational efficiency but enables the application of well developed continuum methods

to nanoscale composites.

The primary emphasis of this chapter is on interfaces at nanoscale. The chapter is

organized as follows. We first discuss the role of interfaces in CNT based composites based on

analysis of available literature. This is followed by a section on atomic simulation of nanoscale

pullout tests when CNTs and matrix are connected by hydrocarbon chemical attachments.

Phenomenological details as well as unique features of nanoscale interfaces pertaining to

debonding and rebonding are discussed. Section 6.4 develops the multiscale model based on

cohesive zone model and finally the validation and application of this methodology to elastic

behavior of CNT based composites are discussed.

6.2 Interfaces in CNT-Polymer Composites

Nanotube possess excellent mechanical properties and high aspect ratio, hence are ideally

suited as reinforcements in composites. Experimental researchers have fabricated nanotube-

based composites with various polymer matrices such as PMMA, polyethylene, PET, epoxy,

polystyrene, nylon, PmPv etc, in addition metallic and ceramic matrices such as Cu, Ti, Al,

SiO2, Al2O3 have been explored. Appendix A summarizes the recent experimental literature

in tabular form.

Good properties of fibers do not necessarily translate to good properties of composites.

There are several issues pertaining to alignment, dispersion and load transfer which have

to be dealt with to obtain high strength composites. It is well established through number

of years of research on conventional fiber reinforced composites that interface strength is a

critical parameter in controlling the load transfer between fiber and matrix, and hence is

vital for key mechanical properties such as stiffness, strength, fracture toughness.

Previous studies of CNT-polymer composites have conflicting results regarding the in-

terface strength and load transfer in composites. Specifically there have been a few studies

suggesting that CNT-matrix load transfer is negligible. For example, Schaddler and cowork-

ers [80] report higher Young’s modulus of composite in compression than in tension and

based on Raman spectroscopy results conclude that the reason for this is poor load trans-
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fer between concentric tubes of multiwall tube and between matrix and CNT. Ajayan and

coworkers [81] report similar poor load transfer using CNT ropes. Table 6.1 and figure

summarize the recent literature reports of experimental measurements of stiffness in various

polymer matrices (epoxy, polystyrene, PPA, petroleum pitch, PET etc) with various per-

centages of CNTs and compares with theoretical calculations of parallel and series models

for corresponding experiments. Parallel model establishes the upper bound of stiffness in

a two phase material. In this model both the phases are presumed to experience identical

state of strain. The stiffness of composite (Ec) is given by

Ec = VfEf + VmEm (6.1)

where Vf and Vm are the volume fractions of the two phases (in the present case fiber

and matrix) and, Ef , Em are the corresponding stiffnesses. Series model is another simplistic

model which represents the lower bound of stiffness. Here, both fiber and matrix experience

same level of stress. It is given by

1

Ec
=
Vf
Ef
+
Vm
Em

(6.2)

Together series and parallel models establish the possible lower and upper bounds in com-

posites. In conventional composites, specifically metal matrix composites it is not unusual to

obtain stiffness nearer to that predicted by parallel model. The table shows that there is lot

of scope for improvement in obtaining better mechanical properties of composites. Though

the low stiffness may not be entirely a result of low interface strength, it may be one of the

contributing factors in reducing the mechanical properties of composites.

Contrary to above observations some researchers have reported high interface stiffness in

composites. Wagner [12] used Kelly-Tyson model along with experiments on fiber fragmen-

tation in Urethene based CNT composite and estimate the interface strength of 500 MPa.

Recently, Cooper and coworkers [193] have performed fiber pullout tests on CNT-epoxy com-

posite using the tip of scanning probe microscope. This is a unique experiment because of

the difficulty in manipulating individual CNTs at nano scale and is first of its kind. How-

ever, they record a wide variation of interfacial shear strength between 35 MPa and 360MPa.
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While the lower end of results are similar to those obtained in conventional composites, 360

MPa is about an order of magnitude higher than that obtained in conventional composites.

A number of investigators have reported load transfer between CNT and matrix based on

microscopic evidence; for example, Bower et al. [91] observed contact and adherence of the

polymer to most of the nanotubes. Qian et. al. [13] observed load transfer in PS/CNT

composites while, Xu et. al. [194] make similar observations in epoxy thin films reinforced

with CNT.

Table 6.1. Experimental values of stiffness compared with theoretical bounds

Researcher Mat r ix Vol% CNT

Expt l Calculat ion

Ser iesPar allel

Schaddler ‘98 Epoxy 2.85 (t ension) 1.13 9.60 1.03

Epoxy 2.85 (comp) 1.4 9.60 1.03

Andr ews ‘99 Pet r oleum

pit ch

0.33 1.20 9.09 1.003

1.62 2.29 12.46 1.016

Gong ‘00 Epoxy 0.57 1.12 4.98 1.0057

0.57 1.25 4.98 1.0057

Qian ‘00

(Wit h sur f act ant )

Polyst yr ene 0.49 1.24 4.9151 1.0049

Ma’00 PET 3.6 1.4 4.564 1.037

Andr ews’02 Polyst yrene 2.5 1.22 14.86 1.03

5.0 1.28 28.73 1.05

10.0 1.67 56.46 1.11

15.0 2.06 84.18 1.18

25.0 2.50 139.64 1.33

PPA 0.50 1.17 5.16 1.01

1.50 1.33 13.49 1.02

2.50 1.50 21.81 1.03

5.00 2.50 42.62 1.05

EC EM

EC EM

Ec/Emdenotes ratio of stiffness of composite and matrix

Another interesting aspect of interfaces, which affects the strength greatly, is the nature

of bonding at the interface. Chemical bonding between matrix and CNTs is perceived to

improve strength immensely; Frankland coworkers [99] have demonstrated the effect of cross-
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Figure 6.1: comparison of stiffness values obtained in experimental investigations with cal-
culations based on series and parallel models
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linking using molecular dynamics simulation of CNTs in a polymer matrix. Wagner and

coworkers [12, 95] report 2-2 cycloaddition reaction as a possible reason for high interfacial

strength in polyurethane-CNT composites. Jia and coworkers [83] also observe that use of

AIBN initiator tends to release the pi-electrons of CNTs leading to chemical bonding of

PMMA matrix with CNT. Apart from there have been number of investigations of surface

modification of nanotubes leading to addition of various functional groups like esters, amides,

hydrocarbons, hydrogen, fluorine etc to CNT [9]. Most notable of these is the recent work by

Eitan and coworkers [105] who have attached epoxide based functional groups to CNTs. They

envisage that using these functionalized CNTs in epoxy matrix will produce CNTs chemically

attached to matrix leading to high strength interfaces. We later show that chemical bonding

is a means of achieving very high interface strength.

