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Abstract

MECHANICS OF CARBON NANOTUBES (CNTS) AND THEIR

COMPOSITES

by
Huapei Wan

Advisor: Professor Feridun Delale

In this thesis, the mechanical behavior of carbmmotubes (CNTs) and the reinforced
composites was studied using the continuum mechanadels. For single-walled
nanotubes (SWNTS), a structural model based onaulalemechanics was developed.
The model was then extended by considering the gai\hals forces to the study of
multi-walled nanotubes (MWNTSs). The current modeksravverified through many
calculations and comparisons. As an application, kihekling behavior of carbon
nanotubes (SWNTs and MWNTS) under axial compresamhbending were studied.
Another portion of the thesis was contributed to ¢batinuum mechanics modeling
of CNTs reinforced. The new contribution of the remt work to the nanotube
mechanics is a new strategy of correlating molequidentials with strain energies of
the structural members: beam and spring. In cehta the existing model, the
out-of-plane motion (inversion) of the covalent Howas distinguished from the
in-plane motion in the current model. Consequeniyg bending stiffness of the
graphite layer can be correctly described. In &mlditseveral key issues involved in
the study of buckling behavior of CNTs under axiampression and bending loads
were discussed. The role of geometrical perturbatin the onset of compressive
buckling was well identified. For bending bucklindpe buckling was found to be
sensitive to the boundary conditions (BCs) appééedhe ends of the nanotube. The
continuum mechanics analysis of CNTs reinforced amsites showed that a critical
nanotube length was required in order to fully $fan the load between the high
stiffness tube and the matrix. The effects of thigetlength and the interphase on the

effective properties of the reinforced compositeenaso discussed.
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CHAPTER 1 : INTRODUCTION

First discovered byjjima in 1991, the carbon nanotubes (CNTs) have playshaal
role in leading the overall progress of nanoscalenge and technology during the
past decade. CNTs represent a new class of nanosealerial. Their many
extraordinary mechanical and electronic propesiesessentially due to their unique
geometric and chemical structures, which have betemsively studied through both
experimental and theoretical approaches. Their iegimns such as nanoscale
transistor, electromechanical actuator, biomolecaled chemical sensor, and high
resolution probe in device fabrication have beeppkmented with their use as
reinforcement in nanocomposites and field emissamays in the material
development arena. Our understanding of the medchlaproperties of CNTs has
greatly improved through more than a decade of stigations. The intrinsic
mechanical properties of CNTs, such as their €& strength and deformability,
have been relatively well investigated and undexstoother mechanics-related
properties of CNTs, such as buckling instabilityerface mechanics, etc., have also

being examined and a comprehensive knowledge of thdeginning to emerge.

In this chapter, an overview of CNTs and CNTSs reicdédrcomposites is given, with

a focus on the mechanical properties and the quoreng modeling approaches.

1.1 Molecular Structure of Carbon Nanotubes

A CNT can be geometrically described as a seamidsgler rolled from a graphene

sheet Figure 1.}, called a single-walled carbon nanotube (SWNT). flite may be



closed at its ends by endcaps of hemisphereslefduks Figure 1.2. In general, the
smooth interface shown is not possible because aspkearical geometry is often
precluded by other nanotubes structures, but theyaturally closed by endcaps of
some sort. Depending on synthesis conditions, muatied carbon nanotubes
(MWNTSs) can also be obtained. A MWNT can be thougkt multiple nested
cylinders consisting of rolled graphene she€igure 1.3. The tubes discovered by
lijima (1991) were MWNTSs. Individual SWNTs are ndietnically stable and often
bundle together to form nanotube ropes or bundtegufe 1.4. The tubes in the
bundle or within a MWNT interact through the weak #immded van der Waals
forces with an ideal spacing of 3.4 A, the sameadist as the layer separation found
in graphite. They remain free to slide and rotatdependently with only small
resistive forces. Thus, it is expected that tens@md torsion loads will not

significantly transfer from outer tube walls to inebe walls.

The primary structural unit of a nanotube is a lgexal ring which consists ot
sigma and 7z bonds Figure 1.9. Each atom is bonded to its nearest 3 neighladrs,
approximately 120 degrees in plane angles. Thegmyirhonds between these atoms
are hybridized sp2 bonds, orc bonds. These bonds are very strong and produce
excellent in-plane properties of the nanotube. Théonds are delocalized bonds
and are much weaker; however they are centered, syivaflg about 0.33 A from
the central axis of the sigma bond. Thus they araguily responsible for the out of
plane properties, such as the wall bending stiffnBssitagonal and heptagonal ring
structures are also possible. A combination of éhstsuctures, termed the 5-7-7-5
defect Figure 1.9, is proposed to be a pathway for plastic deforomstiand termed
the Stone-Wales transformatiol.J. Stone and D.J. Wales, 1986 Quantum
Mechanics (QM) simulations have also shown evidentestructural holes in
nanotubes, which subsequently lower the nanotufieests and strengthD{ Troya,

2003.
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Figure 1.1: A single-walled carbon nanotube with agyzhirality (10,0)

Figure 1.2: Atomic structures of a C60 fullerendt)land a (5,5) nanotube (right)

walled nanotube (DWNT) with (5,%1@,10) chirality

Figure 1.3: A double



Figure 1.4: Nanotube bundles of SWNTs

Figure 1.5: Schematics of the bonds and structure

Figure 1.6: The Stone-Wales transformation (5-7-7-5



The type of SWNTs can be uniquely identified by tbikup angle (termed helicity or
chirality) and the diameter of the hexagon ringisuire. The White notationC(

White, 1992 is commonly used to classify a nanotube structiré¢his notation, the
basal vector4,, a,), is followed Figure 1.7. The number of hexagon cells in the

and a, directions when traveling once around the tubeet®mded asng, n) and is
used to identify the type of SWNT. In this way, bakle diameter and the helical

angle & can be also defined:

Aoy =3/ A, NP+ mne A (1.1)
and
6 =tan*</3 /(2n+ n), (1.2)

where, a._. is the carbon-carbon lattice constant (about 0.142nm).

It is the combination of the chiral symmetry and the uniqupgnties of graphene
that ultimately determines many unprecedented mechanicatlaotlical properties
of CNT. For example, armchair nanotubes are formed whenm and the chiral
angle is 30°KFigure 1.8. Zigzag nanotubes are formed when either mis zero and
the chiral angle is 0°. All other nanotubes, with chiral esghtermediate between 0°
and 30°, are known as chiral nanotubes. Armchair SWNT isriekdbt conductive
while zigzag SWNT is an insulator. Mechanical propertighetube such as Young’s
modulus show some dependence on the tube chirality especially thbetube

diameter is small ( less than 1 nm).

Nanotubes with different molecular structures, such as BNB&&lor ‘white carbon’
nanotubes (generalized agBN,), have also been createl.C. Hernandez, 1998
The fundamental feature required for nanotube creation is the dre{aagomic ring
structure. These tubes have been found to have lower medhamigerties, but also
possess other desirable qualities for certain applicatiamsexample, ‘white carbon’
nanotubes, which still have about 68~75% the modulus of CRX3. Hernandez,

1999, are electrically inactive and therefore desirablerfanocomposites material



applications which need an insulating material.
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Figure 1.7: Lattice structure of a graphite sheet

Figure 1.8: Single walled nanotubes with different chinaicttires



1.2 Mechanical Properties of Carbon Nanotubes

Carbon nanotube has played a central role in leading the overgideps of nanoscale
science and nanotechnology during the last decade. Many unprecedecieahiosd
and electrical properties of CNT have been discovered. eikample, the axial
Young’s modulus of the CNT is found to be around 1000 GPa. CNT has bee
modeled and measured as having the highest tensile yietdjtstreas high as 170
GPa, among existing materials. CNT can either be metafit semiconducting
depending on its chiral symmetry and due to quantum confinement;éWNT has
been demonstrated to be a ballistic conductor even at roometatare, where
electrons propagate through the CNT effectively with the @esehany scattering
over several hundreds nanometers; and the electronic and chemperties of CNT
can be effectively modulated by the local structural defaomadf CNT. In the

following, we will focus on the mechanical properties of CNTs

Much of the initial work studying the mechanical properties obhazbes consisted of
computational methods including molecular dynamics calculationsl leesempirical
potentials, the tight-binding-based approaches, and the first prsaplguantum
mechanics. These models are primarily used to study SWNBsige of the increase
in computational resources necessary to model systems compirizdéarger number
of atoms. There are also a few continuum mechanics modsdd ba the principle of
molecular mechanics. Typically these studies have found mbwatues for the axial
Young's modulus on the order of 1000 GPa (assuming a shell thickr@&gl aim),
with values for the Poisson ratio approximately 0.16 to 0.30uégaof Young's
modulus for SWNT bundles were between 0.4 and 0.8 TPa. The relogafus of
SWNTs is found to be about half of that of the Young’s modulus T®&). The
strength of the nanotube is around 100 GPa. Most of these modeiseas
defect-free nanotubes. Nanotubes with significant number etctde{such as those

produced via CVD methods) are expected to have much lowersva



More recently, a great deal of progress has been edalizmanipulating and testing
individual nanotubes and nanotube bundles. In general, the experinesoltd have
validated the computational predictions. The reader is reféaea recent review

paper ofM. Yu (2004)about the experimental techniques.

1.3 Applications

With the rapid progress in the synthesis of large quantity ligh quality CNTSs,
many researchers have also begun to focus on the manufgcind engineering of
CNTs for developing new composite materials and electronic prodtmtexample,
CNTs can be used as a filler phase (reinforcementhimsamaterial. A great deal of
interest in CNTs reinforced composites for structural apfios exists due to a
number of potential benefits that are predicted with suclenaés. For instance, the
high stiffness of CNTs makes them perhaps the ultimate-dtiffhess reinforcing
material. Tensile strength of the CNTs reinforced compostagreased by an order
of magnitude (compared to traditional composites) due to die dlastic strain (as
large as 5%) of CNTs filler. The high stiffness- and stiemnggight ratios suggest the
possibility of substantial weight savings for weight-critical laggions. In addition to
their outstanding mechanical properties, CNTs have also bleewn to possess
exceptional electrical and heat-related properties, suggestaterials that may be
designed to meet mechanical as well as secondary magisserty specifications.
Despite these potential benefits, a number of criticakessnust be overcome before
the full benefit of such materials can be realized. Ssshes include: high cost of
CNT synthesis, poor bonding between the nanotube and the host matisiadrsion

and alignment of CNTs within the composites.

Other notable examples include large scale CNT field émnisaray for flat panel
displays. Results have shown that the nanometer-size,dapget ratio and the high

electrical/thermal conductivity of CNTs allow a CNT @ekmission array to be



operated at very low threshold voltage and with very small pa@esumption.
Nanotubes could also be used to replace current micro-electmaterials (MEMSs)
as the beam structure, reducing MEM sizes even furtherpfyscal properties such
as the conductance of CNTs can be significantly changethdyoccurrence of
buckling, which lead to potential applications of CNTs as the -genération
nanoelectronic devices (nanotransistors), nanofluid components (ns=®)yadwnd
reversible elements in nanoelectromechanical systems @YByl switching between
the buckled state and normal state of the CNTs. MWNTs haee peoposed as
cylindrical bearings due to the ability of their walls stide freely. Molecular
modeling research has also been performed which studiedasibifity of using the
tubes as shafts for nano-gears. CNTs have also been prog®sexhoscale drug

dispensers.

The rapid advance of CNT-related applications in many fronts canbwviously be
captured by the few examples above. Many of these potentiatatppis are to be

demonstrated and supported by both experimental and theoreticéigatiess.

1.4 Modeling of Carbon Nanotubes

To study the mechanical behavior of CNTs, many theoretical nmodajpproaches
have been developed. Depending on their feasibilities, tappeoaches can be
categorized at various scales, loosely from the smatidsiet largest scale, including
molecular (atomistic) simulations, coarse grain simulati@emtinuum mechanics,
composite micro-mechanics, and component level structural anesh With the
development of more accurate force field and numerical #hgasi MD simulations
have been shown to play an important role in revealing the meeahdghavior of
CNTs. The major techniques include classical molecular dymsanidD),
tight-binding molecular dynamics (TBMD) and density functional thg@FT). In

principle, any problem associated with molecular or atomicanstcan be simulated
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by these modeling techniques. However, due to their huge compulatiaska,
practical applications of these atomistic modeling techniquediraited to systems
containing a small number of molecules or atoms and are ysaaifined to studies

of relatively short-lived phenomena, from picoseconds to nanoseconds

A few continuum mechanics models were also proposed, in whiahban nanotube

is modeled as a thin cylindrical shell or bea#l.(Yakobson, 1996; V.M. Harik,
2000; C. Ru, 2000 In treating the CNT as a continuous material, an effecti
thickness has to be defined in order to derive material giepesuch as Young's
modulus, shear modulus, bending modulus. Yakobson found that the compressive
buckling of a SWNT can be fairly described by the continuum thebbyckling of
thin-shell cylinder B.I. Yakobson, 1996 He then stated one of the early results on
nanomechanics,tfie laws of continuum mechanics are amazingly robust and allow
one to treat even intrinsically discrete objects only a few atwndiametef. This
allowed subsequent researchers to utilize continuum mechaniclagsify CNT
material properties with more confidence. For example, tmpeessive buckling
behavior of SWNTs and MWNTSs have been studied by column-bucklingytéth

or without the surrounding media by a group of researcl@rdk(, 2000 a,b; C.
Wang, 2004) The drawback of these approaches is that they can neictdvéze the
discrete lattice structure of the CNTs and their accutsy to be confirmed by

atomistic simulations.

Another category of research located between continuum meclamicsolecular
mechanics is a series of work based on the molecular meclog@sdon nanotubes,
where the interactions between carbon atoms can be exprbgsedntinuum
functions of the atomic displacements. This category of modelmgbe further
divided into two tracks: explicit (either analytical or numafjcsolution and finite
element simulation. In the framework of molecular mechargogrgy approaches
have been adopted to derive the analytical solution otteféeelastic constants of
SWNTs (. Chang and H. Gao, 2003; L. Shen and J. Li, 2@8@d MWNTs L. Shen
and J. Li, 2005; T. Chang, 2008 hese methods take into account of periodical piece
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of the nanotube; however the length effect which is peititeethe buckling problem
can not be considered. Consequently, they are not feasible to shedy
length-dependent buckling behavior of the CNTs. Finite element metinatd
incorporates the molecular structural model of CNTs hashkalea developed (G.M.
Odegard, 2001C. Li, 2003. The C-C bonds in the CNT are replaced by structural
elements such as truss rods (G®tlegard, 2001land beamsQ. Li, 2002 in these
molecular mechanics (MM) based approaches. The sectiam@nuies of the truss or
beam members are derived from molecular mechanics theorg wieepotentials of
the covalent bond are represented as functions of the changeméwical variables
(such as length, bend angle, twist angle). The propertiéblds can then be obtained
through finite element analysis of the structural assemblysteucted by beam
elements or truss elements. However, the bending stiffsfetb®e graphite layer in a
CNT is either not addressed (in truss model) or incorredtlyessed (in beam model).
Therefore, they are not suitable to simulate the problems wherdcal bending is
very dominant such as local buckling of the CNT. This drawhacaddressed in

detail in Chapter 2.

In the present work, a modified structural model based do’€work (C. Li and T.
Chou, 2002 is developed. The major difference from the original stma¢ model is
the establishment of relationship between the beam sdctiwaperties and the
bending stiffness of the graphite layer. By changing theileiracross-section of the
beam element in the original beam mode (i and T. Chou, 2002into the
rectangular cross-section, we can distinguish the two diffédemtling of the bond:
in-plane and out-of-plane. As a consequence, a new set of septioperties of the
beam element can be obtained. Therefore, the current modékaased as a tool to
simulate the mechanical behavior where the local bendingeajrdphite layer in the
CNT has to be considered. When incorporated in the finite eleamalysis, the
current model can be more efficient (than MD and MM) in perfog numerical
(virtual) experiments to study the effective mechanical pt@se(Young’s modulus,

shear modulus, etc) and the buckling behavior of CNTs.
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1.5 Methodology

The basic procedure used to study the mechanical behavior 6 @Nd their

reinforced composites is summarized below.

(1) Develop a new molecular structural model based on molecutdramies and the

model of C. Li (2003).

(2) Perform virtual experiments such as tension, torsion, and betadgngulate the
elastic properties (such as Young’'s modulus, shear modulus and bstiidiess)

of SWNTs and MWNTSs.

(3) Perform virtual experiments such as compression and bendiimgulate the

buckling behavior of SWNTs and MWNTSs.

(4) Analyze the volume representative element of CNTs reiatbocomposite for

effective mechanical properties of the composite.

The first step, the development of a modified beam modebwiexplained in detail
in Chapter 2. The second and third steps will be addressebaptecs 3 and 4
respectively. In chapter 5, CNT reinforced composites sandied by continuum

mechanics simulations.
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CHAPTER 2 : A STRUCTURAL MODEL FOR CARBON
NANOTUBES

2.1 Introduction

Continuum mechanics is found to be “amazingly robust” and “allow{s)to treat
even intrinsically discrete objects only a few atoms iarditer.” B.l. Yakobson,
1996. Especially with the help of the principle of moleculaechanics, a few
analytical continuum model$s(M. Odegard, 2002; T. Chang and H. Gao, 2003; L.
Shen and J. Li, 2004; T. Chang, 2pbave been developed to predict the mechanical
behavior of carbon nanotubes (CNTs). Consequently, the mechamnigarties of
CNTs can be obtained more efficiently and faster than moledutemics simulation,
with fairly reasonable accuracy. Predictions of effectastic properties of CNTs
such as the Young’'s modulus through both analytical and numerical solatiens
found to be in good agreement with MD simulations and experitnm@ae@surements.
Structural models of CNTs have also been develofell.(Odegard 2002; C. Li and
T. Chou, 200Bwhere the covalent bonds between atoms can be modeled byrsiruct
members such as truss rods or beams. Such structural faxaelthe atomistic-level
finite element analysis in solving complicated deformatioss a result, CNTs,
either modeled as systems for the broad study of effegireperties in low
dimensionality or as a unique device having excellent mechgmiocpérties, can be
studied by numerical (virtual) experiments. In the current enapt new structural
mechanics model will be developed to obtain a better approximatithe molecular
potentials of CNTs. Thus, it is expected that the model carséd as a tool to predict

the mechanical behavior of CNTs more accurately thandkérg structural models.
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In the following sections, first an introduction of the principfenolecular mechanics
is given. Then the existing structural models (beam-modelh® single-walled
carbon nanotube and the current modification are introduced. Thematdied

structural model is extended to multi-walled carbon nanotubesewther van del
Waals interactions between the subtubes are also modeledoasraium structural

member: non-linear springs.

2.2 Structural Model of SWNTs Based on Molecular Mehanics —

Beam Modd

Atomic interactions become dominant during the investigationmafchanical
properties at near molecular scales. Quantum and moleculdrames aim to
correlate the atomic positions to the system’s energy. Erersiewpoint of molecular
mechanics, the atomic nuclei in a carbon nanotube can beledgas material points
whose motions are regulated by force fields generated bytraglemucleus
interactions and nucleus-nucleus interactions. The force fieldbeaxpressed in
forms of steric potential energies which solely depend ometlagive positions of the
nuclei constituting the molecule. Due to cumbersome calculatibiss preferred to
neglect the electronic structure by applying the Born-Oppenheap@oximation.
Consequently, the energy is defined only as a function of thesaruglositions
irrespective of the electronic structure. In general,tthial potential energy of the

system can be expressed as sum of individual energy terms as,
E=E+B+E+E+ K+ K (2.1)
where E,, E,,E, , and E,  are energies associated with bond-stretching,

angle-variation, inversion and torsion, respectivéig(re 2.}. E,, and Eg , are

associated with van der Waals and electrostatic interac{looth are also termed as

non-bond interactions). A wealth of literature is availablddtermine the reasonable
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functional forms of these potential energy teriRape et al., 1992; Brenner, 1990;
Cornell et al.199p Therefore, various functional forms may be used for thesgyene
terms, depending on the particular material and the load conditumaker

consideration.

@ My Ap
(:1:@: :“,)_)ﬁ # L)
- >
To Ar
9[!
Stretching Bending
s
0-"-0
//
(&) O

Inversion Dihedral angle torsion

Figure 2.1: Inter-atomic interactions in molecular mechanics

In general, for covalent systems, the main contributions ttothesteric energy come

from the first four terms while the non-bond interaction potentiasbe neglected,
E=E,+E+E,+E. (2.2)

Under the assumption of small deformation, the first twange,,E, can be

expressed by harmonic functions,

E, =% > k(Aar)’ (2.3)

bonds
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£, =5 2 k(80)" 24)

angles

where Ar; is the elongation of bondand k. is referred to as the force constant
associated with bond stretchingé and k, are the variance of angle and the
associated force constants between two bonds.

The potential associated with bond inversion caso dle described by harmonic

function,

E, =Y 2(aw), (2.5)

where A« is the inversion angle and#t, is referred to as the force constant

associated with bond inversion.

