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Abstract
Since the discovery of carbon nanotubes at the beginning of the last decade, extensive research related to the nanotubes in the ®elds of
chemistry, physics, materials science and engineering, and electrical and electronic engineering has been found increasingly. The nanotubes,
having an extreme small physical size (diameter < 1 nm) and many unique mechanical and electrical properties depending on its hexagonal
lattice arrangement and chiral vector have been appreciated as ideal ®bres for nanocomposite structures. It has been reported that the
nanotubes own remarkable mechanical properties with theoretical Young's modulus and tensile strength as high as 1 TPa and 200 GPa,
respectively. Since the nanotubes are highly chemical insert and able to sustain a high strain (10±30%) without breakage, it can be foreseen
that nanotube-related structures could be designed for nanoinstrument to create ultra-small electronic circuits and used as strong, light and
high toughness ®bres for nanocomposite structures. In this paper, recent researches and applications on carbon nanotubes and nanotube
composites are reviewed. The interfacial bonding properties, mechanical performance and reliability of nanotube/polymer composites will
be discussed. q 2002 Elsevier Science Ltd. All rights reserved.
Keywords: A. Fibres; B. Fracture; A. Nanostructures; B. Mechanical properties; Carbon nanotubes

1. Introduction
The formation of carbon nanotubes could be traced back
to the discovery of the fullerence structure C60 (buckyball)
in 1985 [1]. The structure of the buckyball comprises of 60
carbon atoms arranged by 20 hexagonal and 12 pentagonal
faces to form a sphere, when the buckyball is elongated to
form a long and narrow tube with a diameter of approxiÊ ), which is the basic form of a carbon
mately 1 nm (10 A
nanotube (it will be simply called a `nanotube' in the rest of
this paper). In 1991, a Japanese electron microscopist Iijima
[2] has discovered fullerence-related structures, which
consist of multi-graphene cylinders closed at either end
with caps containing pentagonal rings by a direct-current
arc discharge between carbon electrodes immersed in
helium gas under a temperature of 3000 8C, the multi-walled
nanotubes (MWNTs) were created. Structurally, the shape
of a single-walled nanotube (SWNT) could be imagined that
a graphene sheet rolls into a tubule form with end seamless
caps together with very high aspect ratios of 1000 or more
[3]. As individual molecules, the SWNT is believed to be a
* Corresponding author.
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mostly defect-free structure leading a high strength despite
their low density [4]. In Fig. 1(a), the crystal structures of
different carbon-based materials are shown. The nanotubes
could be formed as a rope consisting of 10±100 nanotubes
per bundle in random tangles. In Fig. 1(b), the electronic
micrographs of nanotubes with ®ve (left), two (middle) and
seven (right) graphene layers are shown. The maximum
outer diameter of the nanotubes shown in the ®gure is
about 6.7 nm. In particular application, the space exploration activities requires the structural with a highly weight
concern for launch vehicles and space systems, this
accelerates the development of materials by incorporating
nanotubes into polymeric or other materials to form novel
structural members [5].
Nanotubes have extraordinary mechanical, electrical and
thermal properties with providing strong, light and high
toughness characteristics. It has been estimated that the
nanotubes could be designed as a longest cable in the
world, i.e. a 23 000 mile cable from space station to
the Earth without suffering a high gravitation force due to
its own weight at that length [6]. Only the tiny fullerence
strands could sustain their weight when spanning
23 000 miles. The tensile modulus and strength of the nanotubes ranging about 270 GPa to 1 TPa and 11±200 GPa,
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Fig. 2. Comparison of the tensile strength of different engineering materials,
in log scale.

of the mechanical properties such as tensile strength of an
individual nanotube or a bundle of nanotube-rope, the buckling properties due to shrinkage of matrices after curing and
the bending stiffness of nanotube-composite structures. The
investigation on the interfacial bonding strength of nanotubes to different matrix environments will also be discussed
in this paper.
2. Production of nanotubes

Fig. 1. (a) Different forms of carbon-based materials (Photo courtesy of
Rice University) and (b) electron micrographs of nanotubes with different
numbers of graphene layers. The out diameters of the nanotubes are 6.7 nm
(left), 5.5 nm (middle) and 6.5 nm (right) [2].