In spite of the abundance of investigations on CNT based composites, the nature of in-

terfaces between CNT and matrix needs further elucidation. Specifically, the strength of

interface in CNT-polymer composites can be obtained by following three different mecha-

nisms

1. Me chanical interaction: I nterface s trength ca n b e o btained by th e surface roughn ess .

Asperities on surface of fiber lock with the matrix preventing motion. Once in motion

friction plays a key role. Mechanical interaction may also be due to curvature and

waviness of the nanotubes. These factors may not be significant for atomically smooth

surfaces, however any surface irregularity (atomic level protrusion) may cause locking.

2. Non-bonded interactions or Vanderwall’s forces. Theoretical studies have indicated

that it is possible to obtain an interfacial strength of about 138 MPa in polystyrene

based composites through Vanderwall’s interactions. It has been suggested that helical

wrapping of polymer around CNTs results in higher interface strength through this

method.

3. Chemical bonding between matrix and CNTs. This is presumed to produce very high

strength of interfaces. Chemical bonding can be achieved by in-situ polymerization of

CNTs and polymer (e.g. Jia [83]) or by using functionalized CNTs as reinforcing agents

in polymer (e.g. Eitan [105]). There is evidence that chemical bonding at interfaces
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exists in some composites (e.g. Wagner [12], Jia [83]); more significantly since this is

recognized as the most suitable way of obtaining high strength interfaces, methods to

engineer interfaces are underway. In this work, we will concentrate mostly on high

strength interfaces which can be achieved through chemical interactions as this route

offers best potential.

We now proceed to study the interface behavior using molecular dynamics simulations

of pullout tests of CNT fibers bonded to matrix.

6.3 Atomic Simulation of Pullout Tests of Carbon Nan-

otubes

Evaluation of typical interfacial properties in composite materials is done using single fiber

pullout and pushout tests. The objective in these tests is to extract the qualitative and

quantitative information regarding the nature of the interface between fiber and matrix.

Figure 6.2 shows the schematic of pullout and pushout tests; the typical output of these tests

is the force required for debonding the fiber from matrix as well as shear-stress distribution

along the interface. Pushout and pullout tests have been used to understand the composite

behavior in terms of various issues such as thermal stresses, characteristic length of fiber-

matrix interfaces etc. In addition to experimental investigations, there have been a number

of finite element based numerical investigations of pullout and pushout tests to understand

the thermomechanical behavior of interfaces [16, 11].

In the case of nanotube reinforced composites the nanometer size of fibers makes ex-

perimentally applying mechanical loads on single fibers extremely difficult. There has been

only one experimental determination of interface strength by pullout test using scanning

probe microscope[193]. Conducting these tests on regular basis in different materials for

different boundary conditions is beyond current capabilities. With this perspective, atomic

simulations based on molecular dynamics and statics become a natural choice for studying

the interface behavior by simulating pullout tests.

As discussed earlier, interfacial strength can be caused due to both non-bonded Van-
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Figure 6.2: Schematic of pushout and pullout tests used for determining interface properties
in composites

derwall’s interaction between matrix and fiber and due to bonded chemical interactions.

Lordi and Yao [96], Liao and coworkers [97] have simulated pullout tests with non-bonded

interactions using molecular statics, but there has not been any detailed investigation in

the case of bonded interactions. We consider the situation where matrix and nanotube are

chemically bounded by hydrocarbons chains. We first discuss the interaction of hydrocarbon

and hydrogen on the surface of CNT in terms of changes in hybridization, bond length and

energetics.

In order to study the effect of chemical bonding on CNT we attach linear hydrocarbon

chains to various (n,0) and (n, n) type of CNT. Tersoff-Brenner potential is used to calculate

C-C and C-H chemical interactions based on molecular dynamics and statics simulations.

Linear hydrocarbons can form SP3 bond with a pi orbital on the CNT surface. For calculating

bond lengths and energies, we examine the attachment of methyl group (-CH3) and hydrogen

on the surface of various nanotubes. Bond energies are calculated as difference in energies

between chemically bonded structures and non-bonded structures. All structures are first

equilibrated by energy minimization using molecular statics.

When Hydrogen atom is bonded on the surface of a graphene sheet, the bond length of
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Figure 6.3: Illustration of H and -CH3 attachments to (10,10) CNT

C-H bond is found to be 1.092
o

A. We obtain the bond energy of this bond as -2.29 eV. The

negative free energy shows the thermodynamic stability of this bond. When the hydrogen

atom is bonded to (10,0) CNT we obtain a bond length of 1.087
o

A and a bond energy of -3.0

eV. Lowering of bond length and energy are indicative of higher stability of C-H bond in

nanotube compared to graphene sheet. This can be explained based on geometry. Because

of the curvature of nanotube, the changes in bond angles with chemical attachments are

lesser in CNT than in planar graphene sheet consequently the bonds are more energetically

stable. It has been reported that bond energy of C-H bond is still lower in fullerene C60

structures due to the same reason.