The torsional energy in molecular mechanics is arity used to correct the
remaining energy terms rather than to represeryasigal process. Therefore, the
torsional potential is not necessary in all molacuhechanics force field unless the
total system energy needs to be adjusted to acthevdesired energy profile (e.g., to
agree with experiment or rigorous quantum mechanazdculations).Torsional

potential is usually modeled by a periodic functsarch as a cosine series expansion:

E =) \%[H cos(ng-y)], (2.6a)

bonds
whereV, is a parameter which controls the amplitude ofdineve,n the parameter of
periodicity, and y an angle which shifts the entire curve along thi&atron angle
axis (@). The parameters are determined through curviaditFor carbon nanotube

and graphena)=2 and y=18C. Assuming small angle changes, (2.6a) can also be

written as a harmonic function of the twist angl,



17

E =) X (ag)?, (2.6b)

bonds 2
where k, is the torsional force constant.

In the existing beam-model of CNTE.(Li and T. Chou 2003 for convenience and
simplicity, the potentials associated with the dita¢ angle torsion and the improper
torsion (inversion) are merged into a single edeivaterm,

1 * 2

=2 K (ar. (2.7)

2 angles

Elorsion = Em + Er =

where Ag is the angle change of bond twisting akd is the force constant of

bond torsion. Note that, this assumption actuadiglects the potential of bond

inversion.

Motivated by the format of these energy functioitsis assumed that structural
members (truss rod and beam) can be used to mhmicdvalent bonds when the
CNT is subjected to mechanical loads. Therefor dikcrete molecular structure of a
SWNT can be modeled by a frame-like structure. ¢trealent bonds between two
nearest-neighboring carbon atoms act like loadibgdream members whereas an
individual carbon atom acts as the joint of therbe@&igure 2.3. To establish a

linkage between the structural model and molecut@chanics formulation, the

energy equivalency relationship between strainggnef the structural model and the
molecular potential of the lattice structure isdus&s a result, the sectional properties
of the beam member can be derived. The detaileiidgly C.Li and T. Chou, 2003

are summarized as follows.
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Figure 2.2: Structural model of a SWNT
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Figure 2.3: Tension, bending and torsion of a belment

According to the theory of classical structural hmatcs, the strain energy of a

uniform beam of length subjected to pure axial forée(Figure 2. 3ais

1EA
U, ==—(AL)?, 2.8
(=5 28)

where AL is the axial deformation under stretching. Theistemergy of a uniform

beam under pure bending momeéhtFigure 2. 3pis
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_1El )
UZ—ETTQAm, (2.9)

where Aa denotes the rotational angle at the ends of thenb@&he strain energy of

a uniform beam under pure torsidr{fFigure 2.3 ¥is

_1GJ

Us—E—E%Aﬁ), (2.10)

where AS is the relative rotation between the ends of tenin

From Eqgs. (2.2), (2.3), (2.7) and (2.8)-(2.10), ieect relationship between the

structural mechanics parametefs\ ElI and GJ and the molecular mechanics

parameterkr, k,, k. can be deduced as follows:

T:kr T:kg T:kr* (211 a, b, C)
V4
@
g J
7 g
) Y \/
/‘
i
ZAN
""‘-——*’ d

Figure 2.4: The beam members in the structural inofdbe SWNT C. Li, 2003

It is noted that for the carbon-carbon covalentdyaime equilibrium bond length

L =a._. =0.142nm. Therefore, as long as the force constant&,, k. are known,
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the stiffness constant&A El,GJcan be readily determined. For convenience, a

solid circular section of certain diametet) (is assumed for each beam member

(Figure 2.3. As a result, the sectional properti&sG,1,J,d, A can be obtained by

solving a set of close-formed equations as folldvist we expres4, |, Jin terms of

d:
A=m?/4, | =1, =, =m"/64, J=rd"/64. (2.12)

Combined with equations (2.11a,b, and c), the ¥alg is obtained:

2 2
d= YK Al oK) ok (2.13a,b,c,d)
k. K. 41 k ark,
*1,2
c=Kk %c (2.13e)
871k,

From atomistic computations,

nJ

K 469 kcal mot A? =3.26x 10" — ™ (2.14)
2 bond nni
Ko _ 63 Kcal mol? rad?= 4.38x 10°— ™ (2.15)
2 angle rad

Thus from (2.13 a, b, c and d),

E=5.488< 10 GPi, d =0.146 nm, A=0.017 nni, | =2.268<10° nm. (2.16)

It can be seen from (2.13), only the shear modGldgpends onk.” . In the reference,

it is assumed that

% =20 kcal mol* rad? (2.17)
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This results in a shear modulus,

G=0871x16 GP . (2.18)

And the Poisson’s ratio can be calculated fr@w E/2(1+v) as,

v =2.15. (2.19)

This Poisson’s ratio is unusual for a traditionaltemial. HoweverC. Li and T. Chow
(2003) pointed out that the influence & on carbon nanotube Young's modulus
shown to be very weak. Accordingly, it was stateat the value of Poisson’s ratio of

the beam element is not important. In our derivatas will be shown later, a realistic

value of Poisson’s ratio will be used.

The accuracy and feasibility of the model has besified (C. Li and T. Chou, 2003

by predictions of the effective mechanical congagYoung’'s modulus, shear

modulus) of graphite and CNTs. However, by neghecthe inversion termg, in

the total molecular energy, the above mentionedm-modetan not reproduce the
mechanical response of graphite and CNTs underithgnikh what follows we derive
a modified beam modah which the inversion potential in the molecusgstem can

be considered in a simple way.

Figure 2.5: Rolling of a graphite sheet into a tube
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2.3 A Modified Structural Model of SWNTs — Modified Beam Model

In this section, the bending stiffness of a graphkiteet (and the wall of a SWNT) and
its impact in the continuum modeling of SWNTs igraduced first. Then an explicit
solution of the bending stiffness is given whichde to a modified structural model

(modified beam modebf SWNTs based on the above mentioned beam-model.

Since the potential associated with bond inversisnneglected in the above
approach(C. Li and T. Chou, 2003), the bendingstastce for the graphite layer of a
CNT can not be appropriately addressed. In factnastioned later in the present
paper, the bending stiffness calculated from thetie®al properties of the beam
element given in (C. Li and T. Chou, 2003) is altmwg times of the actual value.
Also according to atomistic simulation®.(Robertson, 1992; Miyamoto, 1994 a, b;
Kurti, 1998; Hernadez, 1998; Sanchez-Portal, 1@9%90lling a graphite layerHigure

2.5 and other analysi<C( Ru, 2000; L. Shen and J. Li, 20Q4t seems that the CNT

wall is very “soft” in resisting bending deformatioTo describe the bending stiffness
of CNTs by the continuum expressiob (= Et°*/12(1-v?), where E,t,v are the
Young’s modulus, thickness and Poisson’s ratiohef ENT wall), one has to use a
special set of E.;, t) with typically values of (4.7~5.5TPa, 0.066~0.089),
suggested in literatures (B. Yakobson, 1996; At&am 2004; X. Zhou, 2000). Note

that a different set ofH;,t) is used in describing the axial stiffness of thie,

typically (1TPa, 0.34nm).

In the present work, the beam model developed &ZChbu is modified such that the
circular cross-section of the beam element is oepleby rectangular sectiofigure
2.6). The potential associated with bond inversiomialen into account through an
in-direct way since the bond inversion in a CNT cex be directly described for a
single beam element. The strain energy of rollimgraphite sheet into a nanotube is

derived and compared to the results of atomistioukitions. Consequently, a
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close-formed solution of the sectional propertiethe beam element can be obtained.

1 1
A=bh, 1o =b%h, 1, = bh, J=1, +1 (2.20)

The correlations of energies associated with barelching, bending and torsion are

then rewritten as,

EA _ Ele _ Gll g *14)
acc acc acc

=Kk, . (2.214a, b, c)

Because the shear modul@sis not important (as also pointed out in (C. Ldanh
Chou, 2003), and that the value of torsional faeestantk, is not well determined
from MD simulations, the third equation in Eqn.22) is not considered in the

present model. Instead, we assume the Poissoits (&t) of the beam element to be

0.3 and the shear modulus can then be obtained as

G=E/2(1+V). (2.22)

The out-of-plane moment of inertid, () is derived from the equivalent strain energy
(obtained from the structural model) of rolling @hite layer and the rolling energy
computed from atomistic simulations. For convenggnsymmetric cases are
considered which resulting an analytical solution t,, . By rolling a graphite sheet
along symmetric direction, armchair or zigzag carlmanotube can be obtained. In
the following, these two cases are analyzed resdgtalthough a same solution of

l,, can be found.
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Figure 2.7: Roll a graphite layer into armchaizimzag nanotube
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Armchair nanotube (n, n)

When rolling the graphite into an armchair nanotuibds assumed that only the
“inclined bonds” and the “transverse bonds” (perpeular to the tube axis}Figure

2.7 g contribute to the bending resistance. Whereasttier bonds are not bent since
they are parallel to the axis of rolling. Therefditee total strain energy is the sum of

strain energies of bending of inclined bonds. # ttumber of inclined bonds in an
armchair nanotube (n, n) is denoted jas then the number of transverse bonds
(perpendicular to the tube axis) =y /2. The total number of carbon atoms in the

tube is,

N=y+2n. (2.23)

From structural mechanics, the strain energy oingles transverse bond subject to

bending momem¥ is

di= , (2.24)

_ Jec-cMZ 2El, 8
* Jo 2E dene?

where a._. is the bond length (=0.142 nm) agdis the Young’s modulus of the

beam element.

The strain energy due to pure bending for a simgléned bond is

" 2 El  a._
U= [ ('\’;’EIZ) di = zé”aczc. (2.25)
CNT
The total energy per atom is,
. 2El  a._ El a. 3yEl, a.
Ubend{z 1 by ””acz°]/N= Sk (2.26)
2 dCNT 2dCNT 2dCNT (y+ Zn).

For a very long tubey >>n, and the strain per atom due to the rolling gfaphite

layer is given as,
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- _SElyacc

bend 2
2dCNT

(2.27)

It is noted that the above derived bending enesgyroportional to :(/dCNTZ) which

agrees with the conclusion of MD simulations. Ttedues of energy per atom are
available (although they are slight differencesrfrdifferent simulations) for a wide

range of nanotubes with different diameters, adogrdo MD simulations. If we

denote the value al pend/ deyyr” » then

*_ 3E|/7/7aC—C — Ubend

bend = 0ol do? (2.28)
Therefore,
El,, = % (2.29)
Recalling that in the beam model,
EA/a.. =k . (wherek = 2x 326x10? ”r'?'r:zm (2.30)

And, I, =bh® /12, A=bh,

h= | X (2.31)
aC—C kr

Using the results dRobertson (1992for a (4, 4)SWNT, U bena/ dey;-=0.26 €V (or

n

0.0417 nN nm) whered.; = 0.542 nm, we obtairh =0.086 nm.

Zigzag nanotube (n, 0)

Following a similar process for zigzag nanotubésg, $ame expression as above is
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obtained foth. Assuming the number of inclined bonds jis then the total number of

atoms in the zigzag tube is,
N = y—%n . (2.32)

The bending strain energy of a single inclined boad be expressed as a function of

the tube diameted_,,

3El, a._
u, = m%ec (2.33)
20 ey
The total strain energy per atom is given as
. 3El a. 3El -
Upong = y—moee = “=mboe (2.34)

2
2 Z(V_Z’n)dcmz

For a very long tubey >>n, and the bending energy per atom is given as,

- _SElyace

Upeng = 2.35
berd =2 (2.35)

This is exactly the same expression obtained fararchair nanotube. Thus,

h - &jbznd
aC—C kr

Sectional properties of the beam element in the mdced beam model

From the above derivation, the sectional propedfate beam element in the present

work are obtained as follows:
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Table 2.1: The sectional properties of the modifiedm mdoel

b=0.127nm h=0.086 nm A=0.011 nnt
l,, =6.732x10° nnf I, =1468x10° nnt
E =8476836 GPa G =326Q0322 GPa v=03

Finite element verification

The rolling energy per atom is computed by numéregeriment through finite
element analysis in which the modified beam modih whe sectional properties
listed in Table 2.1 is used. Different types of olabes have been studied and
compared to the atomistic simulations in the litera (Table 2.2) It is shown that the
FEA results agree very well with the atomistic camapions. It is also noted that in
the finite element analysis, the structure expegenarge rotation. This means that
the modified beam model is suitable for studying tharge rotation problem of

nanotubes.

It must be noted that using the sectional propemgigen by Li & Chou (2003) in

(2.16), the calculated rolling energy per atomhsw two times of those from the
current results. Therefore, their model can notsed for predicting the mechanical
behavior of CNTs when bending deformation of thepite layer is induced (such as

local buckling of the nanotube).

Table 2.2: Comparison of the rolling energy penatibtained from MD simulation
and the current FE calculations

Tube Rolling energy per atom (eV)
dCNT
(nm) Miyamoto | Robertson Kdrti Sanchez-| Hernandez FEA
1994 1992 1998 Portal 1998 results
1999 (present)
(3,3) | 0.407 - 0.442 - - - 0.441
(6,0) | 0.47 0.33 - - - - 0.342
(4,4) | 0543 0.265 0.26 - 0.26 0.275 0.261
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(7,0) | 0.548 0.26 - - - 0.27 0.258
(8,0) | 0.626 0.19 - - - - 0.187
(5,5) | 0.678 - 0.17 - 0.162 - 0.17
(9,0) | 0.705 0.14 - 0.159 - 0.157
(10,0) | 0.783 - - 0.128 0.138 - 0.126
(6,6) | 0.814 - 0.12 - 0.113 - 0.117
(8,4) | 0.829 - - 0.12 - 0.113
(7,7) | 0.949 - 0.08 - - - 0.086
(8,8) | 1.085 - - 0.069 0.0613 0.075 0.066
(15,0) | 1.174 - - 0.057 - - 0.056

Bending stiffness of the graphite layer

The effective bending stiffness of SWNT shell cédspebe expressed as function of

the sectional properties of the beam element. Foyliadrical thin shell rolled up
from a plate, the strain energy id) =27D,L/d , where, L,d are the length and
diameter of the cylindrical shellD, is the effective bending stiffness of the shéll. |

a graphite sheet is assumed to be a continuum ghatehe CNT is assumed to be a

cylindrical thin shell, then the strain energy patom can be expressed as

U,=2mD L.\ ;/(Ndy;). Take the (n, n) armchair tube for example, thema
number for al.,; long tube is4nl.; /(\@ac_c). Note that d.,; =3a._.n/77, then

Egn. (21) can be rewritten al, = 3v3D,a2 . /(2 )-

Compare with the MD simulation from (Robertson, 298ve obtainedD, =1.46
eV. This is in agreement with the result in (L. Slaed J. Li, 2004) where

D, =1.39%eV.

Also the bending stiffness of the graphite layar ba expressed as function of the
sectional properties of the beam elemenbas El /x/§ac_c. It is noted that the

same conclusion can be drawn for zigzag nanotubesthe bending stiffness
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calculated from the original beam model is aboi8%V, which overestimated the

actual value.

2.4 Extended Model for Multi-Walled Carbon Nanotube(MWNT)

2.4.1 Construction Method

The structural model outlined above for SWNTs canelstended to simulate the
mechanical behavior of multi-walled carbon nanotuffldWNTSs). It is well known
that the interlayer interactions are weak non-bmdecular forces ( so called van der
Waals forces). Attraction occurs when a pair ofre@@pproaches each other within a
certain distance, whereas they repulse each athttieaatomic distance becomes short.
The van der Waals interaction is modeled by theeg#nLennard—Jones ‘6-12"
potential Lennard-Jones, 19P4which provides a smooth transition between the
attraction and repulsion regions. The general .2 §otential is commonly expressed

as

u(r) = 4{(%]1 —(?j } , (2.36)

wherer is the distance between interacting atorasand o are the Lennard-Jones

parameters ¢ = 034nm and & = 0.0556kcal/mol). The potentialU (r) is usually

truncated at an inter-atomic distance of2.5without a significant loss of accuracy

(see Figure 2.8) .

Based on the Lennard-Jones potential, the van delsNorce between interacting

atoms can be derived by differentiating (2.36) wehpect to:

F(r)=390) _ —245{ 2(5j13 —[fﬂ . (2.37)

dr o r r

The variations of the van der Waals force with ditance between two interacting
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atoms are illustrated in Figure 2.9. From3(/), when the force is zero, we can obtain

the equilibrium distance between two atomis= ¢ /(0.5)'° = 0.382 nn.
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Figure 2.8: L-J 6-12 potential.
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Figure 2.9: L-J 6-12 force.

To simulate the van der Waals interaction betwdwen draphite layers, artificial
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structural members between pairs of atoms of tlaese-neighboring graphite layer
in a MWNT are created. Since the van der Waalef®{.37) are non-linear, one can

use the non-linear spring element (SPRINGA) in AB/®)6.5. The element needs

the input of the force-deformationf(-dL) curve which is limited to 20 points

(Figure 2.1). The curve can be calculated usifZg37) for different initial atomic

distance.

Since 20 points may be too few to describe thelyigbn-linear van der Waals force,
another choice is to use the User-Defined SubreufldMAT) in ABAQUS to
describe the constitutive relationship explicitlifor this purpose, a subroutine
(UMAT-VDW) is developed to simulate the van der Waforce by truss elements.
With the help of the subroutine, the influenceatise of the van der Waals forces can

be set very long so that the sliding between tvaphite layers can be simulated.

Figure 2.10: lllustration of non-linear spring ekemts between graphite layers in a
DWNT.
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Figure 2.11: Nonlinear SPRING element and the fenedative displacement
relationship in ABAQUS.

It is noted that even though the behavior of thengpelement is high non-linear, no
particular effort is needed in control the conveige of solution. For tension problem
of the nanotube, since the interlayer deflectioveisy small, the van der Waals force
is relatively small compared to the rigidity of thébe wall. For buckling problem of

the nanotube, since small load step and dampingisolcontrol parameters have to
be adopted, no extra consideration of convergesca@eeded for the nonlinear

behaviors of the spring elements.

As a result, the structural model developed preshpis extended to simulate the
mechanical behavior of MWNTs. In the modified mgdehch nested SWNT is
replaced with an assembly of beam elements, wheéheamterlayer interactions are
modeled by numerous non-linear spring elementsusstelement with user-defined
material properties (UMAT-VDW). Although the vanrdé#/aals forces exist also
between tubes other than the nearest neighborimestit may be assumed that such

interactions are much weaker. Therefore, in theexirstudy, only the interaction
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between the nearest-neighboring layers is congidere

(]
~——3.36A —

Figure 2.12: (a) Ab stacking of graphite layerd;Two graphite layers

2.4.2 Verification of the modified model

The feasibility of the extended structural model gtudy multi-layer graphite
structures is verified by the following examples) (nterlayer pressure between two
graphite layers; (b) Load transfer between tworsye a DWNT; (c) Interlayer shear
strength in a DWNT.

(a) Interlayer pressure between two graphite layers

In order to validate the model, the pressure batviee graphite layers is studied. As
shown inFigure 2.12 btwo graphite layers in AB registry with an inltspacing of

0.34nm are constructed by beam elements. Graphitelayered material consists of
chemically inert layers which are held togetherthy weak van der Waals forces.
Layers are built up by a honeycomb arrangementhefdarbon atoms which are
strongly covalently bonded to each other. Neighimpiayers are shifted relative to
each other by an AB AB AB stacking sequenéégre 2.12 a This stacking

sequence gives rise to two non-equivalent carbom aites within the 2D surface
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unit cell: One carbon atom (A-site) has a neighigpigarbon atom directly below in
the next layer whereas the other carbon atom @-$it located above the center

(hollow site) of the sixfold carbon ring in the sed layer.

As shown inFigure 2.12 bthe in-plane geometry is held fixed, and theritager
distance is changed. The computed pressure, asctdiu of the distance change, is
studied. The results are compared with publishegeexental data byhao and

Spain (1989Wwho gave the pressure / interlayer-distance oxlas,

p(r):3g.5{( o.34j _( 0.32” GPa. 2.38)

r r

wherer is the distance given in the unit of nm. The rissate plotted ifrigure 2.13
It can be seen that the current results agree wetly with the experimental data
especially in the repulsive region. Note that thgpegimental measurement was

carried out under compression load.

5
Negative pressure means repulsion
0 — —
& 5 —
e
9 _ _
>
(2]
(]
Q10 —
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15 — Interlayer pressure ]
— Exp. fitting (Zhao, et. al. 1989)
. + + + FEM results from current model
+
20 | | | |
0.2 0.3 0.4 0.5 0.6 0.7

Interlayer spacing (nm)

Figure 2.13: Pressure between two graphite layers
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(b) Mechanical load transfer between layers of a DWNT

Also to validate the model, the mechanical loasdfar from the outer layer in a
DWNT to the inner layer is presented here. As shamifrigure 2.14 a DWNT

(5,5)@(10,10) is studied. The outer tube is fixeiereas the inner tube is inserted
into the outer tube from one end and then pulleédrom the other end. The so called
capillary force is plotted as a function of theatiale sliding length between tubes

(Figure 2.15%.

