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Abstract

Mechanical properties of carbon nanotubes are discussed based on recent advances in both modeling and &qatement.
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Résumé
Propriétés mécaniques des nanotubes de carbone : prédictions théoriques et résultats expérimentaux. Les propriétés
mécaniques des nanotubes de carbone sont discutées a la lumiere des dernieres avancées dans la modélisation et

I'expérimentationPour citer cet article: R.S. Ruoff et al., C. R. Physique 4 (2003).
0 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.

1. Introduction

Significant progress has been made in the area of nanoscale science and technology in the past decade. As one of the
most interesting nanomaterials, carbon nanotubes (CNT) have received significant attention in terms of fundamental properties
measurements and potential applications. This is largely due to the impressive physical properties as revealed from both
theoretical and experimental studies. For example, the electrical properties of CNT may be tuned by mechanical deformation.
Such properties are of great interest for applications such as sensors or smart materials. The study of these properties is multi-
disciplinary and involves various branches of science and engineering.

Steady progress has been made in exploring the mechanical properties and potential applications of two types of CNTSs:
single-walled carbon nanotubes (SWCNT) and multi-walled carbon nanotubes (MWCNT). The measured specific tensile
strength of a single layer of a multi-walled carbon nanotube can be as high as 100 times that of steel, and the graphene sheet
(in-plane) is as stiff as diamond at low strain. These mechanical properties motivate further study of possible applications for
lightweight and high strength materials. Composite materials reinforced by either SWCNT or MWCNT have been fabricated
and significant enhancement in mechanical properties has been recently reported [1].
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2. Molecular structure
2.1. Structure of the bond

CNT is a cylindrical molecule composed of carbon atoms. A typical SWCNT structure is illustrated in Fig. 1. A major
feature of the structure is the hexagon pattern that repeats itself periodically in space. As a result of the periodicity, each atom
is bonded to three neighboring atoms. Such structure is mainly due to the prosgeshybridization [2] during which one
s-orbital and twop-orbitals combine to form three hybriqaz-orbitals at 120 to each other within a plane (shown in Fig. 2
for part of a graphene sheet). This covalent bond (referred to as-bund) is a strong chemical bond and plays an important
role in the impressive mechanical properties of CNT’s. In addition, the out-of-plane bond-{ibad) that is relatively weak
contributes to the interaction between the layers in MWCNTS, and between SWCNT'’s in SWCNT bundles. Of course, the
bonding is not purelyp? in nanotubes, as curving the graphene sheet into a tube re-hybridizesatiter orbitals, yielding
an admixture.

2.2. Structures of single-walled carbon nanotube

As described above, the bonding in CNTs is similar, but not identical, to the graphene sheet. A widely used approach to
identify the types of SWCNT is by reference to rolling up the graphene sheet. The key geometric parameter associated with this
process is the roll-up vecter, which can be expressed as the linear combination of the lattice laaaigd(). Following the
notation in [3-5] and Fig. 3, we have:

r =na+mb. (1)
Itis then possible to associate a particular integer @airm) with each SWCNT. The relation betweerandm also defines
three categories of CNT:
m=0, ‘Zigzag'
n=m, ‘Armchair,
other  ‘Chiral’.

SWCNT can have either open ends or closed ends. Modeling suggests that for CNT to have stable closed ends, it has to be
larger in diameter than the (5,5) and (9,0) tubes [3,5,6]. The shapes of the ends are not unique for CNTs with the same radius.
For instance, a ‘Bill’-like [7] or a semi-toroidal [8] end cap can occur. CNTs with open ends can be found in experimental
observation, as reported in [8].

O 1t-bond
o-bond
S —
Fig. 1. Molecular structure of a section df0, 10) Fig. 2. Basic hexagonal bonding structure for one graphite layer (the ‘graphene

CNT. Each node shown is a carbon atom and lines  sheet’). Carbon nuclei shown as filled circle, out-of-plandonds, and-bonds
are the chemical bonds. connect the C nuclei in-plane.
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Fig. 3. Definition of roll-up vector as linear combinations of base veetandb.