Figure 6.3 shows the chemical attachment of -CH3 group to (10,10) CNT. The bond

length of C-C bond at the site of chemical attachment is found to be 1.54
o

A in CNT and 1.58
o

A in planar graphene sheet. The bond energy for C-C bond attachment to (9,0) nanotube is

-2 eV for -CH3 chemical attachment. It is interesting to note that this bond energy does not

change significantly when the length of chemical attachment is increased. However there is a

decrease in bond energy to 1.91 eV when methyl group is bonded to graphene sheet. There

is also a local increase in the radius of CNT by about 0.7
o

A due to the change in bonding

structure. From the above observations, it can be concluded that the interaction of chemical

groups with CNT is more stable than with graphene, possibly due to the curvature of CNTs.
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We now proceed to examine the interface behavior by simulating the pullout tests. For

this purpose a (10,10) CNT is considered as typical CNT. This is motivated by the fact

that larger proportions of CNTs of this diameter were obtained in laser synthesis of CNTs

[41]. Further, various hydrocarbon attachments of varying lengths (with 2 C atoms, 4 C

atoms and 5 C atoms in hydrocarbon functional groups) are attached in varying numbers

at random locations on the CNT. The length of CNT considered here is about 122
o

A, and

consists of 100 repeat units. The choice of hydrocarbon functional attachments is based

on the capability of Tersoff-Brenner potential to model hydrocarbon chains effectively. In

addition, there are reports of functionalization of CNTs with hydrocarbon functional groups

indicating that this is experimentally feasible [9]. In case of longer hydrocarbon chains we

have used trans stereoisomers which correspond to stretched configuration. The boundary

conditions applied to the system shown schematically in the figure 6.4. The corner atoms

of the hydrocarbon attachments were fixed indicating that they are connected to matrix at

those locations. Displacements are applied to one end of the nanotube about 15
o

A in length

in order to simulate the effect of pullout. The atoms in this region are fixed and displaced by

0.02
o

A every 1500 time steps and then equilibrated for the duration of 1500 time steps. Each

time step is of 0.2 fs duration. The simulations were carried out till some of the hydrocarbon

chains fail. Typically, simulations lasted for 500000-800000 time steps. In order to study the

effect of extent of chemical bonding the number of hydrocarbon chains were varied from 3

attachments to 85 chemical attachments. For studying the effect of length of hydrocarbon

chains varying lengths of two, four and five carbon atom hydrocarbon attachments were

studied. The reaction force on the fixed atoms is monitored through out the simulation and

is averaged over 100 time steps before applying next set of displacements.

Figure 6.5 shows typical force vs displacement for any hydrocarbon attachment. The

force in the figure is the average (averaged over 100 time steps) reaction force experienced

by the fixed atom in the Y direction (i.e. along the length of nanotube and corresponds

to shear). The displacement is the change in position experienced by the atom, which is

initially attached to the CNT with respect to its initial position. Though there are statistical

variations for different chemical attachments, the general shape of the force displacement plot

is as shown.
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Figure 6.4: Schematic showing boundary conditions applied for atomic simulation of pullout
test

The initial region of curve is flat (parallel to X-axis) marked as region (a). This region

corresponds to stretching of the hydrocarbon attachment. The flat region shows that there

is minimal load transfer in this portion of curve and is similar to the mechanical analogue

of loose strings becoming taut. The length of this flat portion is directly dependant on the

length of hydrocarbon chain i.e. the flat region is longer for hydrocarbon chains with four

and five carbon atoms than with two carbon atoms. After this flat region there is a gradual

increase in the reaction force corresponding to region (b) of the curve. In this part the

carbon chain contributes to the load transfer. Though there are statistical variations from

plot to plot the typical force experienced in this portion of the curve is about 3eV/A (4.8 x

10−3 µN). This value of force is very small but it must be noted that the area on which this

force acts is of the order of angstroms; consequently, the resulting shear stress is very high.

Region (c) of the plot as shown consists of region of fluctuations in the reaction force. This

is due to an interesting b eh avior o f b ond d etachment and rejoinin g with ad ja cent atoms;

when separation occurs there is a sudden drop in force but this is followed by rejoining of

the hydrocarbon chain with adjacent atom of CNT, because of this there is an increase in

the reaction force corresponding to the increased load transfer between matrix and fiber.
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Figure 6.5: Plot showing typical reaction force vs displacement in pull out test
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After a series of jagged region in the force -displacement curve there is a sudden increase in

reaction force as shown in region (d) of the figure and then total failure occurs. The force

at which the failure occurs is about 6eV/A (˜10−2 µN). This is the force required to break

one chemical attachment; the overall force required to break all the chemical attachments is

much higher and is sum of all individual reaction forces.

The area under the force-displacement curve denotes the energy required for detaching

of the hydrocarbon group from CNT. Calculations based on molecular statics indicate that

the energy required for separation is of the order of 3 eV, however the area under the force

displacement curve is much higher and is of the order of 20 ± 4 eV for various attachments.

This shows that the dynamic process of nanotube pullout requires much higher energy than

that predicted based on statics. The main reason for increase in the energy is due to the

bonding and rebonding process associated with nanotube pullout. Energy of 3 eV is associ-

ated with each time the bond is broken, as this process is repeated number of times for each

chemical attachment the total energy consumed in the separation process is much higher.

In most of the cases, the bond failure occurs at the site of attachment of hydrocarbon

group to the nanotube. To understand more clearly the process of pullout and the energetics

involved we have conducted simulations with a single hydrocarbon attachment. The end

atom of the single chain is subject to displacement independantly in the normal and shear

directions (as shown in the figure 6.6) and the position, energetics of the CNT are closely

monitored. The temperature in these simulations is also kept constant at 300 K.

Figure 6.7 shows the variation of bond lengths of the bond between hydrocarbon and

CNT and also another bond in between hydrocarbon atoms in the functional attachment

for the case of shear loading. It can be observed that the bond lengths increase steadily

up to a certain value and then suddenly jump. This jump corresponds to debonding of

hydrocarbon attachment and rejoining with that of adjacent atom. Figure 6.8 shows similar

bond length variation when normal load is applied. In this case there is no possibility of

reb o ndin g b e caus e, once detach ed t he hy dro c ar b o n m oves furthe r away from C NT w ith

applied displacement. We observe that the hydrocarbon chain fails at the central region

leaving a portion of hydrocarbon attached to CNT. If we compare the two plots the increase

in bondlength is higher in the case of normal loading. This is expected because at the same
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Figure 6.6: Schematic showing boundary conditions for simulation. (a) corresponds to dis-
placement applied in shear and (b) to normal directions.
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rate of applied displacement the component of displacement resulting is bond length increase

is higher in the case of normal displacement. In addition, the pattern of the plots is similar

for both the cases until bond separation or rejoining occurs, however it can be observed

that, in the case of shear loading bond rejoining occurs before the bond in hydrocarbon

can increase in length more than 0.2 A. This indicates that if rejoining did not occur shear

loading would be similar to normal loading.