Figure 2.14: Capillary interaction in a DWNT

As expected, when the inner tube is far from thieotube ends, the force oscillates
as the inner tube approaches the outer tube. Tode nllustrates the regime where
there is only “shear” contribution to the forcejca the contact area remains the same.
Further displacement of the inner tube gives msart increase in the force due to a
decrease in the overlap area, i.e., the capillamponent appears. Notice that due to
a long-range nature of the interlayer interactieith the cutoff for the van der Waals

interaction being about 0.68 nm in our model, tbecé gradually increases to a
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constant level. The retracting force was found ecabout 0.8 nN, which is in good
agreement of the molecular dynamics results (gbyeN. Huhtala, 200%and also in

agreement with the experimental values reportediita (2003).

Capillary part
full contribution

Capillary component

Shear force (nN)
o
N
|

appears
0.2 —| Constant interaction
region
0 |
-0.2 | |
0 2 4 6

Displacement (nm)

Figure 2.15: Capillary forces between two nested Giyers in a DWNT

Figure 2.16: Pull out test of a DWNT

(C) Interlayer Shear Strength in a DWNT
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In this case, a long (12.6nm) DWNT ((5,5)@(10,1®) studied to reveal the
interlayer shear between the nanotube lay€ergute 2.1¢. The outer tube is fixed.
The inner tube is pulled out from the outer tublee Bhear force as a function of the
pull out distance is plotted iRigure 2.17 As shown in the figure, the shear force
quickly increases to a constant value of aboutr™N8 The shear strength between
tubes is then calculated by dividing the shearedryg the tube surface, which gives a
constant shear stress of about 15 MPa. Compardbetstrength of the MWNT

(>1GPa), the interlayer shear strength is very kmal

Shear force (nN)

0.2 —
. Length: 12.6 nm

DWNT: (5,5) (10,10)

-0.2 | | | |

0 0.5 1 1.5 2 2.5
Displacement

Figure 2.17: Shear stress between two layers iWaD (5,5)(10,10)

It is noted that during the insertion and pullotdgess, reestablishment of the van der
Waals interaction between atomic pairs is performBdcause of the sliding

movement, new van der Waals pairs come into beimjthe weak van der Waals
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interactions vanish. Therefore, “live” and “deadthnique of elements is adopted in
order to simulate the large scale sliding deforaratand the mechanical response.
Since the ABAQUS Standard module does not supist technique, the current
simulation is performed in ANSYS (V10.0). A similasser-defined subroutine is
developed for ANSYS using its User-Programmabletidrea. Also note that the link
element (LINK181) is used in ANSYS.

2.5 Summary

In this chapter, the principle of molecular mecleanis introduced. The structural
model (beam-model) of the single-walled carbon have based on the molecular
mechanics (developed ly & Chou, 2003 is investigated which leads to the current
model: a modified structural model of the SWNT. étg&@l to the modified model is
the change of the cross-section of the beam elefr@ntcircular to rectangular. As a
result, the bending stiffness of the graphite layjera CNT can be accurately
represented by the modified model. The derivatibnhe section properties of the
rectangular beam element is given based on theygmeethod, in which the strain
energy of rolling a graphite layer into a SWNT kgained analytically and compared

to the results from molecular dynamics simulations.

The modified model is then extended for the stutdgnolti-walled carbon nanotubes
(MWNTS) in which the van del Waals interaction beém the nested tubes in a
MWNT is modeled by a truss element (or spring eletneith nonlinear properties
derived from Lennard-Jones expression of the vanWals potential. Numerical
experiments such as compression of two graphitersagnd sliding of two nanotubes

in a double-walled nanotube confirm the validitytiod extended model.
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CHAPTER 3: ELASTIC PROPERTIES OF CARBON
NANOTUBES

3.1 Introduction

The mechanical properties of carbon nanotubes (CKage been studied through
more than a decade worth of both experimental &edréetical studies. In most
studies, CNTs have been treated as a model systethd broad study of effective
properties in low dimensionality. For example, aTCddn be modeled as a solid beam
whose mechanical properties can be characterizeéffegtive constants such as
Young’s modulus, shear modulus, Poisson’s ratiodlmg stiffness, etc. A CNT can

also be treated as a transversely isotropic camtin(.. Shen and J. Li, 2004with
five effective constantsg,,,7,,,G,,,K,; and G,, (axial Young's modulus, major

Poisson’s ratio, longitudinal shear modulus, araheistrain bulk and in-plane shear
moduli). The dependencies of these constants oiCMiEs size and chirality have
been extensively investigated. In general, the temits depend on the tube size of
SWNTs when the tube diameter is small. The cunenk is, of cause, not intended
to simply repeat these results but rather, throtingh prediction of these effective
constants (such as the Young’s modulus, shear mgdtd demonstrate the validity
of the present model. Furthermore in our simulatdghe CNT is treated as a unique
object rather than an effective model. Therefdre,dpplication of the current model
is not limited to determination of mechanical cams$, but can also be extended to
the numerical analysis of CNT based devices sucth@sCNT probe tip used in

atomic force microscopy.
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The first section of this chapter will present theedictions of effective elastic
properties of SWNTSs, such as axial Young’s moduslear modulus and bending
stiffness. It is noted that the bending stiffne§sSSWNTs (and MWNTS) is rarely
studied in the literature, to the knowledge of #uthor. The same elastic properties

will be predicted for multi-walled carbon nanotuleshe second part of this chapter.

3.2 Elastic Properties of Single-Walled Nanotubes Y8NTSs)

3.2.1 Axial Young's modulus of SWNTs

To predict the axial Young's modulus of a SWNT, ruimal tensile experiment is
performed. As shown iRigure 3.1 abottom end of the nanotube is fixed and an axial

forceP is applied at other end.

Figure 3.1: Numerical experiments of a SWNT (akten; (b) torsion; and (c)
bending.

The Young’'s modulus of the tube can be expressédeasatio of the normal stress to

the normal strain in the axial direction,



42

Y:P/—Ab,
/L

: (3.1)

Q.

where,P stands for the total force acting on the atomshatend of the tubelL andL
represent the change in tube length and the ofiggngth. By assuming an effective

thickness¢=0.34nm (the interlayer spacing of graphite), thess sectional area of the

tube (A,) is:
A, = Mgyt (3.2)

where d.; is the tube diameter.

1.1+
= J.,“H
a
£ 14
[%2)
=
=)
i®) _
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c 0.9— Young's modulus
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Figure 3.2: Young’s modulus of SWNTSs versus tulzarditer

The result for the Young’s modulus as a functiomahotube diameter is plotted in
Figure 3.2 Both armchair and zigzag types of CNTs are cameil From the plot, it

can be seen that for both armchair and zigzag CiiésYoung’s modulus increases
as the tube diameter increases. However, whenuthe diameter is greater than

1.5nm, the Young’s modulus converges to limitingueato 1.042TPa for armchair
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CNT and 1.035TPa for zigzag CNT. Also the Youngdulus of an armchair tube is
slightly higher than that of a zigzag tube. Buthbof them are close to the in-plane
stiffness of a graphite sheet (1.058TPa calculttad the current model) as the tube

diameter becomes larger.

The size dependence of Young’'s modulus sedfigare 3.2agrees with conclusions
from other methodsT( Chang and H. Gao, 2003; C. Li and T. Chou, 2003&hen

and J. Li, 2004; P. Liu, 2004However, in Li & Chou’s work, the Young’s modslu
of the zigzag tube is higher than that of armchalrich is different from the current

finding and Shen and Li’s results.

3.2.2 Shear modulus of SWNTs

Experimental measurement of shear modulus of CNTsiat available due to
technical difficulties. The shear modulus of a bellor solid cylinder is the only
property which is relevant to the torsion angle peit length when subjected to a
torqgue. Numerical experiment of twisting a carboanetube [igure 3.1b is
performed to predict the shear modulus of SWNThépresent work. The SWNT is
assumed to be subjected to a torque at one endsaruhstrained at the other end.
Based on the theory of elasticity at the macroscepale, the shear modulus of the

tube is given as,

Y
S= 5" (3.3)

where, T stands for the applied torque at one end of the,ilbepresents the twist
angle and) is the effective polar moment of inertia of thesg®ection. Assuming a

tube thickness af=0.34 nm, the polar moment of inertia is obtained as

Jo = _[(dCNT +t)4 - (dCNT _t)A] (3.4)
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The result of the shear modulus as a function efrthnotube diameter is plotted in

Figure 3.3
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Figure 3.3: Shear modulus of SWNTSs versus tube eliem

FromFigure 3.3 it can be seen that the shear modulus of SWNHauves similarly to
the Young’s modulus in that it increases with tldet diameter for small tube
diameters. At larger diameters (>2nm), the sheatuius becomes insensitive to the
tube diameter. There is also somewhat effect o tahirality (considering the
armchair SWNTs and zigzag SWNTs with similar disan&t Unlike the Young's
modulus, the shear modulus of the zigzag tubergefahan that of armchair tube for
small tube (diameter). As the tube diameter becdargsr, they converge to a certain

value of about 490GPa.

The present work agrees with the results of ateenesimputation of PLu (1997)
which is about 478MPa for larger tube diameter, Bodov’s result (2000yvhich is
500GPa.
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3.2.3 Bending stiffness of SWNTs

In experimental measuring the Young’s modulus off€Nhe beam theory is adopted
where the CNT is treated as a continuum beam mertthgy. Wong, 1996; A.
Krishnan, 1998 with the bending stiffness derived from the beheory. For a beam

with hollow cylindrical cross section, it is gives,
H=EMW+W—@M4VM4 (3.5)

wheret is the wall thickness of the nanotulie=(034nm) and d.; is the diameter

of the nanotube. The following study will check fieasibility of this approximation.

A numerical experiment is designed to obtain thedb®y stiffness of the nanotube.
As shown inFigure 3.1¢the top end of the nanotube is rotated by a Ingnalngle @)

whereas the bottom end is constrained. The reaatioment can be obtained from
numerical simulation. Then the effective bendindfregss of the nanotube can be

given as,

ML
D,=—, 3.6
=g (3.6)

where, theL is the tube length. The comparison Bf and D, is shown in the

Table 3.1,for armchair SWNTs. When calculatingl, the Young’s modulus is

estimated from the simulations in Section 3.2.011TPa to 1.042TPa depending on

the tube diameter). The aspect ratio of the tubkd(,,) in all simulations is about

10 to exclude the influence of tube length. Theailtesusing the original beam-model

are also listed in the table for comparison.

Table 3.1: Effective bending stiffness of SWNT (ahair)
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tube d. (m) El (10%* N.nv¥) De Original beam
CNT (10%* N.n) modet*
(3,3) 0.407 15.557 9.396 10.029
(4,4) 0.542 30.282 23.161 23.566
(5,5) 0.678 53.504 44,697 45,994
(6.6) 0.814 87.033 74.365 77.545
(7,7) 0.949 132.043 119.932 122.251
(8,8) 1.085 193.757 180.653 182.212
(9,9) 1.221 272.619 255.446 257.605
(10,10) 1.356 368.847 347.688 348.564
(15,15) 2.034 1203.962 1173.693 1147.655

** The value is obtained by calculations using tleginal sectional

properties (given by C. Li and T. Chou 2003)

From the table, it is seen that the effective begditiffness can be overestimated by
usingEl for nanotubes with small diameter. The differenae be as much as 50% for
tubes with small diameter (0.4nm). The bendindratds of the tube is dominated by
the in-plane stiffness of the nanotube wall sinaéiy difference between the current
beam model and the existing beam mod@elL{ and T. Chou, 2003s observed. It is
noted that the CNTs considered in the experimentak (\Wong, 1996; Krishnan,
1999 have much larger diameters, therefore the effedtiending stiffness for beam

member can be fairly accurate.

3.3 Elastic Properties of Multi-Walled Nanotubes (MVNTS)
3.3.1 Axial Young's modulus of MWNTSs

The Young's modulus of a multi-walled carbon nabetus also studied using the
same method developed for SWNTSs. If the thicknéssmoh tube layer is taken as the

interlayer spacing of graphité=0.34nm), the effective cross-sectional area of the
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tube is given as,
A=) (d,+034°~(d - 0.3)°], 3.7

where d,, d represent the outmost tube diameter and the irostriube diameter,

respectively (se€igure 3.4. The Young’'s modulus is then expressed as,

y=PlA (3.8)
dL/L

whereP stands for the total force acting on the atomsnat end of the MWNTdL
andL represent the change of tube length and the atiggngth.

Figure 3.4: Diameters of a MWNT

In this section, first the Young's modulus of theuble-walled carbon nanotube is
simulated. The outer diameter of the DWNT is changestudy the effect of tube size.
For convenience it is assumed that both layers@memensurate, ie., both tubes have
either armchair chirality or zigzag chirality, atihgh incommensurate MWNTSs are

more commonly observed in experiments.
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Figure 3.5shows the variation of the Young’s modulus of DWiN@onsidering
different outer diameters of DWNTSs. As shown in figeire, there is a slight increase
in the Young’s modulus as the diameter increasks.Ylound s modulus of DWNTs
is generally higher (about 9%) than that for singldled carbon nanotubes. To study
the effect of van der Waals force on the Young'sdaolos, a model is constructed
without considering the van der Waals interactietwieen tubes. That is, a (5, 5) tube
independently nested in a (10, 10) tube is studi&e. resulting Young’s modulus is
1.037TPa, which is the average of Young's modul(5%6) SWNT (1.033TPa) and
(10, 10) SWNT (1.041 TPa). However, when van deraM/dorces are taken into
account, the Young’'s modulus obtained (1.122TPahigher than that of either

constituent tube.
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Figure 3.5: The effect of tube diameter and tubeatity on the Young’s modulus of
DWNTs

The result for the DWNT (5, 5)@(10, 10) is compawveth the result of). Lu (1997)

using the empirical force-constant model. The presesult (1.122TPa) is slightly

higher than his prediction (1.05 TPa)). It is notiealt the Young’s moduli obtained by
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J. Lu (1997) are generally lower than those obthineother theoretical predictions.
While Lu’s results show an increase of about 11%dlie DWNT's modulus relative

to that of SWNT, the present result shows a 9%em®e only.

The effect of the number of layers in a MWNT isocassudied. The outmost diameter
of the MWNT is fixed. For convenience, the outmiaster of the tube is assumed to
be (25, 25) with a diameter of 3.39 nm for the draicMWNT and for the zigzag
MWNT, the outer tube is assumed to be (43, 0) withameter of 3.37nnTable 3.2.
The Young's modulus of MWNTSs as a function of thenoer of layers in the tube is

plotted inFigure 3.6 The maximum number of layers considered is five.

Table 3.2: The MWNTSs used in the computations

Layers Armchair Zigzag
1 (25,25) (43,0)
2 (20,20)(25,25) (34,0)(43,0)
3 (15,15)(20,20)(25,25) (25,0)(34,0)(43,0)
4 (10,10)(15,15)(20,20)(25,25) (16,0)(25,0)(34406)0)
5 (5,5)(10,10)(15,15)(20,20)(25,25) (7,0) (16,0)(25,0)(34,0)(43,0

Figure 3.6shows that as the number of layers in a MWNT iases, the Young's

modulus increases but converges to a value of abh@@t TPa for both armchair and
zigzag MWNTSs. Also implied is that the effect ofiretity is weaker as the number of
layers in a MWNT increases. That means the MWNTobets more homogeneous

with more layers.
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Figure 3.6: The effect of the number of tube laymrshe Young’s modulus.

3.3.2 Shear modulus of MWNT

To predict the shear modulus of MWNTSs, the numéregeriment of twisting a

MWNT is performed. It is assumed that the tordue applied only on the outermost
wall of the MWNT. The loading is transferred to timmer tubes through the shear
stress in the circumferential direction caused by van der Waals interactions
corresponding to the relative torsion among tubée shear modulus of the MWNT

can then be expressed as:

Y
S= 16 (3.9)

where the polar moment of inertial, is expressed as,

J, = g{(d‘)—;tj‘l —[q—;tﬂ , (3.10)

whered, andd; are the diameters of the outmost and innermosst(dee Figure 3.4)
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andt is the thickness of single layer£ 034nm).

The double-walled carbon nanotube (DWNT) is studiest. Figure 3.7shows the
variation of the shear modulus with the diametethefoutmost tube. It is seen that as
the diameter increases, the shear modulus of th&lDWcreases slightly. However,
compared to that of a SWNT with the same diaméter shear modulus of a DWNT

is about 10% smaller in general.
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Figure 3.7: Shear modulus of a DWNT versus outrndst diameter

The variation of the shear modulus with the nundfdayers in a multi-walled carbon
nanotube is also studieBigure 3.§. The innermost tube is fixed as an armchair tube
(5, 5). Then a MWNT witm layers can be expressed as (5n,8n)s It is seen that
the shear modulus of a MWNT decreases with the euroblayers of the MWNT.

However, the value converges to 430 GPa for a MW more than 5 layers.
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Figure 3.8: Shear modulus of a MWNT versus the remolb layers

3.3.3 The effective bending stiffness of MWNTSs

The effective bending stiffness of MWNTSs is studiexte by numerical experiment of
bending of a MWNT. Similar to that of SWNTs, thendeng angle @) is applied at

one end of a MWNT, whereas the other end is cansitlaThe reaction momenthé.

The effective bending stiffness of an MWNT is thastained asD, =ML/&. The

value ofEl is also calculated where the moment of inertiahef ¢ross-section of a
MWNT is given by 1 = [(d, -t)? - (d, )’ /64.

The effective bending stiffness of DWNTSs is themdlated.Tables 3.3 and 3.4st
the bending stiffness for DWNTs of armchair andzaig types, respectively. From the
tables, it is seen that the bending stiffness DWANT increases as the tube diameter
increases. A DWNT is more bending resistant th&VENT with the same outer

diameter. The bending stiffness can be effectieglgroximated byl when the tube
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diameter is larger than 3nm with an error less tt@th.

Table 3.3: Effective bending stiffness of DWNTsntahair)

DWNT Outmost El De De of
diameter | (10%*N.n?) DWNT SWNT
(nm) (10%*)N.nf)

(5,5)@(10,10) 1.356 405.684 388.151 347.688
(10,10)@(15,15) 2.034 1507.594 1481.49% 1173.693
(15,15)@(20,20) 2.712 4018.665 3938.564 2786.558
(20,20)@(25,25) 3.39 8285.804 8183.053 5428.174

Table 3.4: Effective bending stiffness of DWNTyzag)

DWNT Outmost El De De
diameter | (10%*N.nd) (DWNT) (SWNT)
(nm) (102* N.n?)
(7,00@(16,0) 1.253 325.963 290.914 265.87
(16,0)@(25,0) 1.958 1385.637 1295.848 1146.610
(25,0)@(34,0) 2.662 3794.144 3600.274 2518.471
(34,0)@(43,0) 3.367 8162.595 8124.53 5140.844
3. 4 Summary

In this chapter, the mechanical properties of canenotubes (SWNTs and MWNTS)
have been studied. Effective constants such asati@ Young's modulus, shear
modulus and bending stiffness have been obtainemigh numerical experiments

(axial tension, torsion and bending). The followia@ brief summary of the results.

(@) The axial Young's modulus of a SWNT is found todveund 1 TPa. For
SWNTs with small diameters (<1nm), the value shdegendence on the
tube diameter (and certainly on tube chiralityjiat smaller SWNTs have
smaller Young’'s modulus. The armchair tube is fotmdbe slightly more

rigid than the zigzag tube especially when the dibeneter is small.
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(b) The shear modulus of MWNTSs is predicted to be thas half of that of
the Young's modulus. Also similar dependence onttiiee diameter is
found for tubes with small diameter (<1nm). Armehabes have smaller
shear modulus than the zigzag tube, in contrashdovalue of Young's

modulus.

(c) The effective bending stiffnessD() of a SWNT as a structural beam

member is also studied. The results indicate thatcan be approximated

by EI for tubes with large diameters (>3nm), where

| = 7l(d +1)2 - (d -1)?] /64,

(d) The Young's modulus and shear modulus of MWNTSs Hzeen predicted.
The results show similar dependence on tube diaraatk chirality as was
found for SWNTs. Both Young’'s modulus and shear onhagl of DWNTs
are slightly higher than those of SWNTs with simgdae.

(e) The bending stiffness of DWNTSs is also studiedsIfound out that for
DWNTs with outer diameter larger than 3nm, the affe bending

stiffness of the tube can be approximated by tmimoum valueEl.
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CHAPTER 4 : BUCKLING BEHAVIOR OF CARBON
NANOTUBES

4.1 Introduction

Buckling of carbon nanotubes (CNTs) have been eksein experiments where the
tubes act either as stand-alone or load-bearingesies embedded in host materials
(Figure 4.). Buckling can be driven by large deformationstle form of axial
compression, bending and torsion applied on a canbanotube. For CNTs in
nanoscale devices and CNT reinforced compositekling can be induced by large
stress and deformation due to thermal or latticemaich between different materials.
Since CNTs are very resilient, their buckling bebavs elastic i.e., it can be
completely recovered after unloading, as sugge$teth by experimental and
theoretical studies?( Poncharal, 1999; M.R. Falvo, 1997; and T.W. Tiemt2000.
However, the structural integrity of the nanotub@ be significantly reduced due to
buckling. On the other hand, the physical propsrié¢ CNTs such as electrical
conductance can be significantly changed by ocoogef buckling Id.W. Postma,
2001, which lead to potential applications of CNTs #s next-generation
nanoelectronic devices (nanotransistoks){. Postma, 2001 nanofluid components
(nanovalves) NI. Grujicic, 2005, and reversible elements in nanoelectromechanical
systems (NEMS) by switching between the buckled aadnal states.. Also, the
chemical reactivity at the local buckling site (k&) can be dramatically enhanced.
This has been studied both in simulation and erpamts Grivastava, 1999 All
these phenomena can have significant impact onddwgn of NEMs devices,
particularly for applications involving manipulati® of nanometer-sized objects that

might lead to highly local deformation. Therefone,view of both the mechanical
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integrity and applications, it is necessary to us@nd their buckling mechanisms
under mechanical loads. More importantly, suchystmdy provide insights into the
way to initiate / control or prevent buckling of Cbl depending on the specific

application.