Fig. 4. Upper left: HRTEM (High resolution transmission electronic microscopy) image of an individual MWCNT. The parallel fringes have
~0.34 nm separation between them and correspond to individual layers of the coaxial cylindrical geometry. Bottom left: HRTEM image
showing isolated SWCNT as well as bundles of such tubes covered with amorphous carbon. The isolated tubes shown are approximately
1.2 nm in diameter. Top center: HRTEM image showing the tip structure of a closed MWCNT. The fringe (layer) separation is again 0.34 nm.
Top right: the tip structure of a conical end. Bottom right: the image of a MWCNT showing the geometric changes due to the presence of five
and seven membered rings (position indicated in the image by ‘P’ for pentagon (upper arrow) and ‘H’ for heptagon (lower arrow)) in the lattice.
Note that the defects in all the neighboring shells are conformal (from [14], with the authors’ permission, and permission of the IOP).

2.3. Structures of multi-walled carbon nanotubes

MWCNTSs (shown in Fig. 4) are essentially nested CNT shells. The interlayer distarnd:34 nm [9,10], close to that of
graphite, 0.335 nm. The effect of the curvature on the interlayer distance was reported by Kiang et al. [11] who observed that
the interlayer distance ranges from 0.342 to 0.375 nm, and that it is a function of the curvature and number of layers. Besides
the nested shell model, experimental observation [10,12,13] also suggests that another candidate form of MWCNT is simply a
‘cinnamon roll’ — like structure.

3. Bonding models
3.1. Bonding potentials

Several empirical potentials are available that model the covalent bond in CNT. These atomistic models can be used to
predict the mechanical properties. The existing empirical models can be categorized as follows.
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3.1.1. Force field model

Examples include molecular mechanics force field #2 (MM2) and an improved version known as the MM3 force field, due
to Allinger and co-workers [15,16]. A generic force field was also proposed by Mayo et al. [17]. Implementation of the model
in molecular dynamics simulation can be found in the work of Guo et al. [18] and Tuzun et al. [19,20].

3.1.2. Bond order model

This model is proposed by Abell [21], in which he explored the universality in bonding of similar elements. Extension to
the carbon system was made by Tersoff [22—25]. A significant further step was taken by Brenner [26], in which a bond order
function was introduced; the main purpose was to describe the effect due to the formation and breakage of the C-C bond.
Brenner’s potential model has been used widely to explore the formation of fullerenes and their properties [27-30], indentation
and friction at nanoscale [31-40], and energetics of hanotubes [29]. Recently, a second generation of the Brenner potential was
proposed [41,42]; the potential is typically referred to asTéesoff—-Brennepotential.

3.1.3. Semi-empirical model
This model was proposed by Pettifor and Oleinik [43,44] and is derived based on a tight-binding approach. Application of
this model to hydrocarbon systems can be found in [43].

3.2. Interlayer potentials

The Lennard—Jones (LJ) potential energy has been widely used in treating the interlayer interaction. For example, Girifalco
and Lad [45,46] provided the following form for the carbon—carbon system:

_Alle 1 1
¢’_66[2y°(r,~/o>12 (n/a)ﬁ]' @)

In (2), o is the bond lengthyg is a dimensionless constant, ands the distance between tlieh atom pair. The model
parameters with the corresponding sources of reference are given in Table 1. The universality of the LJ types has been studied
by Girifalco et al. [47].

A different functional form of the interlayer potential was proposed by Wang et al. [48] based on the local density
approximation (LDA) method:

U(r):DeL(l—e*ﬂ(rfre))Z_lJ +Ere*/3/’, )

where De = 6.50 x 1073 eV is the equilibrium binding energytr = 6.94 x 1073 eV is the hard-core repulsion energy,
re =4.05 A is the equilibrium distance between two carbon atgsns,1.00 A=1 andg’ = 4.00 A-1.

Qian et al. [49] have computed the equation of state (EOS) for graphite and compared the results with existing experimental
data [50] and the ab initio calculation by Boetgger [51]; they concluded that the LDA model corrects the overly-repulsive
LJ model in the high pressure region (interlayer distar@3 A). However, how the LDA model performs for interlayer
distance under 0.26 nm is unknown. A challenge for the future is experimental interrogation, and also modeling, of the transition
‘through’ the repulsive region into the region on the potential energy surface where new bonds have been formed.

Kolmogorov and Crespi [52] developed a nezgistry-dependent graphite potentidlhis potential includes the effects due
to the exponential atomic-core repulsion and the interlayer delocalizatierodbitals in addition to the normal two-body van
der Waals attraction. In terms of the functional dependence, the potential is not only a function of the inter-layer distance, it
also depends on the relative position of the two layers (the registry between layers). Extension of its use to relaxed MWCNT
[52] and collapsed MWCNT [53] systems has been made. It is not likely that this potential can be used, in its present form, for
systems that do not have high symmetry. The further development of a general model of interlayer interaction is essential for
understanding nanoscale interlayer energetics and tribology.