The difference in energies between initial configuration and loaded configuration can be

considered as strain energy. This strain energy is indicative of the extent of load transfer

between CNT and matrix. Figures 6.9 and 6.10 show the strain energy per atom as a

function of applied displacement. In both the figures we can observe the jump in strain

energy. In the case of normal separation this corresponds to breaking of the bond while

in the case of shear separation this corresponds to debonding and rejoining with adjacent
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atom. It can be clearly noted that strain energy increase is much higher in normal loading

where bond failure occurs compared to shear loading. This shows that the energy required

for debonding and rebonding is much lower than that required for bond separation. Similar

observation in pullout test in figure 6.5 indicates the reaction force when bond separation

occurs is much higher than during debonding rebonding phase. To observe the increase in

energy when more than one hydrocarbon group is attached we have performed simulations

with boundary conditions shown in figure but with three hydrocarbon attachments. The

strain energy per atom variation with applied displacement is shown in plot (b) in figure

6.9. It can be observed that the initial region of the two curves with one hydrocarbon

attachment and that with three attachments coincides. This corresponds to rearrangement

of the hydrocarbon attachment without significant extension in bond lengths (see figure 6.9).

In this region there is no significant increase in strain energy indicating minimal load transfer.

In plot (b) there are three drops in energy corresponding to debonding and rebonding in

three hydrocarbon attachments. In addition, the increase in strain energy is higher than that

with single attachment. This shows that increased extent of chemical bonding contributes

to greater extent of load transfer, however this phenomenon is not linearly additive, i.e.

attaching three chains does not increase the energy (and thereby load transfer) by three

times. One more interesting aspect is that the increase in energy with three hydrocarbon

attachments in shear loading is less than that with one hydrocarbon attachment in normal

loading. This shows that the amount of energy consumed (thereby load transfer) is much

higher when bond breaking occurs. This signifies that loading conditions more significantly

affect the load transfer than the extent of chemical bonding.

We now discuss the results of pullout tests for nanotubes with varying degree of chemical

bonding. This is studied by varying the number of hydrocarbon chemical attachments. For a

(10,10) CNT of 122
o

A length there are 85 chemical attachments if one chemical attachment

is attached per repeat unit of the CNT excluding the end of CNT which is subject to

displacement. Different number of chemical attachments 85, 45, 20, 10 and 5 are attached

at circumferentially random and cylindrically equidistant locations and pullout tests are

simulated with all the other variables such as temperature and displacement rate being

constant. The general shape of force-displacement curve remains similar to that shown in

132



figure. The values of points of inflexion also remain similar within statistical variation,

however there is a tendency for extended debonding and rebonding region when the density

of chemical attachments is lowered.

The debonding-rebonding behavior observed in pullout test is interesting since it is an

example of phenomenon which occur only at nanoscale and is generally not observed in

conventional composites at macroscopic scale. Macroscopic fracture is generally considered

to be irreversible. What we mean by irreversible is that the energy required in creation of

new surface during fracture is not equal to energy required to join two surfaces and heal

the damage. At atomic scale we define fracture purely by breaking of chemical bonds. In

this case the energy required to break two bonds is exactly equal to the energy released to

join the same two atoms to form chemical bond. Whether two atoms will join to form a

chemical bond is determined based on the distance between the atoms and the kinetics of the

process. This phenomenon is not entirely new, for example similar observations have been

made during atomic simulations of stick slip friction and that of metal cutting processes.

Zhang and Tanaka [195] have performed simulations of friction on copper surfaces; they

observe variation of frictional force in oscillatory manner similar to that of reaction force

observed in our simulations. Further, frictional force during rolling of nanotube on graphene

sheet has been shown to produce similar periodic variations [196]. However, significance of

this phenomenon is increased here since it affects the load transfer considerably.

In the next section we discuss the extension of these observations at atomic scale to

continuum scale using cohesive zone models.

6.4 Cohesive Zone Models for Nanotube-Polymer In-

terfaces

Though atomic simulations provide insightful details in many problems of interest, the ex-

ceedingly high computational requirements of atomic simulations places a stringent limitation

on length and time scales for the problem of interest. Recent advances in massively parallel

computing have increased the simulation scales by a few orders of magnitude, but even with
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these advances, simple pair potentials systems of utmost 103 to 104 nm3 for a few nanoseconds

can be simulated. In the example of nanotube based composites, it is highly computationally

intensive if not impossible to simulate a number of CNTs and matrix entirely using molecular

dynamics. On the other hand, a large body of well-developed mathematical and computa-

tional techniques in the framework of continuum mechanics is available to solve problems

of macroscopic scale. These factors call for development of multiscale computational meth-

ods which can provide atomistic detail within the continuum framework to solve complex

problems in deformation and fracture of materials. We introduce a multiscale method for

simulating CNT based composites based on FEM and MD. A hierarchical multiscale model

is employed to study CNT based composites. Finite element simulations are used to model

the composite with constitutive input based on the results of atomic simulations. Interfaces

are modeled as cohesive zone model (CZM) with input from MD pullout simulations dis-

cussed in the previous section. The matrix and CNT constitutive relations can be expressed

using well developed finite element models with some information extracted from atomic

simulations like elastic modulus of CNTs.

Cohesive zone model (CZM) has been proposed by Barneblatt [14] and extended to ductile

fracture by Dugdale [15] and quasi brittle materials by Hillerborg [158] ( called fictitious crack

model used for fracture mechanics of concrete). In cohesive zone method all the mechanisms

which can possibly cause degradation or fracture are lumped into a discrete line (or plane)

and are assumed to be specified by a stress displacement relation.

There are several interesting concepts in cohesive zone model. Firstly, this method is

micromechanistic in nature, i.e. it considers all the possible micromechanisms which are

active in interface or fracture process zone. Typically, the fracture process zone comprises

regions describing complete failure, perfect material and material undergoing fracture. All

these regions are modeled in CZM based approach based on traction displacement curve.

Advantage of cohesive zone method is clear by the fact that we can specify the length of

fracture process zone (displacement to failure in τ − δ curve), the stress to failure (peak

stress of τ − δ curve), the nature of stress distribution in the process zone (through the

shape and features of τ − δ curve) and energy of seperation (area under the of τ − δ curve).