Figure 4.1: Experimental observations of bucklikigks) of MWNTSs by High
Resolution Electronic Microscopy (HREM).

Through recent (mostly last few years), our undeding of CNTs’ buckling
behavior has improved, especially with the helprainy theoretical modeling and
simulation works. Compared with multi-walled carboanotubes (MWNTS), the

buckling behavior of SWNTs has been better undedstsince direct molecular
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dynamics (MD) simulations of SWNTs are more ecormainio perform. Nevertheless,
with the help of many continuum, quasi-continuumdels and simulations, as well as
molecular mechanics simulations both the bucklinedenand the critical buckling
loads (strain, bending and torsion angles) can &l predicted. For MWNTSs, direct
simulation of systems with a large number of atoseems prohibitive due to
computational time and cost. To our knowledge, imectl MD simulation for the
mechanical behavior of MWNT’s with layers more th@nhas been reported in
literature. Therefore, continuum models based ohitsinell and multi-beam theories
have been developed to study the buckling behaficd WNTs. Other approaches
(including the current molecular structural modeveloped here) lie between the MD
simulations and the continuum models have also bleseloped. The basic idea of
these approaches is the continuum representatitreaitomistic potentials based on
molecular mechanics (MM), and then solving the tingkproblem using continuum
mechanics. The advantages of these approachelearedst-effectiveness (over the
direct MD simulations) and their ability to chamcte the lattice structure of CNTs
(compared to shell-model and beam-model). Owing thhese advantages, a
comprehensive study of the buckling behavior of €Mith large degree of freedoms
(DOFs) and many layers becomes more practical.nén gresent work, we will
implement the current developed model (moleculachrarics based) into the finite
element numerical calculations to study the bucklipehavior of CNTs under
compression and bending. Issues such as the effeggometry, size and boundary
conditions used in the simulations on the buckbegavior will be studied. Note that
these numerical simulations, axial compressionpmd bending studied here (as well
as in almost all theoretical studies in the literaj are very simple and quite different
from the real cases studied experimentally. Howaves expected that through these
fundamental case studies, the intrinsic charatiesi®f buckling behavior of CNTs
can be revealed, since the current developed agiproan be used to simulate the
more complicated cases where CNTs modeled asa@stmbsystem are subjected to a

combination of compression, bending and torsion.
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The text of the chapter is organized as follows. E@nvenience, a comprehensive
overview of the literature about buckling studié€dTs is not given. Instead, review
of the state-of-art work of every topic will be adssed in the respective section. The
first part of the chapter will discuss the bucklifgghavior of SWNTs under
compression and bending, respectively. Topics aglthe effects of geometrical
perturbation, length effect, boundary conditioni bé addressed. The second part of
the chapter will be devoted to studying the buaklibehavior of MWNTs under
compression and bending. The effect of thicknedgWNTs on the buckling modes
will be considered. Different buckling modes peaulito MWNTs such as
“all-together” mode and “part-forward” mode will libscussed. Finally, a summary

will be given to summarize the chapter.

4.2 Axial Compressive Buckling of Single-Walled Carbn Nanotubes (SWNTS)

4.2.1 Literature review

Most studies of the buckling of CNTs in the liten&t have considered the axial
compressive deformation, because it is more fundéahéehan other deformation
modes such as bending and torsion. For bendindibgckinks (or wrinkles, ripples)
can be developed on the compressive side, whickBormehow related to the
compressive instability of the atomic bonds. Wheoray slim beam (or column) is
subjected to compressive load at the end, it caklewsideway if a critical load is
reached. A SWNT can be viewed both as a beam otlahtube depending on the
aspect ratio (L/D) and the section ratio (D/t). fgiere, the buckling mode can have
three distinct categories. For SWNTs with smalleaspatios and large section ratios,
shell-buckling (or kinks, snipping) may develdpdure 4.2% Such kinking behavior
is local in contrast to beam-buckling (or columrekiing) behavior of SWNTs with
large aspect ratios and small section ratlgure 4.2§. Besides shell-buckling and
beam-buckling, mixed-buckling mode is also possifde SWNTs with relative

medium aspect ratios and section ratkigire 4.2h.
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(a) Shell-buckling; (b) Mixed buckling; (c) Beabuckling

Figure 4.2: Different buckling behaviors of a SWHhlbjected to axial compressive
load.

The experimental study of buckling behavior of CN@mains a challenge because of
the difficulties in manipulating nanostructures.f8g very limited information can be
extracted from the recently developed approachels as nano-indentation of CNTs
to determine the critical load of CNTs under comspien H. Qi, 2003; J.F. Waters,
2004. Most studies have been theoretical and numemdath can be roughly
divided into three categories: (a) Atomistic sintidlas based on the molecular
dynamics (MD), with either classical or reactivepancal bond order potential; (b)
continuum mechanics modeling where CNTs are effelstimodeled as a continuum
(beams or shells); and (c) molecular mechanics (Midjhods (including MM based

structural methods).

In many cases, MD simulations yield direct and s&ata results for mechanical
behavior of CNTs (such as Young’'s modulus). Howgedge to limitation in time and
length scales, they are not very efficient in iigeding the buckling behavior of long
SWNTs, MWNTs, or CNT bundles where a large numberatoms have to be

simulated. Direct molecular mechanics computatibase also been performed
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recently G. Cao, 2006; A. Sears, 200®ut the solution stability and convergence
depend on the selection of load increment in sgitime buckling load (strain), as
reported byG. Cao (2006)The continuum modeling of beam-buckling and thiets
buckling, on the other han@(Ru, 2002; C. Wang, 2004; X. Wang, 2004; A. Pamta
2004, offers simple and fast solutions, which includesth analytical and FEM
solutions. However the discrete lattice structuwe€£NTs can not be considered in
these models. Therefore the accuracy of the predgtremains questionable. For
these reasons, a few analytical and numerical redeeded on molecular mechanics
have been developg@. Li, 2003; T. Chang 200@p study the compressive buckling
of CNTs, in which the characteristic chiral struew of the CNTs can be addressed
and atomic interactions of the discrete structure eepresented by continuous
potentials. The analytical model developed by Tam@h(2006) can not predict the
length effect of the buckling behavior since ongpnesentative pieces with a few
carbon atoms are considered. A full-length simafatis needed since the buckling
can be both local (shell-buckling) and global (bdaunkling) depending on the tube
length. The molecular structural model of CNTS. (i, 2003 was also used to
simulate compressive bucklingc( Li, 2004. However, as stated in the previous
chapter, the beam element used in the model cananctly represent the bending
capacity of the nanotube wall. Consequently, theelldluckling and the

mixed-buckling modes of the tube can not be cayeredicted.
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Figure 4.3: Buckling of a (7,7) nanotube under caespion, simulated by MDB(
Yakobson, et. al., 1996tube length is about 6 nm.

Besides the differences in modeling and simulatimany of the conclusions and
results of CNTs’ buckling behavior are in contraidic with each other. The earliest
report on CNT buckling behavior was given ByYakobson et al. (1996Buckling
behavior of SWNTs under axial compression, bending torsion were simulated by
MD (Figure 4.3. For example, the axial compressive buckling of7a7) zigzag
SWNT (~6 nm long) was studied and it was found 8% tdeformation would trigger
a so called “two-flattening” pattern buckling inethmid of the tube. The same
example was studied many years laterayWanget al (2005) using continuum
modeling. It was shown that the first buckling madeauld be a “beam-like” mode in
which the tube preserves its circular cross seamhbuckles sideways as a whale.
Buehler et al. (2004)eported that the critical buckling strain (axc@mpression) of
SWNTs decreases with decreasing tube lengthBbiakobson et al. (1996¢ported

length-independence. Moreover, results of critiwald (strain or curvature) from
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different reports disagree with each other for mabes with very similar

configurations, which may be due to sensitivity elegence of buckling load on the
perturbation imposed on CNTs in order to favor tleeurrence of buckling. From
these results, it is difficult to deduce a cledatienship between critical buckling
loads (compressive strain or bending angle) andgdmmetry of CNTs, such as the

tube chirality, length and diameter.

The onset of buckling shows a strong dependencethengeometrical defects
artificially imposed to the perfect crystallinewtture of a CNT. In theoretical studies,
the initial structures of SWNTs are assumed to dxéept, with carbon atoms located
exactly at the equilibrium location (the C-C boeddth is about 0.142nm). However,
to study the buckling behavior, it is necessary igpose artificial geometric
imperfections (geometrical defects) onto the peérfiattice structure of a CNT.
Artificial geometrical imperfection can be genethtey several approaches: (a) A
common practice used in the finite element analg§ipostbuckling behavior of a
structure is a two-step procedure. As a first stefinear buckling (or eigenvalue
buckling, bifurcation buckling) analysis is perfath Based on the linear buckling
modes, a geometric perturbation with slight offéetm the perfect structure is
imposed artificially in the second step to favae tinset of postbuckling (non-linear)
response. (b) Sinusoidal perturbation with a simdaofunction of different wave
numbers on both the circumference and axial dwastican also be imposed. Such
approach is widely implemented in the buckling gsial using classic thin-shell
theory. (c) Random noise-like perturbations cao &ks adopted, with the advantage
that they do not favor a buckling mode. In MD siatidns for example, such
noise-like perturbation can be created during ttoegss of equilibrium iteration of
each load step. The perturbation amplitude in a $fBulation depends on a preset
threshold of the net force (very close to zeroyeein atoms. However, this approach
sometimes does not work well, in that they sometinmnibits the growth of a
buckling mode and must be performed numerous titnemsure that the lowest

critical buckling load (or strain) is found. Thiarc dramatically increase the already
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high cost of MD and MM simulations. No matter whadrturbation approach is
adopted, the mode and amplitude of the perturbadiencritical in predicting the
buckling of SWNTSs. In general, the predicted buwlioad increases with decreased
perturbation amplitude. On the other hand, if thgpktude of perturbation is fixed,
the buckling load and mode may vary with differguatterns of geometrical
perturbation. Different perturbation patterns héwebe attempted to ensure that the

lowest buckling load (intrinsic buckling load) isund.

The dependence of the critical load on perturbatias been inadequately discussed
so far in the literature, although it was recemtigntioned in a few reporté. Sears
(2006) mentioned the dependence on perturbation when gtegied the axial
compressive buckling of CNTs by MM method. But gexturbation sizes were not
properly chosen in that a geometric defect of 0d&%ube length was chosen for all
nanotubes they studied. For longer tubes, the joation becomes larger and is thus
not acceptable. In the present study it will bevainéhat choosing a perturbation size
based on the number of atoms (or the surface afet)e nanotube would be more
reasonable, instead of basing it on the nanotuligtheonly.G. Cao (2006ajn their
MM simulation of CNTs under compression argued thatperturbation defects can
be accumulated during the equilibrium solution #awery incremental step. The
accuracy of the prediction depends on the selectibra proper displacement
increment. They then gave a solution in anotheep#p. Cao,2006pin which the
effect of defect accumulation can be reduced byptwigp a targeted molecular
mechanics method. However, the perturbation angdirelated to a threshold (nearly
zero) of the net force between atoms was not gexgalicitly. Note such obscurity is

common in MD computations as well.

It is the objective of the current section to gaveomprehensive study of the buckling
of SWNTs under axial compression. Special emphagiaced on the discussion of

perturbation sensitivity and the effect of the S#aecture on the buckling behavior.
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4.2.2 Simulation method and procedure

Numerical experiments of compressive buckling aweied out in the current work.
Two different load cases with different end-resttaiare studied: one-end restraint
(Figure 4.4 aand two-end restrainFi{gure 4.4 b. In the one-end restraint case, an
individual SWNT is clamped at one end and axiatll@applied on the other end to
generate buckling. This case is similar to the Aadentation experiment)j, 2003
although in the experimental setup lateral bendange is also applied. More often,
the two-end constrained case is studied in theratitee, where the Iateral
displacements of both ends of the CNT are resticamel compression is applied. The

present study will focus on the two-end restraicese.

74 _

(a) one end clamped; (b) both ends clamped

Figure 4.4: Nanotube under axial compressive lditefent end restraints)

The initial structures of SWNTs are assumed to édept. The atoms are located
exactly at the place of equilibrium and the C-Cdtength is assumed to be 0.142nm.
The real topological tube defects, such as atorancies or the Stone Wales defects
(i.e., pentagon and heptagon pair by rearrangewofetiie bonds), are not considered

although they can significantly reduce the buckliogd. Note that by ignoring these
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factors in the present study, the fundamental atdhsic relationship between the
critical buckling strain and tube geometrical paetens can be explored. The
predicted results may be subsequently revised dyrporating the fitting parameters

to include the effects of topological defects, tenapure, etc.

The SWNT is constructed by beam elements with gutianal properties derived in
Chapter 2. A geometrical perturbation with certamplitude and mode is imposed on
the structure. Compressive strain is gradually isgplountil buckling is triggered.
With the help of ANSYS Parametric Design Languamelescript code is developed
to conveniently generate SWNTs with different samd chirality structures. The
structural model with the proper boundary condgiand load is then solved either by

ANSYS or ABAQUS (with the self-designed ANSYS-ABA@Unterface).

The buckling can be identified from both observataf the deformed shape of the
SWNT (Figure 4.4 b and from analyzing the strain energy — strainveur-or
example, the strain energy as a function of appieain for a (7, 7) SWNT (~ 6nm

long) under compression is plottedrigure 4.5 It can be seen from the figure that at

small strains, the strain energy grows parabotioaith strain (~£?). At buckling, the

strain energy abruptly drops about 25% and it entgo the postbuckling stage. The
strain energy then increases approximately lineanhil the nanotube buckles the
second time (collapse). The mode of post-buckliefiers to the configuration in
which large lateral deflection of the tube occuwrsreglieve the compression energy,

since bending uses much less strain energy.
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Figure 4.5: Strain energy versus the axial straimamotube (7, 7), 6nm long

4.2.3 The effect of perturbation on the compressivieuckling behavior of SWNTs

To study the effect of perturbation, the currenidgtwill use all three perturbation
approaches (a, b, and ¢) mentioned earlier. Fdr paturbation method, the effect of
the perturbation size (amplitude) and pattern aseudsed in detail. The noise-like
perturbation (method c) is found not to be vereetf/e. Methods (a) and (b) yield
very similar results provided that in method (lsuitable pair of wave numbers in the
circumferential and axial directions is chosen. Tdetails are presented in the

following discussion.

(a) Two-step perturbation

In this two-step perturbation approach, first theedr buckling (or eigenvalue
buckling, or bifurcation) analysis of a SWNT is gad out by applying a unit axial
displacement on the top ring. The first four linéaickling modes are obtained and
shown inFigure 4.6 Then the coordinates of the original prefect getwynof the

SWNT are regenerated by superimposing the lineekling shape(s) obtained from
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the linear buckling analysis. The amplitude of pegturbation is represented by a
certain small multiplier (or percentage) of the aspd linear buckling mode(s). For
example, for thé™ linear buckling mode, the regeneration of coorisacan be
achieved by the commandJPGEOM, amp, mode_i'’.in ANSYS. In which ‘amg

represents a weight multiplier of the linear buaffimode.

Mode | (One-fin)  Mode Il (Two-fin) Mode llI Mode IV
(Three-fin) (Four-fin)

Figure 4.6: The first four buckling modes predictexin linear buckling analysis

In the present study, the amplitude of the pertishas defined as the lateral change
of the atom location relative to the product of ti@motube length and diameterD).
This is different from that used iA( Sears, 2006where the perturbation size is
defined relative to the length of the nanotube q@I¥% in their report). Since the
nanotube can be viewed as a hollow cylinder (eafige¢hose with small aspect ratio
and large section ratio), it is more reasonablenéasure the perturbation based on
both the axial and radial dimensions. The strategyy agreement with that adopted in
MD simulations. As mentioned earlier, the size oise-like random perturbation

generated during the force balance in each step MWD simulation depends on a
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threshold net force (nearly zero). This thresha@dehds on the size of the problem or

number of atoms in the system, which is usuallypprtional toL*D .

The critical strains obtained from different pebation modes are listed ifable 4.
Results corresponding to different perturbation l#omtes for each perturbation mode
are also obtained. The two most frequently resuydtestbuckling modes are “two-fin”
and “three-fin” Figure 4.7. InTable 4.1 it can be seen that the postbuckling mode
shape may not resemble the initial perturbation endwr example, the perturbation
mode | (one-fin) and mode Il (three-fin) can trggpostbuckling modes resembling
the “three-fin” mode. Mode Il (two-fin) and mode Ifour-fin) facilitate the
development of the “two-fin” postbuckling mode. Thvest critical strain is found
to result from “three-fin” linear buckling pertutien and leads to a “three-fin”
postbuckling mode. Therefore, if the intrinsic ical strain is defined as one of the
lowest predictions, the intrinsic postbuckling modé the studied SWNT is a
“three-fin” mode, even though the value varies wvilte imposed perturbation sizes.
This conclusion agrees with Yakobson’s continuumcimagics analysis B(l.
Yakobson, 1996where the lowest buckling strain is associateth whe “three-fin”

mode.

(a) Two-fin (b) Three-fin

Figure 4.7: Two typical postbuckling modes undaabsompression
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The critical buckling strain is found to increasematonically with the decrease of
perturbation size, no matter what kind of pertudraimode is chosen. No obvious
convergence is observed for any mode even wherpénirbation size decreases
exponentially. Perturbations based on other lieeokling modes and combinations
among them have also been attempted systemati€atly. postbuckling modes of

“two-fin” or “three-fin” are found, however they bibited large critical strains.

Table 4.1: The effect of the perturbation by “twegs perturbation for a 6nm long (7,
7) armchair SWNT

Perturbation mode Amplitude (*L*D)| Critical strain (%) | Postbuckling mode
One-fin 1*10* 6.459 Three-fin
1*10° 7.005 Three-fin
1*10°® 7.259 Three-fin
1*107 7.634 Three-fin
Two-fin 5.4*10* 6.507 Two-fin
5.4*10° 7.421 Two-fin
5.4*10° 7.746 Two-fin
5.4*107 8.125 Two-fin
Three-fin 5.4*10* 6.108 Three-fin
5.4*10° 6.961 Three-fin
5.4*10° 7.629 Three-fin
5.4*10" 8.12 Three-fin
Four-fin 5.4*10* 6.177 Two-fin
5.4*10° 7.228 Two-fin
5.4*10-6 7.738 Two-fin
5.4*10" 8.119 Two-fin

** perturbation modes of the tube are shown in Figd.7

A similar simulation is carried out for a 7nm lo®WNT (10, 10). The first four
linear buckling modes are shown kigure 4.8 The effect of perturbation size and
mode are given iffable 4.2 1t can be seen from the table that the “two-findde is
the only post-buckling mode for the given (10, b@nhotube Kigure 4.9 despite the
difference of initial perturbation mode. Howevehetlowest buckling strain is

initiated from the same perturbation mode (“twdin
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Figure 4.9: Postbuckling mode of a 7nm long (10,3WNT (two-fin).
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Table 4.2: The effect of the perturbation usingdtstep” perturbation method for a
7nm long (10, 10) armchair SWNT

Perturbation modg Amplitude (* L*D) Critical strain (%) | Postbucklinmode
One-fin 1*10* 4.976 Two-fin
1*10° 5.522 Two-fin
1*10° 5.909 Two-fin
1*107 6.029 Two-fin
Two-fin 1*10* 4.273 Two-fin
1*10° 5.29 Two-fin
1*10° 5.409 Two-fin
1*107 5.709 Two-fin
Mode IlI 1*10* 6.134 Two-fin
1*10° 6.559 Two-fin
1*10° 6.659 Two-fin
1*107 6.309 Two-fin
Mode IV 1*10* 6.222 Two-fin
1*10° 6.518 Two-fin
1*10° 6.645 Two-fin
6*107 6.771 Two-fin

**perturbation modes of the tube are shown in HE@

(b) Sinusoidal perturbation

Perturbations of sinusoidal format were also cargid in the present work. It is
assumed that the radial coordin®eof each atom is a sinusoidal function of its
circumferential and axial locations. Different wanembers are then assignédljn
the circumferential direction arid in the axial direction. For an atom at locatignq

2), the perturbed coordinateR)( in polar coordinate system is expressed as
R=R, + A codM8)sin(Nzn/L), where R, is the radius of the nanotube ay is
the perturbation amplitude. There is no perturlatio the tube axial directiorZj.

Note that a similar strategy is often adopted ia thassic shell theory of axial

buckling analysis of the nanotube. The perturbatmues corresponding to different



72

M andN are plotted irFigure 4.10 The first two modes correspond to the first two

linear buckling modes (two-fin and three-fin).
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Figure 4.10: The sinusoidal perturbation modes.