Table 1

Model parameters for LJ potential

Parameter sources A (J-me) o (A) Y0
LJ1 [45] 243x 10779 142 27

LJ2 [46] 32x 10779 142 2742
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4. Elastic propertiesof CNT
4.1. Young’'s modulus

By assuming CNT as a structural member, the elastic properties of CNT can be obtained from experimental observations.
Typical examples of structural member include bar, beam, and shell models. The bar model has been used in the experiment
by Lourie and Wagner [54], in which the compressive response was measured using micro-Raman spectroscopy. They reported
Young’s modulus of 2.8-3.6 TPa, for SWCNT and 1.7-2.4 TPa for MWCNT. Direct tensile loading tests of SWCNT [55] and
MWCNT [56] have been performed by Yu et al. The Young’s modulus obtained ranges from 320 to 1470 GPa (mean: 1002 GPa)
for SWCNT and from 270 to 950 GPa for MWCNT. The stress—strain curves obtained for these two types of CNT are shown
below (Figs. 5 and 6). Note that the stress and strain correspond to the definition of engineering stress and strain, and the stress
is evaluated by assuming an equivalent thickness of 0.34 nm for each layer of loaded CNT.

A cantilevered beam model has been used in the experiment by Wong et al. [57] in which individual MWCNT were bent
using an atomic force microscope tip. By fitting the measured static response to the analytical solution for a cantilevered beam,
a Young's modulus of 28 &+ 0.59 TPa was obtained. The simply-supported beam model was used by Salvetat et al. [58,
59] to model the deflections of individual MWCNTs and of different-sized SWCNT ropes; a Young's modulus BiPa for
MWCNTSs grown by arc discharge was reported, whereas CNT grown by the catalytic decomposition of hydrocarbons, however,
had a modulus 1-2 order of magnitude smaller. The shear modulus for SWCNTSs was also reported.

Treacy et al. [60] were first to report fitting Young’s modulus of MWCNT to experimental data. Their work was based
on analysis of thermal vibration of MWCNT, modeled as a continuous beam. For a total of 11 MWCNT’s Young’s modulus
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Fig. 5. Eight stress versus strain curves obtained from the tensile-loading experiments on individual SWCNT bundles. The values of the nominal
stress are calculated using the cross-sectional area of the perimeter SWCNTs assuming a thickness of 0.34 nm. The strain is the engineering
strain (from [55], with permission of the American Physical Society).
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Fig. 6. Plot of stress versus strain curves for 5 individual MWCNTSs. (Reprinted with permission from [56]. Copyright 2000 American
Association for the Advancement of Science.)
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Fig. 7. Scanning electron microscope (SEM) images of electric field induced resonance of an individual MWCNT at: (a) its fundamental
resonance frequency; and (b) its second order harmonic.

values were reported as ranging from 0.4 to 4.15 TPa with a mean of 1.8 TPa. A similar experimental study on SWCNT was
presented by Krishnan et al. [61], who reported an average Young's modulus of 1433.8.4/Pa from measured amplitudes

of 27 SWCNTSs. Using the same structural model, Poncharal et al. [62] measured the resonance frequency of MWCNTSs by
driving the resonance with a counter electrode and RF excitation. They obtained Young’s modulus of approximately 1 TPa for
MWCNT with radius smaller than 12 nm; when the resonance response was fit by the assumption of a homogeneous resonating
beam for larger diameter MWCNTSs, a sharp drop in Young’s modulus was fit. The authors attribute this to the occurrence of a
rippling pattern and its influence on the resonance behaviour of the larger diameter MWCNTSs; they and others have observed
‘ring-pattern buckling’ in compressively loaded MWCNTSs. A similar type of experiment has also recently been realized by Yu

et al. [63] and Dikin et al. [64] inside a scanning electron microscope (SEM) (Fig. 7).