Interfaces, specifically in composites have been modeled in various ways e.g. using springs,
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contact finite elements. In contrast, CZM based formulation has the interesting capability

of not only modeling bonded interfaces but also separation of interfaces without the use of

any ad-hoc stress/strain/energy based fracture criterion. Conventional continuum models

cannot model material separation; since CZMs have the ability to retain the continuity con-

ditions mathematically, despite the physical separation, the methodology is very appealing.

However, before CZMs can be used to model real structures under real loading conditions,

the parameters that represent the CZMs should be properly identified and evaluated. In all

the CZMs, the traction-separation relations for the interfaces are such that with increasing

interfacial separation, the traction across the interface reaches a maximum, then decreases

and eventually vanishes, permitting a complete decohesion. The main difference in various

models lies in the shape and the constants that describe that shape. We use the concepts

developed in the previous section of nanotube pullout using atomic simulations to obtain the

input for cohesive zone models. We first present the development of CZM for the present

problem. The development of traction -displacement plots for CZM using the atomic sim-

ulations of pullout test are then presented followed by some applications to illustrate the

procedure. A recent review summarizes various cohesive zone models which have been used

by various researchers [16].

6.4.1 Development of CZM for nanoscale interface problem

In general, continuum models of materials are stated as boundary value problems in which we

seek quantities such as displacements, velocities, stresses or temperatures at each point in a

given domain. The governing equations of the continuum are identified with the balance laws

of classical physics such as conservation of energy, mass and momentum. The geometries of

deformation are prescribed in term of a kinematic relationship between strain and displace-

ments or deformation gradients. To complete the description of the boundary value problem

a constitutive relationship between the kinematic quantity (strain, deformation gradient)and

the kinetic quantity (stress, stress rate) is postulated. Atomic simulations provide a means

to study the material systems in their most pristine form based on forces (kinetic measure)

and displacements (kinematic measure). Constitutive equations are phenomenological in na-

ture and are typically determined using experiments. For nanoscale systems such as CNTs
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atomic simulations can provide an alternative to experiments for determining mechanical

response of materials which can be used in and average sense in continuum models.

In modeling of composite materials the boundary value problem is distinct in the sense

there are two continuous media separated by an interface. This interface forms a discon-

tinuity in at least some of the material parameters, for e.g. strains, hence it needs to be

independently characterized for studying aspects involving interfaces such as load transfer.

In case of CNT based composites there is an additional complication of representing CNTs

by continuum model. In this work, we assume that CNTs can be represented by linear elastic

model and concentrate on the interface behavior. Our assumption is justified because a num-

ber of studies based on atomic simulations and experiments report linear elastic behavior for

CNTs (See references in Table 4.1). In addition, CNTs are shown to exhibit elastic behavior

for large strains (up to 30 % in some reports). This extends the range of applicability of our

model. We now develop the constitutive model for interface for a generic interface problem.

Consider the two solid bodies Ω1 and Ω2 separated by a common boundary S as shown

in figure, where S can be considered as the same surface S1 ∈ Ω1 and S2 ∈ Ω2 in the initial

configuration, i.e. we would like to define S as an infinitesimally thin 3-D domain with

surfaces S1 and S2 being the part of Ω1 and Ω2 respectively, before separation occurs. For

all practical purposes the surface S1 or S2 can be identified as a single surface as a part of

either of the domains. A material particle initially located (within either of the domains Ω1

and Ω2 at some position X , moves to a new location x, with a one to one correspondence

between x and X given by the equation of motion x = χ
³
X
´
.

For either of the domains Ω1 or Ω2 the continuum description is fairly clear. The deformed

configuration can be related to undeformed configuration as x=X + dX, alternately we can

define deformation gradient
³ eF
´
as

eF =
dx

dX
(6.3)

Deformation gradient can be related to its kinetic conjugate, first Piola-Kirchoff stress
³ eP
´
through appropriate constitutive relation. In the case of elastic deformation eP and eF

can be related as
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eP = eC. eF (6.4)

where eC is the elasticity tensor. Employing this relation in equilibrium equation,

∂

∂X

³ eC. eF
´
+ f = 0 (6.5)

which can be solved variationally with appropriate boundary conditions in a finite element

formulation. This elastic formulation can be extended to inelastic formulation by employing

the corresponding constitutive relation.

Now consider the domain S. In a generic sense, S defines the interface between any

two domains. In the problem of nanotube composite Ω1 may be considered to represent

nanotube and Ω2 the matrix(see figure 6.11). Then, S represents the interface between

CNT and matrix. When fracture occurs interface S separates two new surfaces Ş1 and

Ş2 are created, consequently the one to one relation between x and X is voilated in this

region. Because of the creation of these new surfaces the rules of continuum are violated.

The surface S represented by the unit normal N
³
N1 ∈ S1 and N2 ∈ S2

´
acts along the

boundary separating the domain in undeformed configuration as shown in figure 6.11. After

deformation it can be represented by two unit normals bn1 and bn2 acting along surfaces Ş1

and Ş2 respectively. This problem can be overcome by considering interface to be a separate

entity an d prescribi ng an independent con stitutive equation to it. We can consid er interfac e

to consist of a extremely soft glue which can be shrunk to infinitesimally thin surface and

can be extended to three dimensional domain after deformation. Now consider this domain

to be Ω∗, then N1 ∈ Ω∗ and N2 ∈ Ω∗ uniquely map to n1 ∈ Ω∗ and n2 ∈ Ω∗ based on

the kinematic relation for the domain Ω∗. The constitutive equation for domain Ω∗ can be

written in terms of shear and normal tractions and their corresponding displacements. A

typical constitutive relation for Ω∗ is given by T − δ (traction displacement relation) as in

figure 6.11(c), such that

if
¯̄
¯δ
¯̄
¯ <

¯̄
¯δsep

¯̄
¯ , σbn = T (6.6)

Beyond separation distance of
¯̄
¯δ
¯̄
¯ <

¯̄
¯δsep

¯̄
¯ , the traction is identically zero within Ω∗,
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Figure 6.11: Conceptual framework for cohesive zone model

if
¯̄
¯δ
¯̄
¯ >

¯̄
¯δsep

¯̄
¯ , σbn = T = 0 (6.7)

It can also be construed that when
¯̄
¯δ
¯̄
¯ >

¯̄
¯δsep

¯̄
¯ in the domain Ω∗, the stiffness Cijkl = 0.