For the 6nm long (7, 7) SWNT of 6nm long, the petidns of critical strain
corresponding to different perturbation modes édéht M and N) and amplitudes are
listed in Table 4.3 It can be seen that the lowest critical strairresponds to the
“three-fin” postbuckling mode, which is in agreerhevith the conclusion reached

using the “two-step” perturbation method.

The comparison of predictions using the “two-stepthmd” and “the sinusoidal

method” for a given perturbation size€0{**length) is given inTable 4.4 It can been

seen that the predicted buckling strains for pbgtions of same size and mode agree

very well with each other even thought differenttpebation methods are used.
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Table 4.3: Critical strain based on sinusoidalyrégtion of a 6nm long (7, 7) SWNT

Wave-numbers (M, N) Perturbation sizg  Critical strain (%) Postbuckling mode
(*L*D) nm
(1,1) 10* 5.759 Three-fin
10° 6.078 Three-fin
10° 6.56 Three-fin
1,2) 10* 8.108 Three-fin
10° 8.81 Three-fin
10° 9.16 Three-fin
1, 3) 10* 8.01 Three-fin
10° 8.61 Three-fin
10° 9.03 Three-fin
(1,4) 10* 5.909 Three-fin
10° 6.115 Three-fin
10° 6.61 Three-fin
2, 1) 10* 7.259 Three-fin
10° 7.76 Three-fin
10° 8.029 Three-fin
2, 2) 10* 6.72 Two-fin
10° 7.209 Two-fin
10° 7.709 Two-fin
(2,3) 10* 6.36 Three-fin
10° 7. Three-fin
10° 7.484 Three-fin
(2, 4) 10" 6.322 Two-fin
10° 7.02 Two-fin
10° 7.51 Two-fin
(2, 5) 10* 6.409 Three-fin
10° 7.018 Three-fin
10° 7.51 Three-fin

Table 4.4: Comparison between “two-step” pertudratesults and sinusoidal
perturbation results of a 6nm long (7, 7) SWNT

Perturbation| Amplitude Critical strain Postbuckling
mode (of length) Two-step perturb. Sin. perturtM€2, N=3) mode
Three-fin 1*10* 6.108 6.097 Three-fin
1*10° 6.961 7 Three-fin
1*10° 7.629 7.618 Three-fin
1*10” 8.12 8.078 Three-fin




74

(a) without perturbation (b) with noise-like petiation

Figure 4.11: (7 7) armchair nanotube with randomtypkation in radial direction

(c) Noise-like perturbation

The noise-like random perturbation is discussede h@here random geometric

variations are imposed on the radial coordinatesach atom. The coordinate of each

atom is expressed afR =R, +rand(0,1) A,, where the functionrand (0)) yields a

random value between 0 and 1. Ay is the amplitude of perturbation. Because of

the random variation of the perturbation, the dcperturbation applied is often

smaller than the limif,. Again the actual size of perturbation is measin&skd on

the size of the nanotubd*D). An example of nanotube shapes with random
perturbation is illustrated iffigure 4.11 The effect of the amplitude on the critical
strain using random perturbation is showriable 4.5 FromTable 4.5it can be seen
that both the “three-fin” and the “two-fin” postlkimg modes can develop even with
the same level of perturbation size. The crititediss associated with the “three-fin”
mode are lower than those for the “two-fin” modehiathh means the “three-fin”
buckling is the intrinsic buckling mode for the SWNnder consideration. However,
even for the same perturbation amplitude and sarstbpckling mode, the predicted

buckling strain varies randomly. Therefore, forgelike perturbation, the simulation
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has to be performed numerous times to insure ligalotvest buckling strain is found.
This may also explain the discrepancies betwedicarstrain values obtained by MD

simulations in the literature.

Table 4.5: Critical strains predicted by randonsadike perturbation for a 6nm long

(7, 7) SWNT
Amplitude Critical strain (%) Postbuckling mode
(*length)
1.62*10° 5.004 Three-fin
1.7*10° 5.759 Two-fin
1.7*10° 5.222 Two-fin
0.88*10* 7.028 Three-fin
0.9*10* 7.046 Two-fin
0.9*10* 7.6 Two-fin
1.6*10* 6.884 Three-fin
1.7*10* 7.071 Two-fin
4.5*10* 6.709 Three-fin
4.6*10* 6.609 Three-fin
1.6e-5 7.359 Two-fin
1.6*10° 7.306 Three-fin
0.9*10° 7.454 Three-fin
1.3e-6 7.809 Three-fin
3+10° 7.659 Three-fin
5.5*10° 7.61 Two-fin
8*107 7.953 Three-fin
1.65*107 8.209 Three-fin

Summary for the effect of perturbation

From the above discussion of perturbation methitesfollowing conclusions can be

drawn:

(a) The “two-step method” and “sinusoidal method” yialidhilar prediction for the
buckling strain for a given perturbation mode. Thimusoidal method” is more

convenient since the linear-buckling analysis ismeeded.

(b) Random noise-like perturbation method can alsoigrék intrinsic postbuckling

mode. However, numerous computations have to berpeed to ensure that the
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lowest value is obtained.

(c) If the intrinsic postbuckling strain is defined #®e lowest strain among all
predictions based on different perturbation modetsdame level of amplitude,
then the intrinsic postbuckling mode correspondst.tdNote that the intrinsic
postbuckling mode is different for SWNTs with di#&t configurations
(dimensions and chiralities). For a 6nm long (7, SYWNT, the mode is

“three-fin” while for a 7nm (10, 10) SWNT, it isWwb-fin” pattern.

(d) The sensitivity of critical buckling strain on tiperturbation mode and amplitude
explains the discrepancies seen in the literatureritical strains. However, there
is somewhat agreement between the present studyaMdMM simulations. For
example, the critical strain for a 7nm long (10) $OVNT (when perturbation size
is 10° (L*D)) agrees very well with the MD solution giveay (Y. Zhang, 200k
The current prediction gives 5.29% for the “two*fpostbuckling mode, and the
MD simulation of (Y. Zhang, 2006) predicts 5.25%s@ for a 6nm long (7,7)
SWNT, the current simulation predicts 6.6% for ttieee-fin” mode, and the MD
simulation of (B.l. Yakobson, 1996) gives 7.6%. Ma@omparisons will be shown

in the next section.

4.2.4 The effect of nanotube aspect ratio and seati ratio

The effect of tube aspect ratid {d.,;) on the buckling behavior of SWNTs under

compression is discussed in this section. As meatian the literature review, for a
long SWNT (large aspect ratio), the buckling strénlength dependent and the

classical beam buckling theory can be used to @xplhis dependence

Euler

(e, " =mly,/L?, wherel., stands for the effective bending stiffness of the

SWNT). For a short SWNT (small aspect ratio), thecKiing strain is length

independent but is related to the section radig{/t) which can be explained by the

classical thin-shell theory &,*™" =2t/d;+/30-Vv?), where v is the effective
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Poisson’s ratio of the tube (about 0.16)). Althougiither the classical beam-buckling
nor shell-buckling theories offer good predictiottsey can explain the dependence
buckling strain on the tube dimensions. More imgoity, the buckling strain of a
SWNT can be evaluated simply by these formulaernsoducing some correction
factors to fit the MD or other simulation resulisowever, for mixed buckling mode
(combination of beam-buckling and shell-bucklingdes, sed-igure 4.2, one has to

do simulations.

1A (5, 5) armchair SWNT -

Buckling strain (%)
(o]
\

0 | |

0 10 20 30
Tube length (nm)

Figure 4.12: Critical strains for a (5, 5) SWNT tbfferent lengths

To reveal the transition of buckling mode with resjpto the aspect ratio, the buckling
behavior of a (5, 5) armchair SWNT with differeahgths is studied. The sinusoidal
perturbation method is chosen with an amplituded @t (L*D) for all simulations.
The buckling strain as a function of tube lengtiplistted inFigure 4.12 From the
plot, it can be seen that the buckling strain cutigplays four distinct segments (AB,

BC, CD and DE) which corresponding to the fouridittbuckling modes shown in
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Figure 4.13 For short tubes with aspect ratios less tharegnient AB), the SWNT
behaviors as thin-shelFigure 4.13pand the buckling strain is not very sensitive to
the tube length and the aspect ratio. This is reegent with the buckling behavior
of a continuum thin-shell in principal. Two mixeddes can be generated for longer
CNTs, beam-buckling combined with 3-kinksdure 4.13pand 1-kink Figure 4.13%
which correspond to the segments BC and CBigure 4.12 It seems that for CNTs
within these aspect ratios the strain energy camobst efficiently released by both
global sideway deflection and the local shell buakl As the tube length becomes
very long (segment DE), the nanotube will buckldesiay without local kinks

(Figure 4.133

(a) Shell-buckling (b) Mixed buckling  (c) Mixed buckling  (d) Column buckling
(3-kink sideway) (1-kink sideway) (Euler buckling)

Figure 4.13: Postbuckling modes of a (5, 5) arntahanotube for different tube
lengths

To reveal the dependence of section ratig{/t) on the buckling strain and mode,

the compressive buckling behaviors of a series rofchair SWNTs have been

simulated: (5, 5), (10, 10), (15, 15), (20, 20) 428, 25). Also two different aspect
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ratios (L/d.y; is approximately 5, 25 respectively) have beemsmered to reveal

the dependence for different buckling modes (bestm|l and mixed modes). The

critical strain as a function of the diameter istf@dd inFigure 4.14 As shown in the

figure, the buckling strain is sensitive to thetsetratio (d.,,/t) for tubes with

small aspect ratio. There exists a inversely limekation between the buckling strain
and the tube diameter which is in agreement witd dontinuum theory of
shell-buckling. For long tubes (large aspect rati®@ buckling strain is insensitive to
the tube diameter (or section ratio). This is bseathe buckling mode for these
CNTs is beam-buckling. This is in agreement witle tuler-buckling theory of

beams.

The transition of buckling behavior of the SWNT rfroshell-buckling to

mixed-buckling and beam-buckling modes can be destrby a mechanism map
proposed by Cao2006. Extensive simulations of the compressive bucklof

armchair SWNTs with different lengths and diametease been performed. The
transition points of buckling modes for each tube fmund out and marked in the
map Eigure 4.1%. The tubes have chiralities from (5, 5) to (3%,38he tube aspect
ratio ranges from ~2 to ~100. The diameters of ttiiees go from 0.678nm to

4.747nm. The thickness of all tubes is fixed a#ifr8.
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4.2.5 The effect of chirality

The effect of chirality on the compressive bucklinghavior of SWNTSs is studied
here. In most studies, the CNTs have symmetri@thiructures, armchair (n, n) and

zigzag (n, 0). CNTs with other chiral angles haaely been studied. By keeping the

aspect ratio constant.(d.; = 5.2), eight SWNTs with chiral angles varying from

0° and 30° were studied by MD simulations (Y. Zhang, 2008)e Hiameter of the

SWNTs was about 1.3 nm. It was found out that théNFs displayed similar
buckling modes except for the zigzag tube (17, Bictw has much higher buckling

strain than others. Similar conclusion was drawnldag tubes [/d.; =13 .1 In

another reportG. Cao, 200y, five SWNTs with different chiral angles but slami
dimensions were studied by molecular mechanics (MM diameters of the tubes
were about 0.7 nm. Two different lengths (5nm a®®2dm) of the tubes were
considered. The results show that the bucklingirstod the armchair SWNT is
slightly higher than that of the zigzag SWNT. Bhe tbuckling strains of SWNTs

with other chiral angles are much lower.

To resolve this discrepancy, two groups of SWNTshwdifferent chiralities and
aspect ratios are simulated. Three different len@dspect ratios) are considered to
be able to address the different buckling modesliishbeam and mixed modes). The
results are shown ifrigure 4.16.From the figure, it can be seen that the critical
strains of SWNTs with symmetric structures (armclad zigzag) are higher than
others. This implies that symmetric structuresracee efficient in resisting buckling.
The buckling strains of armchair tubes are highantthose of zigzag tubes (about
10% higher). This conclusion is in contradictiontiwiY. Zhang's molecular
simulation results but in agreement with G. Caolenular mechanics simulations.

The conclusion is not affected by the buckling ned¢owever for long tubes which
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behave like beams, the effect of the chiralitynsalier compared to other buckling

modes (shell-buckling and mixed-buckling).

7 zigzag armchalré
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Figure 4.16: The effect of chirality on the bucklistrain

4.3 Buckling of CNTs under Pure Bending

4.3.1 Literature review

For a SWNT under bending deformation, buckling gofreferred to as wrinkling,
kinking or rippling) can develop on the compresssige of the bend, leading to a
significant reduction of the effective bending mhdu of the tube. In practical
applications (such as nano-valve or nano-tran3jdbending buckling is much easier

to realize and control compared with compressidtmoagh compressive buckling
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seems more fundamental theoretically. In fact, bepdrather than tension or
compression) is often used in experimental measemé&snof the mechanical
properties of CNTs, to reduce the data to an effealastic modulus of the nanotube.
Although less studied than compressive bucklingh ktheoretical and numerical
studies on the buckling behavior of SWNTs underdbem have been undertaken to
understand the phenomenon and complement the mergs. These studies can be
divided into three main categories: (1) Atomistimslations based on molecular
dynamics (MD) [jjima, 1996; Yakobson, 1996; Chang, 2006; Mylvaaa) 2008. (2)
Continuum mechanics modelingygkobson, 1996; Arroyo and Belytschko, 2003;
Pantano et al., 2003; Cao and Chen, 20dtere the CNTs are effectively modeled as
thin shells with a fixed effective wall thicknessffective Youndg s modulus and
Poisson s ratio (3) Analytical modeling based on moleciauctural mechanics (C.

Li, 2004; Chang, 2005).

To characterize the bending buckling of a SWNT,dfgcal curvature £, ) is more
often used than the critical bending angf ). At the onset of buckling, the curvature

is related to the bending angle of the tube axiskhy=6, /L. Note that sincex,,

of a thin-shell tube is independent of the tubeyileraccording to thin-shell buckling
theory (x, Ot/dc;’), the use ofx, may eliminate the effect of the tube length in
describing the bending buckling of the tube, altftosome researchers argue that

k. may be length dependent. The bending buckling \Wiehacan be also

cr

characterized by the critical buckling straigf{), which is related to the curvature

by gbend —

o =K,0cr /2. The compressive buckling strain in a bending oceese be
assumed to be equal to the critical strain of casgive buckling, as was done by
Yakobson, et. al. (1996However, it was argued liyao and Chen (200&hat the two
critical strains are not comparable and the snajklimg behavior of a SWNT under
bending can not be derived from axial compressiekling. The effect of tube length

and diameter on the bending buckling behavior e bnvestigated by some in the
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literature, however, many of the findings are imttadiction with each other. For
example, using MD simulation, lijima et al. (19%udied the bending buckling of
SWNTs of different lengths and concluded that théical bending buckling
curvature is independent of tube length. And faiggzag tube of 1.2nm in diameter,
the critical bending angle was predicted to be ado80 degrees which agreed with
the theoretical modeling work €. Wanget al (2005)using continuum shell model.
However,G. Cao et al. (20063gain using MD simulations argued that the bucklin
behavior is length-sensitive especially for relatshorter tubes. It was then argued
that the tube length used in the work of lijima &t may be inside the

length-insensitive region.
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Figure 4.17: Traditional bending and pure bendiages

Moreover, during the simulation of the deformatimi a SWNT segment,

displacement boundary conditions are usually imgose both ends to keep the
original circular shape of the tube throughout tteformation. Such widely used
boundary conditions (refer to “traditional bendirig”the text) are different from the

ideal pure bending case and difficult to realizexperiment. In fact, the cross section
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of a SWNT tends to become oval due to the bendioghemt applied at the ends
(Figure 4.17. For pure bending, the deformations of crossisestalong the tube
axis should be uniform. It is practically difficylto simulate the pure bending case
for a thin-tube since the deformed shape of crestiem of a SWNT is not known.
The influence of such boundary conditions at theetends on the CNT buckling

behavior of CNTSs is not yet clear.

It is the aim of the current work to study the buuk behavior of SWNTs under
bending by the molecular structural approach oedim Chapter 2. In this chapter, a
systematic simulation is carried out to discuss d¢ffect of SWNT chirality and
boundary condition®n the buckling behavior. In addition, the inflaenof tube

length and diameter are also considered.

Figure 4.18: Bending buckling of a 3.3nm long (baBnchair SWNT

4.3.2Simulation method and procedure

The bending buckling behavior of SWNTs is studienonerically. For convenience
and also to be able to compare our results withidbelts in literature, the “traditional

bending” boundary conditions are used. As showFRigure 4.18 the displacement
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boundary conditions are applied on the atoms atetig rings in a way such that
atoms at both ends remain circular and perpenditolthe deformed axis throughout
the deformation. The length of the deformed tubis agmains unchanged and its
curvature is essentially uniform during the solatiditoms on the left end are fixed
and those on the right end ring are rotated byr&iceangle @) while their radial
displacements are fixed to preserve the circulapstof the cross-section. During the
simulation, the bending angle is increased by allsmarement (~1 degree) to

accurately simulate the large rotation problem.

In order to pinpoirk,, , the system’s strain energy as a function of #veding angle

(@) is plotted inFigure 4.19as obtained from the current simulation. It is obsd
that as @ increases initially the strain energy scales With Once buckling is
triggered, the strain energy decreases abruptlg. Critical angle is then denoted by

6

cr?

and the critical curvature is then obtainedky =6, /L .
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\

Strain energy (nN*nm)
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Figure 4.19: Strain energy of a (17, 0) zigzag SV\jected to bending
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4.3.3 The effect of tube length

If a SWNT can be viewed as a thin-shell cylinded &éme buckling behavior can be
modeled by classical thin-shell buckling theonerththe critical curvature is length
independent and expressed as,

4 t
KCI’ = 2
\/3(1— 2 ) dCNT

where, v is the Poisson’s ratio of the tube (about 0.16) aris the effective
thickness of the nanotube layer. A small effectiizkness {=0.066 ~ 0.089nr)

other thant =0.34nm has to be used in the above formula in orderttth&® MD

predictions. The length independence if was affirmed by MD simulationdijjma

et al. 1999 of the bending of SWNTSs with varying lengths,deters and chiralities.
However, the work bys. Cao (20065suggests that the length/diameter aspect ratio of
SWNTs affects the critical buckling behavior undemding. Their study of (9, 0)

SWNTs with different lengths by MD simulations indted that the variation ok(, )

is about 20% whemh/d reduces from roughly 10 to 6. And for longer tubssch

dependence becomes very weak.

To solve this discrepancy, the bending bucklingavedr of a series of SWNTs with
different lengths are simulated here by the curmotlel and approach. The SWNTs
studied here are (5, 5) and (10, 10) with lengdmging from 3nm to 25nm and aspect
ratios ranging from about 3 to 20. The criticalv@aiure versus the aspect ratio of
SWNTSs is plotted irFigure 4.20 a,bFrom the plot, it can be seen that the bending
buckling behavior is slightly dependent on the talspect ratio (or length) for short
tubes. However for longer tubes, the critical bungkistrain is insensitive to the tube
length. This is in agreement with the conclusiosofCao, et. al (2006 Also noticed

is that the length-dependence for (10, 10) SWNhasas strong as that for (5, 5)
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SWNT. This implies that for SWNTs with larger diaee the buckling behavior is
slightly length dependent. As for the buckling shajt is observed from the
simulation that for short tubes, there is one-kimkhe middle of the tube, while there
are two kinks near the ends for longer tubes (leiguR1). This is in agreement with

other simulations (G. Cao, 2006; lijima, 1996).
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Figure 4.20: Critical curvature of the SWNT undending

(b)
Figure 4.21: Kinks in the tube: (a) one kink; (@ptkinks
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4.3.4 The effect of the boundary conditions

The length dependence described in the previousosemay be related to the
boundary conditions applied. Since the boundaryditmms applied in the above
simulations do not result in exactly “pure-bendingfie obtained results may not
represent the true behavior of SWNTs under benbingkling. In order to study the
effect of boundary conditions, the constraintshat tube ends are modified such that
the whole SWNT deforms uniformly before buckling.i$ practically difficult to
simulate the pure bending case for a thin-tubeesithe deformed shape of the
cross-section of a SWNT is not known. Nevertheldsscross section shapes keep on
changing during the bending deformation of the tulye the current study, a
multi-step procedure of updating the boundary cionk at the tube ends is
developed. For each small load step, a small inentrof the bending angle is applied.
The shape of each end section is forced to reseiimblghape of the middle section of
the tube at the previous load stépg(re 4.22. If the load step is small enough, the

deformation of the tube can be uniform during trecpdure until buckling occurs.

Figure 4.22: a (13, 0) zigzag SWNT subjected temending

By comparing both types of boundary conditions {iaditional and pure bending),
the effect of boundary conditions on the bendingkhing behavior of SWNTs can be

ascertained. Two groups of SWNTSs: (5,5) and (1Q,wlith different lengths (aspect
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ratios) were studied. The critical curvature, () is plotted versus the aspect ratio in

Figure 4.23 The plot shows that the critical curvature isr@ased under “pure
bending” which means that a SWNT under pure bendingore buckling resistive.
This phenomenon is more significant for SWNTs vgthall diameter (SWNT (5,5)
for example) than those with larger diameters (SWNT, 10) for example). For
larger SWNTs such as (10, 10), the difference betweredictions using different
boundary conditions (traditional bending and pueeding) is smaller (about 3%) as
seen inFigure 4.23 bThis suggests that only for long SWNTs with largemmeters,

the traditional boundary condition can be approxétyaconsidered as pure bending.