A theoretical evaluation of Young’'s modulus can be obtained either by directly computing the mechanical response or by
deriving it analytically. Overney et al. [65] calculated Young's modulus using an empirical Keating Hamiltonian with parameters
determined from first principles in the computation. Their calculation, as pointed out by Treacy et al. [60], implies a Young’s
modulus ranging from 1.5 to 5.0 TPa. The Young’s modulus can also be estimated by evaluating the energy in the CNT system.
The relation that the strain energy of the tube is proportional/®%1(where R is the radius of the CNT) was reported in
the energetics analysis of Tibbetts [66], Robertson et al. [29], and Gao et al. [67]. Gao et al. [67] obtained values of Young'’s
modulus from 640.30 GPa to 673.49 GPa by computing the second derivative of the potential energy. Yakobson et al. [68] fitted
results from molecular dynamics (MD) simulations to the continuum shell model [69]. Unlike the previous work that assumes
a thickness of 0.34 nm, both the thicknessl Young’s modulus were taken as the fitting parameters, yielding a thickness of
0.066 nm and Young’s modulus of5.5 TPa. The MD approach was also used by Lu [70] and he reported a Young’s modulus
of ~1 TPa, a shear modulus of0.5 TPa, and also that chirality, radius and the number of walls have little effect on the value of
Young’s modulus. A different potential model was used by Yao et al. [71] who obtained 1 TPa. Based on a nonorthogonal tight-
binding scheme, Hernandez et al. [72] computed a ‘surface Young’s modulus’ of 0.42 TPa-nm, yielding a Young’s modulus of
1.2 TPa if one assumes the thickness of 0.34 nm for comparison to the in-plane compliances of graphite. Using the electronic
band theory, Zhou et al. [73] obtained a Young’s modulus of 5.1 TPa for an effective wall thickness of 0.71 A for SWCNT.

The elastic properties were also discussed in the theoretical analysis by Govinjee and Sackman [74] based on Euler beam
theory. They showed the size dependency of the elastic properties at the nanoscale, which does not occur at continuum scale.
Harik further proposed [75,76] three non-dimensional parameters to validate the beam assumption. A shell model was used by
Ru [77-82] to examine the effects of interlayer forces on the buckling and bending of CNTs; these approaches may be helpful
for analyzing CNT embedded in an elastic matrix [80,81].

4.2. Application of crystal elasticity theory

The drawback of fitting the elastic constants based on a particular structural model is obvious: these constants are fitted
based on assumptions that may not be correct. For instance, some elastic constants are obtained based on the assumption tha
CNT can be modeled as an isotropic elastic material, while it is not clear under what condition this assumption is going to be
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valid. A mechanism-based approach that has a consistent link between the atomic structure and its continuum property is the
crystal elasticity approach

In the framework of finite strain, the relation between each elastic constant and a certain measure of deformation can be
derived. For instance, if the energy density of the material and Green-Lagrangian str&iris known, then the so-called
second elasticity tensor is given as [83]

2 2
se_ W . gSE__ W
JEJE Uk 9E; j0Ey

(4)

HereE = 1/2(F ' F — I) and the deformation gradiefitis defined agijj = 0x; /90X ;; x andX are respectively the spatial
and material coordinates and subscripts refer to the dimension. The link to the atomic potential is through the energdy .density
Eq. (4) implies the application of the Cauchy—Born rule [84—86], which assumes that the deformation is homogeneous in a
local environment. However, it was pointed out by Cousins [87] that when the Bravais lattice is not axi-symmetric, an ‘inner-
displacement’ exists on top of the homogeneity. The continuum framework that accounts for such an effect was considered in
the work of Zhang et al. [88,89] and the computational framework of Arroyo and Belytschko [90]. The modified Cauchy—Born
rule is now expressed as:

CSE_ 0 9% a(aw)

T 39EJE ' 9ED ®)
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The elastic modulus can therefore be evaluated as
cSE_[ 0% U IO ®
IEIE = JEd(AN) OE |p_o ag=0

An important effect not considered in Eq. (8) is the effect of structural relaxation due to the curvature. As described in
Section 2.2, the nanotube structure is that of a rolled graphene sheet. This is shown in Fig. 8. From Eqg. (8), it can be seen
that what was assumed in this procedure is that when the sheet is rolled into a tube, the bond length is unchanged; the rolled
configuration (Fig. 8) is taken as the initial equilibrium configuration for the tube. Of course this is not true, particularly for
nanotubes with small radius. The changes in bond length due to structural relaxation can be quite significant if the radius of
the tube is small which will mean that the relaxed configuration differs from simply rolling the graphene sheet. The Young’s
modulus should be defined corresponding to this relaxed configuration, i.e.,