In order to implement the vectorial inequalities given in equations 6.6 and 6.7 typically two

separate identities are postulated for the normal and tangential components with limits set

for each of them.

The above discussion forms the basis of cohesive zone models. Though theoretical de-

velopments in CZM have been dated to early seventies, it was first implemented within the

framework of finite element method by Needleman in 1987. Numerous investigations for

various applications involving fracture and homogenous and heterogenous interfaces have

been reported since. In the next section we discuss obtaining cohesive traction-displacement

constitutive equation for nanotube based composite interfaces from molecular dynamics sim-

ulations.
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6.4.2 Traction-displacement equation for interfaces in nanotube

based composites

One of the major bottlenecks in the application of cohesive zone models is the adhoc nature

of traction displacement relations used by most investigators. The points of inflection in

traction displacement curves have been often selected in an adhoc manner. Chandra and

coworkers [16] have emphasized the importance shape of traction displacement plot in ad-

dition to maximum stress and separation distance. Obtaining traction displacement plots

from experiments would be the correct approach to the problem. In the case of nanotube

based composites, the nanoscale size of fibers limits controlled experimentation, hence we

use the next best approach of atomic simulations of nanotube pullout test.

In the previous section the atomistic aspects of pull out test were discussed. In or-

der to apply the results of those simulations to cohesive zone model we need to construct

a traction-displacement plot to describe the nanoscale interface. Before we consider con-

struction of traction displacement law it is necessary to understand the fundamental idea of

cohesive zone model. Cohesive zone model is primarily a micromechanistic approach to study

interfaces. All the micro mechanical details occurring during the load transfer and failure

are assumed to be lumped together and quantitatively described in a traction displacement

relation. For example, in the study of interfaces in conventional composites, various mi-

cromechanical processes of energy dissipation leading to fracture (or affecting load transfer)

such as, crack deflection at precipitates, contact wedging, friction, inelasticity induced energy

dis sip ation, compres si ve deformation induc ed c r ack c losure (e .g. cy clic loadi ng) are c onsid-

ered to be represented in the intrinsic region of traction displacement relation. The extrinsic

region is considered to account for processes such as micro cracking, void coalescence, phase

transformation induced energy dissipation, crack deflection along grain boundaries or second

phase etc. In the context of nanotube based composites, ideally various factors such as effect

of rebonding-debonding, effect of nanotube waviness and curvature, Vanderwall’s interaction

etc should be incorporated into the traction displacement relation. We attempt to consider

a few of these factors while formulating traction displacement relation.

There is an additional complexity involved in obtaining cohesive zone information from
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atomic simulations. As a result of discrete numerical implementation of finite element

method, any particular element is considered to experience constitutive response as a single

unit (albeit based on an interpolation) according to the traction displacement curve. The

element dimensions can be refined to the order of few nanometers, however it would still

physically correspond to a large number of functional group attachments. One way of cir-

cumventing this problem would be to use a finite element mesh refined to atomic proportions,

but that would defeat the initial objective of the multiscale model to achieve high computa-

tional efficiency. We need some way to homogenize the force displacement relations shown in

preceding section to obtain the traction displacement plots which are representative of the

entire system. Simple averaging over all the chemical chains will not serve the purpose since

the effect of length and density would be ignored by doing this. In other words, if only few

chemical attachments near the loading end take up most of the load then the traction dis-

placement plot obtained by averaging over the entire length of CNT would give an erroneous

underestimation.

Figure 6.12 show variation of reaction forces for the specific atoms in the hydrocarbon

attachments (across the length of the nanotube) at various simulation times. Figure 6.12

shows the plot in case of eighty five attachments that is about one chemical attachment for

every repeat unit of (10, 10) CNT. It can be observed from this figure that the variation

of force occurs in a sequential manner. If we divide the typical force displacement into

various parts initial loading b, debonding-rebonding region c, maximum loading region d,

and failure denoted by e (See figure 6.5), the force displacement plots of each chemical

attachment go through these regions one after the other until they fail. As expected the

chemical attachments near the loading region reach the peak stress and fail sooner than

chemical attachments away from the loading end. Once the chemical attachments detach

completely from the CNT it fails to take any more load; thus, the peak stress region moves

progressively from the loading end to the other end. This process can be observed in figure

6.12. Figure 6.12(a) at 20 and 24 ps shows atoms near the loading end taking up load, in

figure 6.12(b) the chemical attachments near the loading end are in debonding-rebonding

phase while more chemical attachments take up load (region a). In Figures 6.12 (c) and (d)

the chemical attachments near the loading end reach maximum load and failure (region d).

140



The maximum load region moves away from the loading end as shown in figures 6.12 (e) and

(f). At any point of time about forty chemical attachments only take load and others have

either failed or yet to take any load. It had been observed earlier that the force -displacement

plots for any chemical attachment are similar within statistical variations. Based on above

observations we have taken the average of these plots with applied displacement for forty

chemical attachments and divided by corresponding area to obtain the traction displacement

plots. The traction displacement plot is shown in figure 6.14.

The earlier discussion was for CNT with a high density of chemical attachments with

matrix. Now consider the case of nanotube with only five chemical attachments in the same

length. The reaction force variation along the length of CNT at various simulation times

is shown in figure 6.13. It can be observed that all the chemical attachments take similar

loads at any time. In this case the traction displacement plot was obtained by averaging

the forces in all the chemical attachments and dividing by the entire surface area of CNT.