As for the length dependence, the bending bucklipgn pure bending load is less
dependent on the tube length but still shows sangth-dependent for short tubes.
This size dependence of buckling behavior is diffieifrom the continuum thin-shell

theory of buckling.

The effect of the boundary conditions is also enmdxban the difference of buckling
shapes. For all SWNTs with “pure bending” boundemynditions, only one-kink can
be generated in the middle of the tube, in contaste two-kinks generated for long
SWNTSs using “traditional bending” boundary condisoFigure 4.24 a o Note that
the two kinks inFigure 4.24aare close to the tube ends which indicates trecetf

the incorrect boundary conditions applied in thaditional bending” case.
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Figure 4.24: Effect of the boundary conditions lo& bending buckling behavior

4.3.5 The effect of tube diameter

From the thin-shell buckling theory, the criticaireature is inversely proportional to

the square of the tube diametér/d.,,*),

4 t

K, = 5
\/3(l—l/2) denr

Note that the thicknedsin the above equation is an effect thickness ef $NVNT,
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which is usually in a range of (0.066nm~0.089nmjittdhe MD simulations in the
literature. The dependence dfl/d.,”’) has been confirmed by several MD

simulations Yakobson, 1996; Cao, 20pd1owever, the value of the critical curvature
predicted by different simulations is different due the different simulation
approaches used. To study the relationship betweenritical curvature of a SWNT
and its diameter, various simulations have beenechout for SWNTs with different
diameters. The critical curvature as a functiorthef nanotube diameter is plotted in
Figure 4.25Here, the effect of the tube length is elimindbgdixing the tube aspect
ratio. For convenience, the traditional boundargditions are applied in which the
tube ends’ radial displacements are fixed. Longesufaspect ratio about 12) are
selected so that the effect of boundary conditicars be avoided and the results can
be treated as the buckling behavior of SWNTs updee bending. From the figure, it
can be seen that the critical curvature decreaghsnereasing tube diameter. If fitted

with a quadratic function of diameter, the criticalvature can be expressed as,

K, =0.115/dg;°

Therefore, the critical curvature of the bendingHimg is proportional to X/d.,;").

It is also noticed that for SWNTs with small diaerst the fitting is relatively

inaccurate.



93

0.3 | | | |
0.25 — + Bending bucklin of SWNTs
' “\ + + + Simulation —
= ’ Curve fitting
c \ |
5 0.2 —
(] _ |
E
$ 0.15 i
5
o B \‘\‘ —
(_5 \‘\\
S 0.1 +
0.05 4\"\ 7
I _|
+W%+”’”**w——z,,,,_i_
0 | | : | :
0 1 2 3 4

Diameter (nm)
Figure 4.25: Dependence of critical curvature antttbe diameter

4.4 Compressive Buckling of Multi-Walled Carbon Nanoties (MWNTS)

4.4.1 Literature review

Compared to those of SWNTSs, there are fewer thieatettudies dealing with the
buckling of multi-walled carbon nanotubes (MWNTS$he earliest investigation is a
MD simulation bylijima (1996) in which the buckling of a double-walled carbon
nanotube (DWNT) subjected to bending deformatios stadied. The MD simulation
of MWNTs with 4 layers was performed byrivatava (1997)where the axial
compressive buckling was predicted. MD simulatiohMWNTs with 3 and 4 layers
under compressive buckling have been reportedkbyLiew (2004) where the
compressive buckling of the tube with aspect riss than 3 was studied. Recently,

MD simulations of MWNTSs with up to 7 layers subjedtto bending were reported. (
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Chang, 200% Molecular mechanics (MM) simulation has beenfqremed for the
compressive buckling of MWNTs with up to 3 layera. (Sears, 2006 The
computational cost of the buckling behavior of a MWscales up with the number of
graphite layers in a MWNT, mainly due to the diffiiy in evaluating the interlayer
potentials (van der Waals potentials). The covabenid potential has a shorter cut-off
length. In contrast, evaluating the interlayer ptsg for one atom in a layer with the
use of pairwise potentials can result in includitige interactions with many

neighboring atoms.

There are also a few continuum mechanics simulatainthe buckling behavior of
MWNTSs. Finite element simulations with MWNTs constted by thin-shell elements
were performed to study the bending buckling betraef MWNT of up to 14 layers
(Panato, 200¢ The thin-shell element used in the analysisdraeffective thickness
of 0.075nm to address the bending stiffness ofgitaghite layer in the CNT. The
interlayer interaction was simulated by interactielements with a self-defined
constitutive relationship. Finite element analy&isMWNTs under four-point bending
was studied by. Wang (2004)n which the MWNT was treated as a solid medium
with special material properties. It must be ndteat these simulations neglected the

lattice structure and chiralities of the CNTs

Analytical continuum models have also been devalpmeich as multi-shell and
multi-beam (or multi-column) models. A multiple-aohn model based on continuum
theory of beam buckling was used to study the @daakling behavior of DWNTSs (C.
Ru, 2000. His approach was extended to MWNTs with morgeidga by his
coworkers C. Wang 2004. Arroyo andBelytschko (2003peveloped a generalized
local quasicontinuum method which enables bothrlenger vdW interactions and
interlayer bonded potentials to be incorporatea ittte calculationsContinuum
thin-shell models (multi-shell) have also been usedhe work of X. He (2005)
Although these models can predict the buckling bieinaof MWNTs with many
layers, the validity of the results should be conéd by atomistic simulations. A few

other continuum mechanics approaches based on mtelemechanics have been
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used to study the buckling behavior of MWNTs. Aralgtical model based on
molecular mechanics was developedThyChang (20060 study the compressive
and bending buckling behavior of MWNTs. However tbength effect can not be
addressed by their model since only small segmieatMWNT is considered. Finite
element simulation of compression buckling has hEsformed for DWNTSs by. Li

(2004) using their molecular structural model of the CN'he van der Waals forces
between the graphite layers are simulated by trods with non-linear material
properties. However, as stated in Chapter 2, thelihg stiffness of the graphite layer

in a CNT can not be correctly represented in G model.

From the above review, it can be seen that for misalesimulations considering both
the lattice structure and tube length of a MWNTe thaximum number of layers
being studied is 7. Nevertheless, the length o6ehMIWNTs is very short. For
example, in the MD simulations &f Liew (2004),the tubeaspect ratio is less than 3,
and inT. Changs MD simulation of bending buckling, the aspedtaas even smaller
(about 2.5). Obviously, this is not enough to réwba buckling behavior of long

MWNTs with more layers.

Therefore, it is the objective of the current studydevelop a more efficient method
by implementing the “modified beam model” we deyald and incorporate it in the
finite element analysis (ABAQUS). The van der Waatsraction is simulated with
the approach presented in Section 3.3. Both corspeesand bending buckling

behaviors of MWNTSs are simulated.
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Figure 4.26: Axial compressive buckling of a DWN3; 5)@(10, 10)

4.4.2Simulation method and procedure

The MWNTSs are constructed of beam elements withicsed properties derived in
Chapter 2. The van der Waals interaction betweem#ighboring graphite layers is

simulated by non-linear spring elements (SPRINGAABAQUS). The nonlinear

f —L (force vs distance) relationship is establishedtly user defined material

subroutine (UMAT).

The boundary condition of the axial compression ehdsl shown inFigure 4.26 The

axial displacement of one end of the tube is fix&dl.axial compression is applied at
the other end. The radial displacements of botls emrd freed in order to simulate
simply supported buckling. The axial compressiogradually applied to ensure the

equilibrium iteration of the nonlinear reactiontbé van der Waals force.

Since the interlayer deformations may cause slitheigveen different graphite layers

in a MWNT, the effective distance of van der Wdalge is set up to be very long. A
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cutoff length (0.68 nm) is chosen in all simulaton

4.4.3 Compressive buckling of double-walled carbon matubes (DWNTS)

In this section, the buckling behaviors of DWNTslencompression is simulated. A
series of DWNTs with armchair chiralities are chrogéth the outer diameter ranging
from 1.356nm to 4.747nm. The index difference betwéhe neighboring layers is
five. In total, six types of DWNTs were studied;5§@(10,10), (10,10)@(15,15),
(15,15)@(20,20), (20,20)@(25,25), (25,25)@(30,3and (30,30)@(35,35). The
aspect ratio of each DWNT is fixed to about 4. Shisoidal perturbation is applied
for all tubes with fixed amplitude of 0.01% eveouigh the buckling stain of DWNTs
is less sensitive than that of SWNTs. The critlmatkling strain as a function of the
outer diameter is plotted iRigure 4.27 The results for SWNTs are also included to

enable comparison with MWNTSs.

From the figure, it is seen that the critical straf a DWNT under compression
decreases as the out diameter increases. Thekstrain of DWNTs is between the
values obtained for its SWNT constituents. In othverds, less than that for the
inner tube but larger than that for the outer tulpethe other word, the buckling

resistance of the outer tube can be enhanced hgribetube.
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Figure 4.27: Critical strain vs outer diameter@WNTs under compression

The buckling mode of DWNTs seems to be controllgdhe buckling mode of the
inner tube. When the DWNT is short (small aspetioyathe buckling mode is
shell-buckling Figure 4.28a For longer DWNTSs, the buckling mode is mixed mod
(Figure 4.28lp Note that for the latter (aspect ratio abouth®) buckling mode of the
individual SWNT (5, 5) is mixed mode but for SWNIO( 10) it is shell-buckling. In

another case ((30, 30)@(35, 35)) studied, the imgkinode is shell-mode which
agrees with the buckling mode of the inner tube, @0) Figure 4.28% For all

DWNTs simulated, the spacing between the inner tabd outer tube remains
approximately 0.34nm Hgure 4.28 a, ) which agree with the experimental

observation of buckled MWNTSs.

To study the effect of the van der Waals forcesvbenh the layers, simulation is also
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performed for a DWNT (5,5)@(10,10) in the absent@®dw interactions. The plot
(Figure 4.29 shows that the two graphite layers behave diffdéye The outer tube
buckled at a smaller compressive strain than thahe inner tube. Because of the
absence of vdw forces, the buckling is not tramstéto the inner tube, leaving the

inner tube intact.

(a) short DWNT, (5,5)@(10,10); (b) long DWNT (5,5)@(10); (c) DWNT (30, 30)@(35,35)
Figure 4.28: Buckling modes of DWNTSs

Figure 4.29:The buckling of DWNT (5,5)@(10,10) hetabsence of van der Waals
forces
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4.4.4 Compressive buckling of Muti-walled carbon nantwibes

In this section, the compressive buckling beha@gbbMWNTs with more than two

graphite layers is simulated. First, two examm&shree-walled carbon nanotubes
(TWNTSs), (5, 5)@(10, 10)@(15, 15) and (25, 25)@ @D@(35, 35) are simulated
to reveal the effect of thickness on the buckliedpdvior. Then a series of MWNTSs

with the outer tube as (35,35) are studied.

Compressive buckling of TWNTSs

The TWNT nanotubes are:
TWNT #1: (5,5)@(10,10)@(15,15) and
TWNT#2: (25,25)@(30,30)@(35,35) .
The buckling modes are shownRigure 4.30 a-c and Figure 4.31.aGompared with

TWNT #2, TWNT #1 has a small section ratid.(; /t) which makes the buckling

mode different from that of TWNT#2. Frofigure 4.30 it is seen that the outmost
tube (15, 15) of the TWNT#1 buckles first under poessive deformation (initial
buckling strain ¢ is about 5.5%), while the inner two tubes (5, B)l #10, 10) are
almost intact at the onset of bucklingidqure 4.30h Upon further compression to
£ =6.2%), all three layers buckle. For the second TWNT (TWR), the bending
behavior is different from that of TWNT#1. As shownFigure 4.31 b cat a critical
strain &£ = 24%, buckling is initiated in all three layers of tHBVNT. Further
deformation only enhances the buckling wavéggure 4.31% If the buckling
behavior of TWNT #1 can be called as “part-forwardbde, the behavior of the

TWNT #2 is called “all-together” mode. Thereforéetthickness (or section ratio

deyr /1) of MWNTS plays an important role in determinimgir buckling mode.
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Compressive buckling of MWNTs with more than three &yers

A similar phenomenon is also observed for MWNTWhwitore than three layers. In
this section, a series of MWNTSs (5n,513), 7 with the same outer tube (35, 35) are
studied. The aspect ratio of each MWNT is setdcabout 4. The initial buckling
strain as a function of the number of layers idtptbinFigure 4.32 From the figure,

it can be seen that the initial critical strainM¥VNTs increases significantly from
SWNT to DWNT. For MWNTSs with more than three layetfse initial critical strain

shows hardly any increase which indicates that @elyeral outmost layers buckle

initially.
16 | | | |
i + + + + a
+ +
1.2 —
g 1+
- _
a
® 0.8 — i
©
L _
5 i
0.4 Compressive buckling of MWNT
The outmost tube is (35,35)
0 | | |
0 2 4 6 8

Tube wall number
Figure 4.32: The buckling strain vs the numbemgtls in a MWNT

The phenomenon can also be observed from the @liffanitial buckling modes.

All-together and part-forward modes, for thin amick tubes are shown iRigure
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4.33a and b All individual tubes buckle simultaneously (adgether mode) in a thin
MWCNT (3 layers for example) once the compressitrairs reaches a critical
buckling value. However, in a thick MWCNT (7 layefsr example), only the
outmost layers buckle. Further increase of the cesgive strain can finally induce

more inner tubes to buckle.

e

dited
e

(a) Three-walled CNT;

Figure 4.33: Rippling of three and seven walledoarnanotube under compression.
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4.5 Bending Buckling of Multi-Walled Carbon Nanotubes

4.5.1Simulation method and procedure

The buckling of MWNTs under bending is simulatechitar to that of compression.

Displacement boundary conditions are applied atesrteof the MWNT such that the

atoms at this end rotate as a whole &y(Figure 4.34. The other end of the MWNT

is fixed. The initial increment of the applied beryl angle is set to be 1 degree.
Automatic increment algorithm is chosen by the progitself. The onset of buckling

can be observed both from the strain energy cumddlae deformed shape.

Figure 4.34: Bending of a DWNT (5,5)@(10,10)

4.5.2Bending buckling of double-walled carbon nanotubes
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The buckling of a double-walled nanotube (DWNT) enbdending is studied here. A
series of DWNTs with different diameters are coesd: (5,5)@(10,10),
(10,10)@(15,15), (15,15)@(20,20), (20,20)2(25,25):25,25)@(30,30) and
(30,30)@(35,35). The outer diameters range frorBrin8to 4.75nm. The aspect ratio
of all tubes is fixed to about 4. Two different klisg modes are observed for
DWNTSs with different section ratio (D/t). For exalapthe bending buckling modes
of (5,5@(10,10) and (30,30)@(35,35) are showrigure 4.35, 4.36

(@)

(b)

(©)
Figure 4.35: The bending buckling of a DWNT (5,5)@,00), aspect ratio=4.

As can be clearly seen kigure 4.35bthe outer tube in the (5,5)@(10,10) DWNT

buckles first, whereas the inner tube remains intdbis is because the critical

curvature of SWNT decreases with the tube dianfgfel’d_ ). Further increase in

global curvature can finally drive the inner tulnéoi buckling Figure 4.35% This

phenomenon of buckling transferring is called “dartvard model” inT. Chang and
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J. Hou'’s repor{2006). For the (30, 30)@(35,35) DWNT, a differbotkling mode is
found from the simulation. As seenhilgure 4.36bboth the inner tube and the outer

tube buckle simultaneously (so calledthe “all-tbgetmode”). The mode difference

in buckling of the DWNTSs indicates that the sectratio (d,, /t) of is critical. For

larger section ratios, the tubes in a MWNT can hud&gether, whereas the tubes
buckle part-forwardly for small section ratios. €fbame phenomenon is found for

MWNTSs with more layers, as shown later.

(@)

(b)

(c)
Figure 4.36: The bending buckling of a DWNT (30)@@35,35), aspect ratio=4

The effect of van der Waals forced on the bendingkling of the DWNT is also
studied. For the DWNT (5,5)@(10,10), if the indgr van der Waals interactions

are neglected, the buckling mode shows that theritube remains intact throughout
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the bending deformatioriFigure 4.37. Also, note that when the van der Waals forces
are considered in the DWNT (5,5)@(10,10), the outdre buckles first and the
interlayer space decreases around the buckling Sitee the magnitude of the van
der Waals force is small initially, the inner tufg5) can withstand it. With the

decrease of interlayer space, the inner tube aisklds.

Figure 4.37: The bending buckling of a DWNT witle #ibsence of van der Waals
force

4.5.3Bending buckling of MWNTs with more than three layels

In this section, the bending buckling of MWNTs withore than three layers is
simulated. To study the effect of wall number ba bending buckling behavior, a
series of MWNTSs with the same outer diameter aresiciered. For convenience, the

outmost tube of each MWNT is (35,35). The variatadrcritical bending curvature

(«, ) versus the wall number is plotted figure 4.38 The figure shows that, of

MWNTSs is much higher than that of a SWNT with tleene outer diameter. From

DWNT to three-walled nanotubex, increases slightly. While for MWNT with

more than three layers, no apparent changg ois found.
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Figure 4.38: The variation of critical bending blie§ curvature versus wall number

From observation of the buckling mode, it is foutidt, similar to compressive
buckling, MWNTSs with high section ratiosl{, /t) buckle “part-forwardly” whereas
MWNTs with small section ratios buckle “all-togethe As an example, the
“part-forward” buckling phenomenon is shown kigure 4.39 The outmost two

layers (instead of only one layer) buckle firBtgure 4.39a when bending angle is

applied. Further increase of the global bendindeamgll gradually cause the rest of

the layers to buckle. The above mentioned variadfo, with the wall number can

be explained by the buckling mode difference betw®@&/NTs and MWNTS. For the
case studied here, the section ratio is small sothie buckling mode of the DWNT is

“all-together” mode. While for MWNTSs with more thahlayers, the buckling mode

is “part-forward” mode with the outmost two laydasckle initially. It is the ., of
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DWNT that determiness, of MWNTs with more than three layers (shown in

Figure 4.38).

Figure 4.39: The bending buckling modes of MWNT#wiour layers

4.6 Summary

In this chapter, the buckling behavior of carbomatabes (including SWNTs and
MWNTS) is studied. Using the structural model depeld in Chapter 2, numerical
experiments such as axial compression and bendg@formed to predict the
initial buckling and post-buckling behavior of CNTEhe conclusions are listed

below:

(@) The axial compressive buckling behavior is sersitiio the artificial
perturbation imposed on the SWNT. Note that a pestiion, no matter what
kind, is needed to initiate compressive buckling. @e able to compare
various theoretical predictions, it is necessargit@ the amplitude and mode

of perturbation.

(b) Axial compressive buckling of SWNTs is size depenid@he aspect ratio
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(L/dcyr) and section ratio ., /t) are critical in determining both the

buckling mode and the corresponding buckling stréhree distinct buckling
modes are predicted from the simulations: shelklwg, mixed-buckling and

beam-buckling for long, medium and short SWNTspeesively.

(c) Bending buckling of SWNTs also shows some deperel@emcthe nanotube
size, especially for shorter tubes. The criticahdieg curvature and the
buckling mode (number of kinks) are affected by bwaindary conditions
(BCs) applied to the tube. SWNTSs are found to beemesistive to bending if
pure bending BCs are applied. However, due to tfieudty in apply such
displacement BCs on a hollow tube, “traditionahdieg” BCs are a good

approximation but only for long tubes.

(d) Axial compressive buckling of MWNTs shows that twiestinct buckling
patterns can be predicted: “all-together” and “partvard”, depending on the
section ratio (D/t) of the tube. Correspondinghg tritical compressive strain

of a MWNT is comparable to the buckling strain loé butmost few tubes.