CSE_ [ 0% 8% a(mn] .
JEOE 3E3(An) oE E:Erelax» AﬂzAflrelax
A detailed implementation can be found in [91].
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Fig. 8. Configurations involved in the structural relaxation of Carbon nanotubes.
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5. Structural instability in CNT

The high aspect ratio in the CNT structure means they are susceptible to structural instability. A numerical study was
conducted by Yakobson et al. [68,92] based on the Tersoff-Brenner potential. For the compressive loading case, a buckling
strain of 0.05 was reported, followed by three subsequent buckles upon further loading. Buckling due to bending and torsion
was demonstrated in [68,93—-96], and is characterized by a collapse in the cross-section which results in a kink or ribbon-like
structure.

Experimental observations of buckling in CNT were made by Despres et al. [97], lijima et al. [98] and Ruoff et al. [99,100]
using high resolution TEM (HRTEM) and Wong et al. [57] using AFM. AFM was used as a loading tool to bend MWCNT in
the experiment by Falvo et al. [101] and Hertel et al. [102]. Lourie et al. [103] embedded CNT into a polymer film and were
able to apply both compression and bending. Local rippling was observed in the buckled regions.

Fig. 9. A freestanding twisted MWCNT ribbon. (a) A TEM image of this ribbon anchored on one end by a carbon support film on a lacy carbon
grid, butunanchoredat the other end. Arrows point to the twists in the ribbon; (b) and (c) 8 resolved fringes along both edges of the ribbon
imaged near the anchor point; (d) a schematic depicting the AB stacking between armchair CNT shells (the two layers are: the layer having
brighter background and black lattices versus the layer having darker background and white lattices). The AB stacking can be achieved by just
shifting the layer positions along thedirection that is perpendicular to the long axis of the MWCNT; (e) a schematic depicting the lattice
alignment between the zigzag CNT shells by allowing the relative shifting of the layersaldingction. The AB stacking is not possible and

only AA stacking or other stacking (as shown in the schematic) is possible (from [53], with permission of the American Physical Society).
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A major factor that contributes to the buckling mode is the radial deformability of the tubes. Ruoff et al. [104] experimentally
studied a system of two MWCNT adjacent to each other and concluded that CNTs in anisotropic physical environments (on
a surface, near other objects such as other NTs) are not perfectly cylindrical; this arises due to the van der Waals attraction
that develops an interfacial region much like the adhesion layer in biological vesicles. A closest-packed SWCNT crystal was
further studied by Tersoff and Ruoff [105]. They found that tubes with diameters smaller than 1 nm are little affected (in
their geometry) by the inter-tube interaction, but that tubes with diameter exceeding roughly 2.5 nm are obviously ‘faceted’.
Polygonized SWCNTSs in contact have been reported by Lopez et al. [106].

Fully collapsed MWCNTSs were observed in HRTEM by Chopra et al. [107] and Benedicts et al. [108]. Hertel et al. [109]
and Avouris et al. [110] studied the radial deformation of MWCNTSs on a substrate by both experiment (using AFM) and
simulation; validating the prediction by Tersoff and Ruoff [105]. Fully or partially collapsed MWCNTSs on surfaces have also
been reported by Yu et al. [111,112], which also included an energetics analysis of the contact. The simulation by Lordi and Yao
[113] indicated that the radial deformation can be reversible and elastic, depending on the type of CNT. Based on a MD-based
energetic analysis, Gao et al. [67] studied the dependence of cross-sectional shape on the isolated SWCNT diameter. They found
that the essentially circular shape is the stable cross-sectional shape if the radius of CNT is less than 1 nm, between 1 and 2 nm,
both near-circular and collapsed shapes are favored, and that SWCNT should collapse to a ribbon for radius values larger than
3 nm.