Corresponding traction displacement plot is as in figure 6.15

The traction- displacement plots for use in cohesive zone are obtained by extrapolating

figures to complete failure as shown schematically in the figure 6.16 The most interesting

aspect of this investigation is the very high interfacial stresses obtained when there is chem-

ical bonding between matrix and CNT. For high degree of chemical bonding (85 chemical

attachments to CNT of 100 A) we obtain interfacial stress as high as 5 GPa. which is about

two orders of magnitude higher than that typically observed in conventional polymeric com-

posites. In the case of five hydrocarbon attachments distributed over 100 A we obtain an

interfacial peak stress of 500 MPa . It is interesting to note that experimental measurements

of interfacial traction by Wagner et. al.[12] and by Cooper et. al. [193] report interfacial

stress of same order. Further, Wagner and coworkers indicate that this high value might be

due to chemical interaction between CNTs and urethane matrix. We obtain an interfacial

peak stress of about 50 MPa with three chemical attachments in 200 A length CNT.

In the next section the traction displacement plots obtained using MD are employed to

study the effect of interfacial strength on the stiffness of nanotube reinforced composites.
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Figure 6.12: Variation of reaction force along the length of (10,10) CNT with eighty five
chemical attachments at different simulation times
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Figure 6.13: Variation of reaction force along the length of (10,10) CNT with five chemical
attachments at different simulation times

143



Applied displacement (A)

T
ra

c
ti
o

n
(G

P
a

)

5 10 15

0

1

2

3

4

5

Figure 6.14: Calculated traction -displacement plot for the case of 85 chemical attachments
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Figure 6.16: Schematics of traction displacement plots used in the finite element model
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6.5 Application of Multiscale Model

We now apply the atomically informed traction displacement plots in finite element sim-

ulations of CNT reinforced composites. In order to demonstrate the effectiveness of the

multiscale model we study the elastic behavior of the composite and the effect of interfacial

strength on the stiffness. It is common practice to study the mechanical behavior of con-

ventional composites using representative volume element (RVE). Because of their ability to

fill space square or hexagonal RVEs are popular in formulations where the RVE approach is

extended to generalized problems using global-local or similar approaches. Cylindrical RVEs

are generally used to reduce the computational load by employing axisymmetric formulation.

The finite element mesh and the boundary conditions are as shown in the figure 6.17.

Axisymmetric cohesive zone elements with each having four nodes and zero thickness in the

direction normal to the interface are used to model the interface behavior. The traction

displacement plots discussed in the previous section are used to generate the stiffness matrix

for these elements. Four node axisymmetric elements are employed for both matrix and

CNT. Duplicate nodes are used at the interface such. The models typically consist of 1000

elements (variation for different fiber content) and the interface consists of 93 cohesive zone

elements. CNT length is taken to be 450
o

A and diameter of 20
o

A. In these computations

CNT is considered as solid cylinder; this can be justified by assuming a multiwalled nanotube

with innermost tube of very small radius (for e.g. (5,0) nanotube). Both the matrix and

CNT are assumed to be continuous media exhibiting homogenous linear elastic isotropic

behavior with a given Young’s modulus and Poisson’s ratio. Young’s modulus of 1000 GPa

and Poisson’s ratio of 0.3 are employed for the nanotube (based on study in Chapter 4).

The general-purpose commercial code ABAQUS version 6.3 is employed to carry out the

analysis because of its flexibility in allowing user-defined subroutines to be linked to the

main program. The cohesive element model is input as a user-defined element subroutine

UEL into ABAQUS. Parametric studies for different interfacial strengths, matrix and fiber

properties were performed in order to understand the effect of interfacial strength on the

stiffness and load transfer of composite.

Two extreme cases of load transfer occur when the interfacial stress transfer is perfect
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and when there is zero load transfer between the matrix and fiber. In terms of CZM these

two cases would correspond to infinite and zero interfacial traction respectively. In the case

of zero interfacial traction the composite elastic properties trivially become equal to that of

matrix material as no load transfer occurs and progressively increase as the peak traction

of CZM increases. For very high value of peak stress the load transfer should be near

maximum possible load transfer and correspondingly the elastic modulus of the composite

should be near that of ideal interface. This concept is illustrated in figure 6.18. The figure

shows variation of composite elastic modulus with volume percentage CNT for various CZMs

described in the earlier section. When the matrix and CNT are connected by a large number

of chemical attachments (one per repeat unit of CNT) the interfacial strength is very high

and the peak traction is of the order of 5 GPa. To provide a perspective typical values

of interfacial strength in polymeric composites are about 50 MPa. This high interfacial

strength leads to stiffness values near that of composite with perfectly bonded interface

as seen in figure 6.18. On the other extreme when the peak traction is 5 MPa (this is a

fictitious traction displacement plot and does not correspond any atomic simulation result)

the composite stiffness is close to that of matrix material (denoted by dotted line in figure

6.18 ). The more likely values of interfacial peak traction are between 50 and 500 MPa which

correspond to 3 bonds per 200 A CNT and 5 bonds for 100 A CNT. In these cases stiffness

of composite is about 80% and 60% of the maximum possible value (perfect interface).

Figure 6.19 shows the variation of composite stiffness with matrix stiffness for various

CZMs. Typical values of elastic moduli for polymeric systems range from 1 GPa to 10 GPa.

Four matrix elastic moduli of 1 , 3.5, 5 and 10 GPa are considered in this study. The

composite stiffness increases with increase in matrix stiffness and decreases with lowering

of interfacial strength as expected. Figure 6.20 shows variation of composite elastic moduli

with different fibers corresponding to glass fibers (E=85 GPa), carbon fibers (E=300GPa),

SiC (E=400 GPa) and CNT (E=1000GPa). These computations are again performed for

different interface models. One interesting observation here is that there is a sort of flattening

of stiffness values as the stiffness of fiber increases. Though the stiffness values for CNT

based composite are higher than that of other fibers it is not as high as one would expect,

specifically when the interfacial strength is low. This emphasizes the importance of interface
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Figure 6.17: Typical mesh used in the finite element simulations

load transfer in determining the stiffness of nanotube reinforced composites.

6.6 Summary

Molecular dynamics simulations are used to simulate the pull-out test of CNT based compos-

ites in which matrix and CNT are chemically bonded by hydrocarbon chemical attachments.

These simulations are used to understand the interfacial behavior and quantitatively deter-

mine the interfacial strength. An interesting observation is that chemical attachments tend

to slide along the surface of nanotube by a process of debonding and rebonding before final

failure. The interfacial strength is found to depend strongly on the density of chemical at-

tachments connecting matrix and interface. Very high interfacial strengths (near to perfect

bonding) are possible with high degree of CNT surface modification. Traction-displacement

relations for cohesive zone models are formulated based on the results of atomic simulations.