(e) A similar phenomenon of buckling difference for MVV& with different

section ratios is also found in studying the begdinckling.
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CHAPTER 5 : EFFECT OF INTERPHACE ON

EFFECTIVE MECHANICAL PROPERTIES OF CNTS

REINFORCED COMPOSITES

5.1. Introduction

The combination of high stiffness, strength andeaspatio makes carbon nanotubes
(CNTs) ideal reinforcements for ultra high strengtimposites. Stiffness of carbon
nanotube measured experimentally and calculated &imulations is of the order of
1000 GPa, while the nearest competitive fiber (®itiskers) has utmost 400 GPa in
stiffness. CNTs have tensile strength of up to @8& and can absorb large quantities
of energy during elastic and inelastic deformatioRsirthermore, the excellent
electrical and optical properties of CNTs faciktaihe development of multifunctional
products. To take advantage of the remarkable piiepeof the CNTs, several key
issues should be well solved, such as dispersiibgnnaent of CNTs in the host
material, load transfer between the tube and thérimarhrough years, many
theoretical and experimental practices have beangn addressing these issues. For
example, techniques of dispersing and aligning@hd's in the polymer matrix have
been greatly improved. However, a comprehensiveeratanding of the load transfer
mechanism between the nanotube and matrix islistited. Especially, the effect of
the tube-matrix interfacial properties on the bploperties of the CNTs reinforced
composites has to be studied which will benefihibibie manufacture and application

of these nanocomposite materials.
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In order to make use of the very high stiffness at@ngth of the CNTs, the
mechanical load must be transferred efficientlyweetn matrix and CNTs in the
composite. The adhesion between carbon nanotulzbsnatrix plays a key role in
mechanical properties such as strength, stiffnes$ faacture resistance. Many
experimental studies show evidence of good adhesatween the CNTs and the
matrix; however, several other experiments suggediscrepant conclusion. Tension
and compression tests of multi-walled carbon nas®t{MWNT) reinforced epoxy
composites show that the load carrying capacitpafotubes is significant in such
composites, and is much higher in compression ithansion Schadler, 1998 The
poor load transfer in tension may possibly be laited to the extremely low
interfacial shear stresses between the tubes andhdtrix Ajayan 2000. Studies of
stress-induced fragmentation of carbon nanotubes polymer matrix suggest very
good adhesion between CNT and polymétagner, 1998 But it is unclear if the
failures observed in the single-walled nanotube KBYWand MWNT composites are
failures of individual tubes or local instabilitiesf the aggregates (MWNT or
nanotube bundles). Clearly for SWNTSs, the failuveld result either from nanotubes
pulling out of bundles or from the actual fractwe individual nanotubes in the
bundles. Tensile tests of MWNT reinforced polystyecomposite film and in-situ
TEM observation of the crack area show that the M\&/kend to bridge the matrix
cracks, and that there is excellent bonding betwidennanotube and the matrix
material {Wagner, 1998 Also, approaches to enhance the CNT-matrix &ttgons by
non-bonded wrapping of matrix molecules as welbgsunctionalization between
nanotubes and matrix have been suggegtgyén, 2000; Qian, 2000; Star, 2001; Jia,
1999. All these studies demonstrate efficient stresmdfer between CNTs and
matrices in composites, although a direct measunerkthe nanotube interfacial

properties may be more convincing.

Theoretical investigations of the load transfelCINT reinforced composites usually

adopt a nanotube-matrix interfacial shear mechamischfiber pullout model at the
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molecular level. Pullout processes of a single egaiarbon nanotube (SWNT) from a
polymer matrix were simulated by molecular dynamfos both non-bond interface
(Liao, 2001; Frankland, 2093and interface with chemical cross-linksrgnkland,
2002. The force balance of the CNT fiber under axiattshing and shearing was
described by a simple interfacial shear modélagner, 200g where also the
relationships between the critical length and tieas strength of CNTs were
discussed, including the effect of parameters agICNT geometry and interfacial
characteristics. The pullout process was descrilyed local density approximation
model based on elastic shell theobalf, 2003. In the same study the relationship
between interfacial shear stress and the embeddigih was derived, and it was
found that a long fiber length is necessary foteady stress transfer. It must be noted
that, even though the shear strength failure mageds a description of the
CNT-matrix interaction, the determination of shetength still remains unclear. In
addition, the high surface area of nanotubes cseatéarge interfacial region (or
interphase) which can have properties differentftbe bulk matrix Figure 5.). The

effect of the properties of the interphase shoeldddressed.

There are also a few studies that focus on thiemsiify effect of CNTs on composite
moduli, using elastic continuum micromechanics. Téféective moduli of the
composite are determined by applying the finitemelat method (FEM) to a
representative volume element (RVE) of the compagit Liu, 2003. The influence
of fiber waviness on the effective moduli is demomied, by analytically and via
numerical simulation in Hisher, 200 These studies show the applicability of
continuum mechanics and micromechanics in predjdtie effective moduli of CNT
reinforced composite materials. However, the loaddfer mechanism along the CNT
fiber is inadequately studied. Especially the dffacfiber length on the stiffening of

the composite is not well understood.
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Figure 5.1: A single-walled carbon nanotube embdddé¢he polymer matrix

It is the objective of the present work to to inigeste the effective moduli of the
CNT reinforced polymer composite, with emphasistlo® influence of CNT length
and CNT-matrix interphase on the stiffening of toenposite. First, the strain energy
change due to the inclusion of a single CNT inrd@mite matrix is calculated using
the finite element method analysis (FEA). Then“trdical” fiber length for full load
transfer between the CNT and the matrix is detegthiby evaluating the changes in
strain energy for different fiber lengths. The effee moduli of the composite are
then obtained through a dilute solution method. Talfferent loadings, namely
longitudinal stretching and hydrostatic tension aredied for the computations of

effective Young’s modulus and bulk modulus respetyi

5.2 The Strain-Energy-Change Due to a SWNT Inclusiom an Infinite Matrix
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Under certain loading conditions, the introductadma stiff fiber into an infinite soft
matrix can lead to a decrease in strain energyevehinole or a crack in the matrix can
cause an increase. The determination of the sér@@mgy-change in an infinite matrix
due to the presence of a single fiber is essettti@alculating the effective elastic
moduli of the corresponding composites based omwsrmicromechanics models
(Shen and Yi, 2001; Shen and Li, 200 the present study, the strain energy of a
single-walled carbon nanotube (SWNT) embedded iimfmte matrix Figure 5.2 is
solved by FEM because an analytical solution agptabe hopelessly complicated.
The change in the strain energy then can easilgbb@ned by comparing the result

with that of a pure matrix where the solution i®¥m analytically.

5.2.1 The finite element model

The SWNT is treated as a continuum homogeneousoEothollow cylinder with
closed caps at both ends. This hollow cylindeh&tembedded into a homogeneous
isotropic matrix which is subject to a far fieldests Figure 5.2. For simplicity, two
different far field loading conditions, namely longlinal stretching and hydrostatic
tension are studied, although three more loadingditions may be needed for a
complete evaluation of the proble®hen and Yi, 2001; Shen and Li, 2p0Blaking
use of the axisymmetric of the geometry and loadiogditions, only one quarter of
the domain is modeled employing 2-D axisymmetriements with the proper

symmetry constraints (Figure 5.3).
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Figure 5.2: A single SWNT surrounded by an integghia an infinite matrix.
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Figure 5.3: (a) FEM model with uniaxial loading) BEM model with hydrostatic
loading.

To simulate the infinite matrix, a sufficiently @ volume has to be taken into
computation. A satisfactory size for the matrix waetermined by enlarging the

matrix volume incrementally until the change inasirenergy between increments
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became negligible. As a result, the matrix canréatéd as infinite if the diameter and

length of the model are set aB,, =30D.,; and L, =Ly +30Dcy;, Where Loy,

is the length of the SWNTFgure 5.2-5.3

The existence of an interphase between the CNTrenthatrix is considered and it is
thought to be of the same length scale as the weflth nanotube for a SWNT
surrounded by polymer moleculéd/ice, 200}, although the mechanical properties
of the interphase are not known. In the presentpap homogeneous isotropic

interphase medium of the same shape as the SWMiEasted between the SWNT

and matrix. The thickness of the interpha$g;() is assumed to be equal to the mean

radius D.y;) of SWNT Figure 5.3. Both “hard” and “soft” interphases are studied,

with the Young’s moduli and Poisson’s ratios listedable 5.1

Table 5.1: Properties of SWNT and matrix

Young's Modulus Poisson’s Ratio
SWNT 1,000 GPa 0.28
Matrix (Polymer) 5 GPa 0.4
Interphase Hard: E,;=10E, 0.4

Soft: E,; =0.3E,

An armchair SWNT (10, 10) with diameteD. ;= 1.357nm is chosen for the

analysis. The thickness of the tube is assumedt0.84 nm, which is the distance
between two graphite layers. The material properoé the SWNT, matrix and
interphase are assumed to be isotropic and homogen@able 5.). The units of

length and force are nanometer (nm) and nanoNewth), respectively. Thus the

stresses and moduli are expressed in GPa. Theofisitrain energy is I J or
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(nN*nm).

Because of the drastic differences in mechanicgpgnties between the SWNT and
matrix (interphase), special care has to be takemsure the accuracy of the results
for the calculated stresses and strain energy.efdrey, in areas adjacent to the SWNT,
elements of comparable size are used. An exampkh roe the quarter model is

shown inFigure 5.4

I

Figure 5.4: The finite element mesh of the quartiedel

5.2.2 The evaluation of strain-energy-change

The strain energy of pure matrix can easily beiobthanalytically. The strain energy
expressions for a cylinder of diametd,, and length, under uniaxial and

hydrostatic loading conditions are:
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o D, L o .
U, = b uniaxial loading), 5.1
T ( 9) (5.1)
_o? L . .
U, = T% (Hydrostatic loading) (5.2)

where E, and K, are the Young’s modulus and bulk modulus of therima
respectively, ando is the far field stress. Subtracting (5.1) or J5f@®bm the
corresponding FEM results, the strain-energy-char(@®), and AU,) due to the

SWNT inclusion can be obtained.

To study the influence of fiber length on the stranergy-change, we vary the SWNT

aspect ratio .,; / Deyr) from 5 to 800 (the length of the CNT varies frémi85 nm

to 1085.6 nm), and calculate the strain-energy-gbarior each SWNT aspect ratio as

explained above. Dividing the strain energy chamgéhe corresponding fiber length,

the strain-energy-changes per unit length are wéthias: AU, /L., and

AU, /L., . Figure 5.5 and 5.8how the variation ofAU, /L., and AU, /L.,

with the fiber aspect ratio. To study the influerafethe interphase, three cases are

considered: no interphase, “hard” interphase (Y&umgodulus E,, =10E_) and

“soft” interphase (Young’'s modulis,; = 0.3E,,).
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FromFigure 5.5 and 5,6t can be seen that there exists a region whibgg / L, or

AU, /L., increases dramatically with the increase of theeetsratio L.y /Deyr).

beyond which it steadily converges to a certaiueall his value is closely related to
the stress distribution along the SWNT fiber. Itisll know that for a long fiber, a
uniform distribution of stresses can be attainethenmiddle section of the fiber (see
Figure 5.7and5.8 for example). For a very long fiber the rangehi$ uiniform region
can become sufficiently larger than the non-unifaegions at the fiber ends. Thus
the stresses in the uniform region are dominantpeoed to the non-uniform regions
and a full stress transfer between the SWNT andhniduieix is achieved. Therefore the

strain-energy-change per unit length becomes aaainfor a very long fiber. In other

words, AU,/L.,; or AU,/L.,; can be used to quantitatively examine the

efficiency of load transfer between the SWNT areriatrix.

If we denote the convergent value 68U, /L.,;)" (wherei=1, 2), then a “critical’
fiber  length  (Loy;), can  be  defined at the point  where

(AU, I Leyr)o =90%AU, / Le;) . This will give us a quantitative criterion as to

whether load transfer occurred. The “critical” fidengths for various loadings and

different interphase properties are listedable 5.2

Table 5.2shows that the “critical” fiber length for full Ibe-matrix load transfer is
influenced by the interphase and its mechanicapgmtes. In the longitudinal

stretching case, for full load transfer a 25% larfgeer is needed for a soft interphase

(En7 =0.3E,). However, a hard interphasé&,(; =10E_) can shorten the “critical”

length by more than 18%. This effect is even mamngpunced for the hydrostatic
loading condition. More than 40% longer SWNT fibare needed for efficient load
transfer if a soft tube-matrix interphase existhjlevthe hard interphase can reduce

the length requirement by about 25%.
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Table 5.2: Values of(L.y; / Doyr)er s Ly @and (AU, / Lyr).,

cr?

Load Interphase
Condition Praperty (Lenr / Denr) o L, (nm) (AU, / Lenr)or
Longitudinal No interphase 198 233.4 13.687
stretching
161 218.5 15.622
Enr =10E,
246 333.8 13.32
E\r =0.3E,
Hydrostatic No interphase 200 271.4 0.614
loading
150 230.55 0.846
Enr =10E,
279 378.6 0.314
E\r =0.3E,

5.3 Effective Moduli Derived from Dilute Solution

The strain energy change due to the inclusion sihgle fiber can be used to derive

the effective moduli of the composite. If the SWh@er volume fraction &) is small

and assume non-interaction between inclusionstediiolutions of the effective

moduli of the composite can be deriv&hén and Yi, 2001; Shen and Li, 2003

For longitudinal stretching, the strain energy loé ttomposite can be expressed in

terms of the effective modulug, :

10V,

2 E

: (5.3)

where, V, is the volume of the composite. Using the nonragon assumption, the

strain energy of the composite can be thought asstimmation of strain energy of

pure matrix and that of strain energy change dukegdnclusion of SWNTs.
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= e== 2 oNU,) | (5.4)

whereN is the number of SWNTs. Thus, the effective moduan be expressed as,

AUlj
1_1 A f

EC Em li)CNTza-2

(5.5)

Because of small fiber volume fractiop €<1), the above equation can be simplified

as,
E.=E, 1+8i22AU1¢ . (5.6)
IDCNT o L
Similarly, for hydrostatic loading, the effectivaelk modulus of the composite is,
K, =K, 1+LZZAU2 o, (5.7)
IDCNT o L

where E,, and K, are the Young's modulus and bulk modulus of thetrima
respectively, and o is the applied far field stress. The values/f, /L., and

AU, /L., are known fronfigure 5.5 and 5.6



14

EJE,,
L

Long fiber
No interphase
fffff Hard interphase
— — Soft interphase

Short fiber (Lyy=30 nm)
G—OG—0 No interphase
O - ©- O Hard interphase
O— O—=O Short interphase

Fiber volume fraction @ (%)

Figure 5.9: Effective Young’s modulus

K /K,

Long fiber
No interphase
fffff Hard interphase
— — Softinterphase

66— 66— 66— 0— 06— 66— O— O—

G—6—=0© No interphase
G - ©- O Hard interphase
G— O—=O Soft interphase

Short fiber

\ \
2 4

‘ \
8 10

Fiber Volume Fraction @ (%)

Figure 5.10: Effective bulk modulus.

125



126

As mentioned earlier, for a very long fibe&U, /L., and AU,/L.,; will take the

convergent values of the corresponding curveBEigure 5.5 and 5.6To study the

influence of fiber length, the calculations arerigat out for both short and long fibers.

The length of the short fiber is assumed to berBQ@spect ratioL ., / Dy =22.1).

The effective moduli E, and K_) as functions of the fiber volume fraction are

plotted inFigure 5.9 and 5.10

From Figure 5.9 it can be seen that the longitudinal Young’s muosluof the
composite is significantly enhanced. With 2% adxditiof short SWNT fiber (no
interphase), the composite modulus is increase@dbmut 85%, which is in good
agreement with the solutions obtained by the remtasive volume element (RVEY.(
Liu 2003. Long fiber can greatly strengthen this reinfogceffect. With 2% addition
of long SWNT fiber (no interphase), the compositedoius can be increased by
about 200%. Although fabrication of very long SWBers (in the order ofim) is
quite trivial now, there are no data showing tihet engths of the SWNTs used in the
composites are of the order pi. Thus the effective longitudinal modulus can be
much lower than the expected value, which may g@iartexplain the discrepancy
between the experimental data and the theoretipmégicted values (other reasons

are fiber wavinesgsher, 2002 agglomeration, and so on).

Hard interphase K, =10E,) can help the stiffening effect of the SWNT in the

composite, however, with only a slight advantagerdfie non-interphase case (about
10%) and the soft interphase case (less than 1b#ging from E./E,_ . This
indicates that the effective moduli of the comp®site not sensitive to the existence

of interphase and its mechanical properties.

Figure 5.10indicates that the enhancement of the bulk modbluSWNT is less

when compared to that of the longitudinal Youngisdulus.



127

5.4 Summary

The solutions of the strain energy changes due AT embedded in an infinite
matrix are obtained through numerical method. Atital” SWNT fiber length is
defined for full load transfer between the SWNT ati@ matrix, through the
evaluation of the strain energy changes for diffeféoer lengths. The strain energy
change is also used to derive the effective lodgial Young’s modulus and effective
bulk modulus of the composite, using a dilute solutThe following conclusions can

be drawn:

The fiber SWNT length is critical to both the lodakhnsfer efficiency and the
stiffening of the composite. To achieve full loadrisfer between the SWNT (10, 10)
and the matrix, the length of SWNT fibers shouldldmeger than a “critical” length
(271 nm) if no weak interphase exists between tW&N$ and the matrix. The
effective modulus calculated for long SWNT fibersaymbe about twice as that
calculated for short SWNT fibers. This can paniakplain the discrepancy between
experimental and theoretical results for nanocomg®ssince the fibers may not be

sufficiently long.

The SWNT-matrix interphase plays an important ml&ansferring the load between

the SWNT and the matrix. Judging from the “critickength for fully load transfer,

the existence of a hard interphadg,¢ =10E,,) can help reduce the “critical” fiber

length up to 46% compared with that of a soft ipbaise g, = 0.3E,). However,

studies of the effective moduli of the compositggast they are not sensitive to the
interphase. This suggests that the improvementulbé-tnatrix interphase is very
important for an efficient load transfer in the quosite, but this will slightly affect its

stiffness properties.
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CHAPTER 6 : CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

In this thesis, the mechanical behavior of carb@motubes (CNTs) and their
reinforced composites was studied using the coatmumechanics models. For
single-walled nanotubes (SWNTSs), a structural madesed on molecular mechanics
was developed. The model was then extended ty shedmechanical behavior of
multi-walled nanotubes (MWNTs). The validity of #®e models was confirmed
through predicting effective mechanical constanishsas Young's modulus, shear
modulus and bending stiffness of CNTs, as wellhasimterlayer pressure and shear
between graphite layers. The structural models virememented for studying the
buckling behavior of carbon nanotubes (SWNTs and MWMN) under axial
compression and bending deformations. Another goi the thesis was contributed
to the CNTs reinforced composites in which theaftd interphase between the tube
and the host material was discussed. The majorcoenvibutions of the current work

to carbon nanotube mechanics are summarized asvioll

The developed structural model of CNTs establislaed excellent relationship
between the continuum mechanics and the molecukohamics approaches. The
potentials associated with the atomic interactiohgovalent bonds within a CNT
were evaluated by the strain energies of the bdamest as a structural mimic of the
bond. In contrast to the original model the ouplEne deformation (inversion) of the
bond was distinguished from the in-plane defornmatio the current model.
Consequently, the current model was able to staelypending of the graphite layer in
a CNT. Therefore, the current model can be usestutdy the local buckling of CNTs
under mechanical loads (compression and bendirmghpdred to molecular dynamics
computations, the analysis based on the currentincmm mechanics model is

significantly cost economic.
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Several key issues involved in the study of buckloehavior of CNTs under axial

compression and bending loads were discussed. tBetlonset of buckling and the
mode of buckling shape were found to be sensititbe perturbation (size and mode)
superimposed onto a CNT to trigger the bucklings®xplained the discrepancy of
results from various approaches in the literatlire critical buckling strain of a CNT

under compression was found to rely on the tubealityi. Nanotubes with symmetric

structure (armchair, zigzag) are more efficientrésisting buckling compared to
unsymmetrical nanotubes. For bending buckling, théical curvature and the

buckling mode were found to be sensitive to thenldamy conditions (BCs) applied at
the ends of the nanotube. While most simulationfiténature used roughly “pure

bending” BCs, the current work realized a bettgrrapimation of pure bending BCs
through iteration strategies, which resulted irhkigcritical curvature upon buckling.

Simulations of buckling behavior of MWNTs revealédo different buckling

processes: “part-forward” and “all-together”. ARdWNTs with small section ratio

(deyr/t), buckling is initiated at the outmost several elesy and transmitted

“part-forwardly” to the rest layers. Whereas foM&8VNT with large section ratio, the

tube buckles “all-together” at the onset of bualdlin

Continuum mechanics was also used to model the GRifigorced composites in

which the CNT, host material (matrix) and the CN&trix interphase were modeled
by a representative volume element (RVE). The amlgf the RVE showed that a
critical tube length is required in order to estblfully load transfer between the
high stiffness tube and the matrix. This criticahdth was found to rely on the
tube-matrix interphase properties. The effect eftibe length and the properties of
the interphase on the other hand, the effectiveasties of the reinforced composite

were also discussed

6.2 Future Works
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The current developed mode of CNTs can be apptigdttire study of a wide range

of topics. Several of them are listed below.

(1) The effective mechanical properties of CNTs withfedes. As introduced

(2)

3)

(4)

previously in Chapter 1, a SWNT can have typicalitd/Btone (5-7-7-5) defects
due to synthesis problems. Such defects may deghad#iffness and strength of
the nanotube to some extent. The effect of suckctiefcan be studied by the
current structural model with certain modificatiaccording to the defect physics
(such as new bond length and force constants).oastuch as fraction and
distribution of the defects can be investigated.

Mechanical behavior of CNT bundles can also beistutly the current model.
Because the interaction among nanotubes in a busdlan der Waals force,
which can be modeled by the same approach useM\éNTs in the current
study. The effective mechanical properties andotinekling behavior of the CNT
bundles can be predicted.

Nanoindentation test of an array of SWNTs can béopaed through numerical
simulation in order to examine and verify the expental results.

The current model can also be used to study théhamézal behavior of CNTs
within nanoelectromechanical systems (NEMS). Theseotube-based devices
include: nanoresonator (oscillators) in which théTGserves as a high-frequency

component, nano-valves, nano-switches.