One way to characterize the radial deformation is to perform a nano-identation test as reported by Shen et al. [114] using
contact mode AFM. A deformability (up to 46%) of the tube and resilience to a significant compressive load (20 pN) was
reported. A similar experiment was done by Yu et al. [115], who used AFM in tapping-mode. The elastic constant corresponding
to the radial deformation was found to range from 0.3 GPa to 4 GPa based on a Hertzian contact model. A radial deformability of
CNT under pressure was studied by Chesnokov et al. [116]; a volume compressibility of 0.027¥ @&Rameasured, smaller
than that of graphite (0.028 GP3) [117]. The polygonization process of SWCNT bundles outlined above, but generated under
high pressure, was also observed by Tang et al. [118-120]. They reported a compressibility of 0.024 GPa

When a CNT completely collapses to a ribbon, the interlayer interaction is analogous to that of two stacked graphene sheets.
Due to the subtle change in the interlayer registration between two surfaces, a meta-stable configuration might exist. This was
shown in the work by Yu et al. [53] (Fig. 9) who provided a simple energetics analysis demonstrating the presence of an energy
barrier that prevent the twisted MWCNT ribbon from untwisting.

In short, the low dimensional geometry makes structural instability an important issue for the mechanical application of
CNTs. Further study is needed for understanding mechanics in partially or fully collapsed CNT and CNT bundles.

6. Strength of nanotube and nanctube structures
6.1. Strength of CNT

The dramatic reduction in the length scale from the bulk material could result in an almost defect-free structure for
nanostructures like CNT; if defect-free, the strength of CNT would be at the theoretical limit. The nature of the defect is
closely related to the synthesis process. Arc-generation [121-123], laser ablation [124,125] and chemical vapor deposition
(CVD) [126-128] are the three major synthesis methods. The distribution and types of defects in CNT will play a central role
in their mechanical strength, and can also influence electrical and thermal transport; as such it is a topic deserving of further
study.

Measuring the tensile strength of CNTs is an extremely challenging task. Tensile load testing was performed by Yu et al.
[55] on SWCNT bundles and tensile strength values ranging from 13 to 52 GPa were reported; shown in Fig. 10 is an example
of a SWCNT bundle that is being loaded and the maximum tensile strain obtained was 5.3%, which is close to the prediction
by Nardelli et al. [129]. Yu et al. [56] have also conducted tensile testing of MWCNTSs. It was found that only the outermost
layer breaks during the loading process (Fig. 11). The tensile strength corresponding to this layer of CNT ranges from 11 to
63 GPa. By using AFM in a lateral force mode, an indirect measurement was done by Walters et al. [130]; a tensile strength
of 454+ 7 GPa was obtained using an assumed value for Young’s modulus of 1.25 TPa for SWCNT. Long~@pesi(in
length) of aligned MWCNTSs synthesized by the CVD method were tested by Pan et al. [131], and a much lower value of tensile
strength was reported (12 + 0.64 GPa).

To avoid the difficulties associated with direct tensile loading, indirect approaches have also been used. One method is to
transfer the load to the CNT through a matrix material. Using this method, Wagner et al. [132] were able to fragment embedded
SWCNT and a tensile strength of 55 GPa was reported. Similar work was done by Li et al. [133] and an average strength
of ~22 GPa was reported. Compressive loading of MWCNTSs was reported by Lourie et al. [103], in which the compressive
strength of 100—-150 GPa and compressive strain of 5% were obtained.
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Fig. 10. SEM image of a tensile loaded SWCNT bundle between an AFM tip and a SWCNT “buclpdpbé& sample (from [55], with
permission of the American Physical Society).

Fig. 11. Tensile loading of individual MWCNTSs. (A) An SEM image of a MWCNT attached between two AFM tips; (B) higher magnification
image of the indicated region in (A) showing the MWCNT between the AFM tips. (Reprinted with permission from [56]. Copyright 2000
American Association for the Advancement of Science.)

Compared with experiment, it is currently easier to model or compute the effects such as defects, loading rate, and
temperature, have on the strength of CNT; of course the results obtained are model dependent. Yakobson et al. [68,92,93,
134] reported a tensile strain of 30% and strength of 150 GPa from a set of MD simulations. Belytschko et al. [135] reported
a moderate dependence of fracture strength on chirality, based on MD simulation. The fracture strength was found to range
between 93.5 GPa and 112 GPa and fracture strain was found to range between 15.8% and 18.7%.