These atomically informed cohesive zone model is used in finite element formulation to study

the effect interfacial strength has on stiffness of composite materials
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Chapter 7

Conclusions and Recommendations

7.1 Summary

The primary focus of this work is to understand the thermomechanical behavior of nanoscale

systems with various inhomogeneities and to investigate the effect of variations at nanoscale

on micro and macro scales. One dimensional defects such as topological defects, hybridization

defects in carbon nanotubes as well as interfaces in metallic systems and CNT-based compos-

ites are studied. A multiscale model to extend the observations of nanoscale to macroscale

is developed. The specific aspects of the various problems studied are summarized below.

Metallic grain boundaries

Molecular dynamics and statics in conjunction with EAM potentials were used to study

the energetics, sliding and magnesium segregation of symmetric tilt grain boundaries in

aluminum. The equilibrium structures and energies of various grain boundaries are reported.

It is found that tendency for grain boundary sliding is higher in grain boundaries with higher

grain boundary energy. Magnesium is found to increase the grain boundary energy and

the tendency to slide. Energetics of magnesium segregation at specific locations of grain

boundaries is explained in terms of geometry and stresses.

Carbon Nanotubes

Various stress descriptions such as virial, Lutsko, Yip, BDT are used along with Tersoff-

Brenner bond order potential in the simulations of elastic behavior of CNTs. A new strain

measure is introduced. These stress and strain measures are then used to determine the

elastic moduli of CNTs with and without topological defects. Use of stress and strain as

opposed to energy enables computing local elastic moduli in regions with heterogeneities like
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topological defects. We find that there is a reduction in Young’s modulus at the defect sites

in CNTs with topological defects. Further using the same concept a predictive model based

on rule of mixtures is proposed to determine the stiffness loss due to defects.

Elastic and inelastic deformation behavior of functionalized nanotubes is studied using

molecular dynamics. It is found that there is a marginal increase in elastic modulus when

CNT are functionalized with hydrocarbon chemical attachments. However, inelastic defor-

mation characterized by formation of defects occurs at lower strains and results in fracture

of functionalized CNTs at lower strains. The mode of fracture is also found to be different.

The results are discussed in terms of changes in geometry and energetics when chemical

attachments are made to CNTs.

Mechanics of nanoscale interfaces

Interfaces between atomically perfect CNTs and polymeric matrices can occur in the form

of chemical attachments. Mechanics of deformation of such interfaces are comprehensively

studied using the well established pullout test simulations. A number of variations like

number of attachments per unit surface area, length and type of the chemical attachments,

type of loading (normal and shear) are examined to arrive at a homogenized cohesive zone

response of the interfaces. A number of new ’scale-specific’ phenomenon like debonding-

rebonding, separation are observed and have been analyzed based on kinetics, kinematics

and energetics. The homogenized traction-displacement relation for cohesive zone model is

then used in finite element formulation to study the affect of interfacial strength on stiffness

of composite materials.

7.2 Contributions of the Work

Some of the contributions of this work are:

• For the first time, it has been conclusively shown that tendency for sliding increases

with increase in grain boundary energy in aluminum symmetric tilt boundaries.

• Energetics of magnesium segregation in aluminum boundaries has been explained based

on stresses and geometrical factors.
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• Different stress measures have been used to study nanotube deformation and a new

strain measure has been developed. Using these measures local elastic behavior of

CNTs and topological defects has been evaluated for the first time. We have shown

the regions with topological defects have lower elastic modulus than defect free CNTs.

• A damage-based model is proposed to predict the decrease in elastic properties of CNTs

in the presence of topological defects.

• The mechanical behavior of functionalized CNTs in tension is simulated for the first

time. It is conclusively shown that there is a marginal increase in elastic properties for

functionalized CNTs. The inelastic deformation behavior as well as fracture initiation

in functionalized CNTs is studied and compared with defect free CNTs.

• Interfacial behavior of CNTs connected to matrix by chemical attachments is investi-

gated for the first time by simulating atomic scale pull-out tests

• A new atomistic-continuum multi-scale model is developed based on atomically in-

formed cohesive zone model for the study of nanotube-reinforced composites. The

multiscale model is used for the study of load transfer and elastic properties of com-

posites.

The results on grain boundaries are published in three journal papers two in ’Materials

Science Forum’ and one in ’Scripta Materialia’. The research of Chapter 3 on topological

defects in CNTs have been accepted for publication in ’Physical Review B’ and ’Mechanics

of Advanced Materials and Structures’. The work on functionalized nanotubes (Chapter 5)

has been accepted for publication in ’Chemical Physics Letters’. Another paper is in prepa-

ration covering the aspects of the multi-scale model discussed in Chapter 6 to be submitted

to ’International Journal of Solids and Structures’ shortly. Apart from this various por-

tions of the dissertation have been presented in five conferences including two international

conferences.
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7.3 Recommendations for Future Work

• In the second chapter dealing with grain boundary energetics and sliding the effect of

misorientation was investigated in bicrystals, there is scope for extending this work to

explore the effect of triple point misorientations on sliding characteristics.

• The elastic behavior of nanotubes in presence of topological defects was studied in

this work. The study was based on molecular statics and limited the study to elastic

behavior. This study can be extended to inelastic and fracture behavior using molecular

dynamics.

• Molecular dynamics was used to investigate the elastic and inelastic behavior of func-

tionalized nanotubes, however this study was limited to hydrocarbon functional at-

tachments. A more extensive study of inelasticity and fracture can be undertaken with

different functional groups more frequently used in experimental studies.

• Chapter 6 introduces and validates a useful multiscale model to study mechanics of

CNT based composites using continuum and atomistic simulations. The interfacial

model can be generalized to incorporate Vanderwall’s interactions. Further, similar

models can be developed for different matrix materials such as epoxy, polystyrene.

This model can be extended further and applied to model problems such as (1) fracture

behavior of composites (2) deformation induced alignment.
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APPENDIX A

SUMMARY OF RECENT EXPERIMENTAL WORK ON NANOTUBE

BASED COMPOSITES
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