131

Bibliography

1.

Ajayan, P.M., L.S. Shadler, C. Giannaris, andRAbio, Single-Walled Carbon
Nanotube - Polymer Composites: Strength and WeakAdsanced Materials,

2000.12 p. 750-753.

Akita, S. and Y. Nakayamiterlayer Sliding Force of Individual Multiwall
Carbon Nanotubeslpn. J. Appl. Phys. , 20082 p. 4830-4833.

Arroyo, M. and T. BelytschkdJonlinear Mechanical Response and Rippling
of Thick Multiwalled Carbon NanotubeBhysical Review Letters, 2003L p.
215505.

Belytschko, T., S.P. Xiao, G.C. Schatz, and R&off, Atomistic simulations
of nanotube fracturePhysical Review B, 20085(235430): p. 1-8.

Buehler, M.J., Y. Kong and H. Gabeformation Mechanisms of Very Long
Single-Wall Carbon Nanotubes Subject to Compressoazing. Journal of
Engineering Materials and Technology, 20024(3): p. 245-249.

Cao, G. and X. CheiBuckling behavior of single-walled carbon nanotubes
and a targeted molecular mechanics approadhhysical Review B

(Condensed Matter and Materials Physics), 20@@.6): p. 165422-10.

Cao, G. and X. CherBuckling of single-walled carbon nanotubes upon
bending: Molecular dynamics simulations and firstement method?hysical
Review B (Condensed Matter and Materials Physi@§06. 73(15): p.
155435-10.

Cao, G. and X. Chehe effect of the displacement increment on thal axi
compressive buckling behaviours of single-walledrboca nanotubes.

Nanotechnology, 2004.7: p. 3844-3855.

Cao, G. and X. CheMechanisms of nanoindentation on single-walled ocarb



10.

11.

12.

13.

14.

15.

16.

17.

132

nanotubes: The effect of nanotube lendturnal of Materials Research, 2006.

21(4): p. 1048-1070.

Cao, G. and X. Cheiihe effects of chirality and boundary conditionstoa
mechanical properties of single-walled carbon naibeis. International

Journal of Solids and Structures 200%. p. 5447-5465.

Chang, T. and H. Ga&ize-dependent elastic properties of a single-walle
carbon nanotube via a molecular mechanics madlrnal of the Mechanics

and Physics of Solids, 20081: p. 1059-1074.

Chang, T., J. Geng and X. GuGhirality- and size-dependent elastic
properties of single-walled carbon nanotub&gplied Physics Letters, 2005.

87(25): p. 251929-3.

Chang, T., W. Guo and X. GuBuckling of multiwalled carbon nanotubes
under axial compression and bending via a molecutachanics model.

Physical Review B, 20052 p. 064101 1-11.

Chang, T. and J. Howlolecular dynamics simulations on buckling of
multiwalled carbon nanotubes under bendidgurnal of Applied Physics,

2006.100(11): p. 114327-5.

Chang, T., G. Li and X. Gu&lastic axial buckling of carbon nanotubes via a

molecular mechanics mod&arbon, 200543; p. 287-294.

Cornell, W.D., P. Cieplak, C.l. Bayly, I.R. GduK.M. Merz, D.M. Ferguson,
and D.C. SpellmeyerA second generation force field for the simulatain
proteins, nucleic acids, and organic moleculdsurnal of the American

Chemical Society 199317. p. 5179-5197.

Falvo, M.R., GJ. Clary, R.M. Taylor, V. Chi,PFBrooks, S.W. Jr., and R.

Superfine,Bending and buckling of carbon nanotubes under dastyain.



18.

19.

20.

21.

22.

23.

24,

25.

133

Nature, 1997389582).

Fisher, F.T. and R.D. Bradshdtffects of nanotube waviness on the modulus
of nanotube-reinforced polymerd#\pplied Physics Letters, 200280: p.
4647-4652

Frankland, S.J.V.,, D.W. Caglar, D.W. Brennerd al. Griebel, Molecular
simulation of the influence of chemical cross-lirdts the shear strength of
carbon nanotube-polymer interfacekurnal of Physical Chemistry B, 2002.

106 p. 3046-3048.

Frankland, S.J.V. and V.M. Hariknalysis of carbon nanotube pull-out from a

polymer matrixSurface Science Letters 20G25 p. L103-L108.

Grujicic, M., G. Cao, B. Pandurangana, and WRyb, Finite element
analysis-based design of a fluid-flow control naradve. Mater. Sci. Eng., B

2005.117(53-61).

Guo, W., Y. Guo, H. Gao, Q. Zheng, and W. Zhdagergy Dissipation in
Gigahertz Oscillators from Multiwalled Carbon Nanbgs.Physical Review

Letters, 200391(12): p. 125501 1-4.

Harik, V.M., Ranges of applicability for the continuum beam rhadethe
mechanics of carbon nanotubes and nanor@idid State Communnication,

2001.120 p. 331-335.

He, X.Q., S. Kitipornchai and K.M. Lievguckling analysis of multi-walled
carbon nanotubes: a continuum model accounting Yan der Waals

interaction.Journal of Mechanics and Physics of solids, 26385p. 303-326.

Hernandez, E., C. Goze, P. Bernier, and A. ®ubastic Properties of C and
BxCyNz Composite NanotubeBhysical Review Letters, 19980(20): p.
4502.



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

134

Huhtala, M., A.V. Krasheninnikov, J. Aittoniend.J. Stuart, K. Nordlund, and
K. Kaski, Improved mechanical load transfer between shellsnoftiwalled

carbon nanotubedhysical Review B, 200Z0: p. 045404 1-8.

lijima, S., C. Brabec, A. Maiti, and J. Bernti@tructural flexibility of carbon
nanotubesThe Journal of Chemical Physics, 19964(5): p. 2089-2092.

Jia, Z., Z. Wang, C. Xu, J. Liang, B. Wei, Duyand S. ZhuStudy on
poly(methyl methacrylate)/ carbon nanotube compssitlaterials Science

and Engineering, 1998271: p. 395-400.

Krishnan, A., E. Dujardin, T.W. Ebbesen, P.Nanvlos, and M.M.J. Treacy,
Young’s modulus of single-walled nanotulfd#sYSICAL REVIEW B, 1998.
58(20): p. 14013-140109.

Kurti, J., G. Kresse and H. Kuzmarhjrst-principles calculations of the
radial breathing mode of single-wall carbon nanasbPhysical Review B,

1998.58(14): p. R88609.

Lau, K.-T., Interfacial Bonding Characteristics of NanotubeAaakr

CompositesChemical Physics Letters 200 p. 399-405.

Lau, K.-t., C. Gu and D. HuiA critical review on nanotube and
nanotube/nanoclay related polymer composite mdteri@omposites : Part B,

2006.37: p. 425-436.

Lennard, J.E. and |. Jon€&n the determination of molecular field3oc. R.

Soc. London A, 1924106 p. 441-462.

Leung, A.Y.T., X. Guo, X.Q. He, H. Jiang, and Huang, Postbuckling of
carbon nanotubes by atomic-scale finite eleméotwrnal of Applied Physics,

2006.99(12): p. 124308-5.

Li, C. and T.-W. ChouElastic moduli of multi-walled carbon nanotubes and



36.

37.

38.

39.

40.

41.

42.

43.

44.

135

the effect of van der Waals forc€omposites Science and Technology, 2003.

63(11): p. 1517-1524.

Li, C. and T.-W. Chowsingle-walled carbon nanotubes as ultrahigh frequyen
nanomechanical resonators?hysical Review B (Condensed Matter and

Materials Physics), 20088(7): p. 073405-3.

Li, C. and T.-W. ChouA structural mechanics approach for the analysis of
carbon nanotubednternational Journal of Solids and Structure€32@0(10):

p. 2487-2499.

Li, C. and T.-W. Chouglastic properties of single-walled carbon nanotsibe
in transverse direction®hysical Review B (Condensed Matter and Materials

Physics), 200469(7): p. 073401-3.

Li, C. and T.-W. ChouModeling of elastic buckling of carbon nanotubes by
molecular structural mechanics approadfiechanics of Materials, 20036 p.

1047-1055.

Li, C. and T.-W. Chow/lodeling of carbon nanotube clamping in tensiléges
Composites Science and Technology, 2@%p. 2407-2415.

Liao, K. and S. Li, Interfacial characteristics of a carbon
nanotube-polystyrene composite systapplied Physics Letters, 20021925):
p. 4225-4227.

Liew, K.M., C.H. Wong, X.Q. He, M.J. Tan, and.AS Meguid,
Nanomechanics of single and multiwalled carbon maines.Physical Review

B, 2004.69(115429): p. 1-8.

Liew, K.M., C.H. Wong and M.J. TaBuckling properties of carbon nanotube
bundles Applied Physics Letters, 20087(4): p. 041901-3.

Liu, B., H. Jiang, Y. Huang, S. Qu, and M.-kE, Xtomic-scale finite element



45.

46.

47.

48.

49.

50.

51.

52.

53.

136

method in multiscale computation with applicatiotws carbon nanotubes.

Physical Review B, 2005.2: p. 035435-1-8.

Liu, P, Y.W. Zhang, C. Lu, and K.Y. Lamfensile and bending properties of
double-walled carbon nanotubes. Phys. D: Appl. Phys, 20087 p.
2358-2363.

Liu, Y.J. and X.L. ChenEvaluation of the effective material properties of
carbon nanotube- based composites using a nanosepiesentative volume

elementMechanics of Materials 20035: p. 69-81.

Lourie, O., D.M. Cox and H.D. Wagn®&uckling and Collapse of Embedded
Carbon Nanotube$?hysical Review Letters, 19981(8): p. 1638-1641.

Lu, J.P.Elastic Properties of Carbon Nanotubes and Nanosofthysical

Review Letters, 199779(7): p. 1297-1300.

Miyamoto, Y., A. Rubio, M.L. Cohen, and S.G.ui® Chiral tubules of
hexagonal BC_{2}NPhysical Review B, 19940(7): p. 4976.

Miyamoto, VY., A. Rubio, S.G. Louie, and M.L. I&&n,Electronic properties of
tubule forms of hexagonal BC_{3Rhysical Review B, 199450(24): p.
18360.

Mylvaganam, K., T. Vodenitcharova and L.C. Zijamhe bending-kinking
analysis of a single-walled carbon nanotube—a comdbimolecular dynamics
and continuum mechanics techniqaeurnal of Material Science, 20Q8L: p.

3341-3347.

Odegard, GM., T.S. Gates, L.M. Nicholson, amd.E. Wise,
Equivalent-continuum modeling of nano-structuredtemals. Composites

Science and Technology, 20&2: p. 1869-1880.

Odegard, GM., T.S. Gates, L.M. Nicholson, amd.E. Wise,



4.

55.

56.

57.

58.

59.

60.

61.

137

Equivalent-Continuum Modeling With Application tarBon Nanotubes2002,

Langley Research Center: Hampton, Virginia. p. 30.

Odegard, G.M., T.S. Gates, K.E. Wise, C. Parki E.J. SiochiConstitutive
modeling of nanotube-reinforced polymer composi@smposites Science

and Technology 20083 p. 1671-1687.

Pantano, A., M.C. Boyce and D.M. Parkignlinear Structural Mechanics
Based Modeling of Carbon Nanotube DeformatiBhysical Review Letters,

2003.91(14): p. 145504-4.

Pantano, A., D. M. Parks and M.C. Boy&&gchanics of deformation of
single- and multi-wall carbon nanotubesournal of the Mechanics and

Physics of Solids, 20052(4): p. 789-821.

Poncharal, P.,, Z.L. Wang, D. Ugarte, and W.A&. Ideer, Electrostatic
Deflections and Electromechanical Resonances ob@aiNanotubesScience,

1999.2835407): p. 1513-1516.

Postma, HW., T.F. Teepen, Z. Yao, M. Grifoand C. Dekker,Carbon
nanotubes single-electron transistors at room tenapee. Science, 2001.

2935527): p. 76-79.

Qi, H.J., K.B.K. Teo, K.K.S. Lau, M.C. Boyce,MMilne, J. Robertson, and
K.K. Gleason,Determination of mechanical properties of carbomotabes
and vertically aligned carbon nanotube forests gsmanoindentationJournal

of the Mechanics and Physics of Solids, 2@I3p. 2213-2237.

Qian, D., E.C. Dickey, R. Andrews, and T. Rinteoad transfer and
deformation mechanisms in carbon nanotube-polysgyompositesApplied

Physics Letters 20006(20): p. 2868-2870.

Qian, D., W.K. Liu, S. Subramoney, and R.S. fRuiffect of Interlayer



62.

63.

64.

65.

66.

67.

68.

69.

70.

138

Potential on Mechanical Deformation of Multiwalle@arbon Nanotubes.

Journal of Nanoscience and Nanotechnology, 2808. 185-191.

Rappi, A.K., C.J. Casewit, K.S. Colwell, W.AIB, and W.M. Skid,A Full
Periodic Table Force Field for Molecular Mechanicand Molecular
Dynamics Simulationslournal of the American Chemical Society, 1904

p. 10024-10035.

Reiner, J.E., J.M. Wells, R.B. Kishore, C. ffforn, and K. Helmerson,
Stable and robust polymer nanotubes stretched frolgmersomesPNAS,

2006.1035): p. 1173-1177.

Robertson, D.H., D.W. Brenner and J.W. MintmEeergetics of nanoscale

graphitic tubulesPhysical Review B, 1992521): p. 12592.

Ru, C.Q.Column buckling of multiwalled carbon nanotubeshwitterlayer

radial displacements?hysical Review B, 20082(24): p. 16962.

Ru, C.Q.Effect of van der Waals forces on axial bucklingafouble-walled

carbon nanotubelournal of Applied Physics, 20087(10): p. 7227-7231.

Ru, C.Q.Effective bending stiffness of carbon nanotuBésysical Review B,

2000.62(15): p. 9973.

Ru, C.Q.Degraded axial buckling strain of multiwalled carbmanotubes

due to interlayer slipsJournal of Applied Phisics, 20089(6): p. 3426-3433.

Sanchez-Portal, D., E. Artacho, J.M. SoleiRAbio, and P. Ordejob initio
structural, elastic, and vibrational properties carbon nanotubesPhysical

Review B, 199959(19): p. 12678.

Schadler, L.S., S.C. Giannaris and P.M. Ajaylasad transfer in carbon
nanotube epoxy compositespplied Physics Letters, 1998/3(26): p.
3842-3844.



71.

72.

73.

74.

75.

76.

77.

78.

139

Sears, A. and R.C. Batrslacroscopic properties of carbon nanotubes from
molecular-mechanics simulationBhysical Review B (Condensed Matter and

Materials Physics), 200869(23): p. 235406-10.

Sears, A. and R.C. BatBuckling of multiwalled carbon nanotubes under
axial compressionPhysical Review B (Condensed Matter and Materials

Physics), 200673(8): p. 085410-11.

Shen, L. and J. Lifransversely isotropic elastic properties of singlalled
carbon nanotubesPhysical Review B (Condensed Matter and Materials

Physics), 200469(4): p. 045414-10.

Shen, L. and J. LEquilibrium structure and strain energy of singleied
carbon nanotubesPhysical Review B (Condensed Matter and Materials

Physics), 200571(16): p. 165427-8.

Shen, L. and J. LiJransversely isotropic elastic properties of mudtiled
carbon nanotubesPhysical Review B (Condensed Matter and Materials

Physics), 200571(3): p. 035412-10.

Shen, L.X. and J. LiEffective elastic moduli of composites reinforcgd b
particle or fiber with an inhomogeneous interphab#gernational Journal of

Solids and Structures, 2008)1393-1409).

Shen, L.-X. and S. YAn effective inclusion model for effective moddli o
heterogeneous materials with ellipsoidal inhomog@se International

Journal of Solids and Structures, 2088(32-33): p. 5789-5805.

Srivastava, D. and S.T. Barnartolecular Dynamics Simulation of
Large-Scale Carbon Nanotubes on a Shared-Memoryhitature in
Conference on High Performance Networking and CamguProceedings of
the 1997 ACM/IEEE conference on Supercomputing @R 1997. San
Jose, CA.



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

140

Star, A., J.F. Stoddart, D. Steuerman, M. DiéhlBoukai, E.W. Wong, X.
Yang, S. Chung, H. Choi, and J. Heatreparation and properties of
polymer-wrapped single-walled carbon nanotubesngewandte Chemie

International Edition in English 20040(9): p. 1721-1725.

Stone, A.J. and D.J. Walddjeoretical studies of icosahedral C60 and some

related speciesChemical Physics Letters 198&85-6): p. 501-503.

Tomanek, D.Mesoscopic origami with graphite: scrolls, nanotappeapods.

Physica B: Condensed Matter, 208231-4): p. 86-89.

Tomanek, D., G. Overney, H. Miyazaki, S.D. Matihaand H.J. Guntherodt,
Theory for the Atomic Force Microscopy of Deforneal8urface.Physical

Review Letters, 198%3(8): p. 876-879.

Tomanek, D., W. Zhong and E. Krast&tability of multishell fullerenes.
Physical Review B, 1993.8(20): p. 15461.

Tombler, TW., C. Zhou, L. Alexseyev, J. Kokyy,Dai, L. Liu, C.S. Jayanthi,
M. Tang, and S. WWReversible Electromechanical Characteristics of latar

Nanotubes under Local Probe Manipulatiddature, 2000405 p. 769-772.

Troya, D., S.L. Mielke and G.C. SchatZarbon nanotube fracture —
differences between quantum mechanical mechaniathshase of empirical

potentials.Chemical Physics Letters, 2082 p. 133-141.

Wagner, H.D.Nanotube-polymer adhesion: a mechanics appro@ttemical

Physics Letters, 200361 p. 57-61.

Wagner, H.D., O. Lourie, Y. Feldman, and R. nienStress-induced
fragmentation of multiwall carbon nanotubes in dypeer matrix. Applied

Physics Letters, 19982 p. 188-190.

Wang, C.Y., C.Q. Ru and A. Mioduchowshkxially compressed buckling of



89.

90.

91.

92.

93.

94.

95.

96.

141

pressured multiwall carbon nanotubesiternational Journal of Solids and

Structures, 20040: p. 3893-3911.

Wang, Q. and V.K. Varadargtability analysis of carbon nanotubes via

continuum modelsSmart Mater. Struct. , 20054: p. 281-286.

Wang, X., Y.C. Zhang, X.H. Xia, and C.H. Huakdfective bending modulus
of carbon nanotubes with rippling deformatidnternational Journal of Solids

and Structures, 20041 p. 6429-6439.

Waters, J.F., L. Riester, M. Jouzi, P.R. Gudwund J.M. Xu,Buckling
instabilities in multiwalled carbon nanotubes undemiaxial compression.

Applied Physics Letters, 20085(10): p. 1787-17809.

White, C.T., D.H. Robertson and J.W. Mintmitdelical and rotational
symmetries of nanoscale graphitic tubulebysical Review B, 1992.7(9): p.

5485-5488.

Wise, K. and J. Hinkley. Molecular dynamics simulations of
nanotube-polymer compositeéa American Physical Society Spring Meeting

2001. Seattle, WA.

Wong, E.W., P.E. Sheehan and C.M. Liebanobeam Mechanics: Elasticity,
Strength, and Toughness of Nanorods and NanotuBegence, 1997.
277(1971-1975).

xiao, T., X. Xu and K. LiaoCharacterization of nonlinear elasticity and
elastic instability in single-walled carbon nanoash Journal of Applied

Physics, 200495(12): p. 8145-8148.

Yakobson, B.l., C.J. Brabec and J. Bernhdbmomechanics of Carbon Tubes:
Instabilities beyond Linear Responsthysical Review Letters, 19986(14):
p. 2511.



142

T 97. Yu, M., B. Files, S. Arepalli, and R. Ruofensile loading of ropes of single

98.

99.

100.

101.

102.

103.

wall carbon nanotubes and their mechanical prom=tiPhysical Review

Letters, 200084(24): p. 5552-5555.

Yu, M.-F., Fundamental Mechanical Properties of Carbon Nanetub
Current Understanding and the Related Experimer8aldies.Journal of

Engineering Materials and Technology, 20026 p. 271-278.

Yu, M.-F., M.J. Dyer, J. Chen, D. Qian, W.KuLiand R.S. RuofflLocked
twist in multiwalled carbon-nanotube ribbor®hysical Review B, 200864: p.

241403 1-4.

Yu, M.-F., O. Lourie, M.J. Dyer, K. Moloni, H. Kelly, and R.S. Ruoff,
Strength and Breaking Mechanism of Multiwalled @arliNanotubes Under
Tensile LoadScience, 200@®87: p. 637-640.

Zhang, VY.Y., V.B.C. Tan and C.M. Wangffect of chirality on buckling
behavior of single-walled carbon nanotubdsurnal of Applied Phisics, 2006.

100 p. 074304 1-6.

Zhang, Y.Y., C.M. Wang and V.B.C. TaBuckling of Multiwalled Carbon
Nanotubes Using Timoshenko Beam Theadgurnal of Engineering

Mechanics, 2006L32(9): p. 952-958.

Zhao, Y.X. and I.L. SpairX-ray diffraction data for graphite to 20 GPa.
Physical Review B, 1989.0(2): p. 993.