A defect of particular significance is the pentagon/heptagon (or 5/7) defect (see Fig. 12, whe&tertiteWales bond-
rotation [5] yields the ‘5-7—7-5 defect’. Based on their MD and quantum molecular dynamics (QMD) study, Nardelli et al.
[136] found that such defects are energetically favored in otherwise defect-free armchair tubes when the tensile strain is greater
than 5%; the rate of defect formation is, of course, a function of the temperature. When the QMD was run at temperatures
higher than 2000 K, plastic flow was observed for a subset of CNT types. The compressive behavior was studied by Srivastava
et al. [137] and the strength obtained is approximately 153 GPa. Strain rate effect is studied in the work of Wei et al. [138]
and Srivastava et al. [139], in which they primarily focused on the compressive behavior as well. Local formmi%banﬁds
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Fig. 12. The '‘5—-7-7-5" dislocation further evolves as either a crack (brittle cleavage), or as a pair of dislocations gliding away along the
spiral ‘slip plane’ (plastic yield). In the latter case, the change of the nanotube chirality is reflected by a stepwise change of diameter and by
corresponding variations of electrical properties. (Reprinted from [143], with permission from Elsevier Science.)
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Fig. 13. The forces involved in the shell-sliding experiment can be describéyd ByFs+ F; = 7 dr L () + F;, whereF, is the applied pulling

force as a function of time; is the shear strengtid, is the contact length, d the shell diameter, &hds a diameter dependent force originating

from both surface tension and ‘edge effects’. SEM images showing the sword-in-sheath breaking mechanism of MWCNTSs: (a) a MWCNT
attached between AFM tips under no tensile load; (b) the same MWCNT after being tensile loaded to break. Notice the apparent overall length
change of the MWCNT fragments after break compared to the initial length and the curling of the top MWCNT fragment in (b). (Reproduced
with permission from [146]. Copyright 2000 Am. Chem. Soc.)

and development of 5/7 defects were reported. Yakobson [93,140] found that the formation of 5/7 defects is dependent on the
chirality; defect nucleation is less favored in zig zag versus armchair tubes. The effect of plastic yielding on the electronic
structure has been studied by Zhang et al. [141], in which a transition from metallic to semiconducting behaviour is reported.
Zhang et al. [141] also observed a strong dependence of elastic limit on the chirality; with the same radiu@) arbé can

have twice the elastic limit of am(n) tube, and the compressive strength was found to range from 100 to 170 GPa. A different
defect formation mechanism was described by Zhang and Crespi [142], which is characterized by spontaneous opening of
double-layered graphitic patches in SWCNT.
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6.2. Strength of CNT structures

The current synthesized CNTSs are not individual SWCNT or MWCNTSs. The primary product is typically either randomly
agglomerated MWCNTSs or SWCNT bundles [124,144]. Itis important to note that the high stiffness and high strength properties
of individual SWCNT do not necessarily imply the same properties in CNT structures.

Tensile loading of individual MWCNTs was presented by Yu et al. [56] who showed that only the outermost layer of
MWCNT was able to be loaded (for the clamping method used) and the load transfer to the inner layers of MWCNT was
observed to be very weak. The measured shear strength was only 0.08 MPa and 0.3 MPa (Fig. 13) for measurements of shell
sliding in two separate MWCNTS. The weak load transfer was also demonstrated by Cumings and Zettl [145], who modeled a
shear strength of 0.66 and 0.43 MPa as an explanation of shell-sliding observed in a TEM.

For SWCNT bundles, the tensile response of these has been measured by Yu et al. [55]. The weak inter-tube interaction can
be estimated for a simple case of SWCNT bundle in parallel. As estimated by Qian et al. [147], the necessary contact length
to achieve a good load transfer must b&.3 pum. A possible way of enhancing the load transfer is that one can introduce
twist to the system and make a nanorope. The detailed analysis of such structure is presented by Qian et al. [147], who drew
inspiration from textile and twisted metal wire continuum mechanics. Recently, progress has been made in terms of the surface
modification of CNT structures [148] and how this changes the structural properties of CNT needs further study.

7. Conclusions

The mechanical properties of CNTs and related structures were briefly reviewed. Our emphasis has been on elastic
properties, deformability including buckling, twisting, and flattening, and inelastic behavior such as fracture and plastic yielding.
Both experiment and theory/modeling were discussed.

Even though the mechanical properties of CNTs have been extensively studied, it is also fair to say that the very tip of the
iceberg has been, so to speak, addressed. The challenge remains of establishing a data base of mechanical properties of CNTs a:
a function of concentration and type of defects, temperature, chemical environment, presence of chemical functionality, cycling
of load, lifetime, and so on. The importance, due to the high expected strength, the known high stiffness in tensile load, and the
low density, of CNT materials means that their mechanical properties deserve and will surely receive scrutiny for decades to
come.
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