respectively, have been reported recently [7,8]. In Fig. 2, the
comparison of the tensile strength of different engineering
materials is shown. The nanotubes exhibit an extraordinary
performance compared with graphite and Kevlar ®bres, and
stainless steel. The nanotubes are at least 100 times stronger
than steel, but only one-sixth as heavy making it to bolster
about any engineering materials. Moreover, the nanotubes
own high thermal and electrical conductivities far better
than copper enabling it to reinforce tiny structures with
bearing a dual function of reinforcement and signal
transmitting of composite circuit boards.
In this paper, recent development on the nanotubes and
researches in the applications on nanotube composites are
reviewed. The fundamental physics of the nanotubes and
their electronic and structural properties with different chiralities will be introduced. The major focuses on recent
researches have paid much attention on the examination

Recently, researches related to the nanotubes have been
found in many scienti®c and engineering literatures, the
®elds of interest included physics, chemistry, materials
science and engineering, and electrical and electronic
engineering. The production of the nanotubes with a high
order of impurity and uniformity is a one of the big issues
that still impacting the nanotubes society. The manufacturing processes of the nanotubes include direct-current arc
discharge [9±11], laser ablation [12], thermal and plasma
enhanced chemical vapour-growth depositions (CVD)
[13,14] and recent developed self-assembly of single crystals of SWNTs [15] methods. Direct-arc discharge and laser
ablation methods require the addition of a small amount of
metal catalyst, which increases the yield of the nanotubes.
The products are normally tangled and in poorly ordered
mat although individual tube could be made as several
hundred microns long. The differences of lattice arrangement in zigzag, armchair and chiral forms coexist in the
products. In addition, these methods require very high
temperature (arc charge: 5000±20 000 8C, laser vaporisation: 4000±5000 8C [16]), which make dif®cult in the
control of chirality and diameter of the nanotubes. Nonetheless, the laser ablation has been recognised as tool for
mass production of SWNTs [17]. An improved laser
ablation method has been developed by using a cobalt
coat silica plate to align the growth of nanotubes [18].
The method offers control of overall length (<50 mm) of
the nanotubes and fairly uniform diameters (30±50 nm).
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Fig. 3. (a) Schematic drawing of the direct-current arc discharge method for producing carbon nanotubes and (b) TEM micrograph of single layer nanotube
growing from platinum group particles [22].

The CVD has been appreciated as the best method to
produce high-purity MWNTs with varying diameters and
structures [19]. However, ordered arrays beyond short
sections of ordered nanotubes have not yet produced and
the chirality and diameter of the nanotubes cannot be
controlled precisely. In Figs. 3±5, the schematic diagrams
of different methods of the production of nanotubes and the
scanning electronic microscopy (SEM) images of the nanotubes are shown. In the ®gures, it is obviously seen that the
nanotubes made by direct-current arc discharge and laser
ablation methods produced a bundle of SWNTs, which are
curved and entangled while the nanotubes made by the selforiented regular arrays [20] and plasma enhanced chemical
vapour depositions [21] exhibit more straight and uniform
growth.
Recently, Schlittler et al. [15] have developed a better

method that allows making nanotubes in an ordered array
of nanotubes with identical diameter, chirality and straight
with a high purity. In Fig. 6, a schematic deposition process
of C60 and Ni to produce nanotubes growing on a molybdenum substrate is shown. The mixture of C60 and Ni is
evaporated through a nanostencil mask with an array of
300 nm diameter holes, which is accurately positioned a
few microns above a surface and able to move with subnanometer precision during the evaporation process. The
selection of the substrate materials is crucial since the
substrate should be able to constrain the C60 and Ni at an
original 300 nm diameter evaporation area during diffusion
process at high temperature. Latest studies found that the
use of molybdenum substrate could provide an excellent
results either in the form of a grid for transmission electron
microscope (TEM) investigation or as a solid ®lm sputtered
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Fig. 5. (a) SEM images of nanotube towers synthesised on 38 mm by 38 mm
catalyst patterns [20] and (b) the well grown of nanotubes by using plasmainduced alignment method [21].

Fig. 4. (a) Schematic drawing of the laser ablation process [23]. (b) SEM
images of the collected nanotubes after the ®rst stage ®ltration [12]. (c)
Aligned nanotube bundle by using a cobalt coat silica plate to align the
growth of nanotubes [18].

onto a silicon wafer [15]. The presence of the magnetic ®eld
controls the growth direction of the nanotubes. Fig. 7
depicts the view of SWNTs grown on a molybdenum
substrate by using the SEM.

3. Physics of carbon nanotubes
3.1. Structure of nanotubes
In the early 1960, Feynman [24] has predicted that the

future science and technology would be focused on miniaturisation, in which the electric motors would be designed as
small as the size of the nail on your small ®nger. Every
machine, structure and instrument would be designed starting from atomic scale. At that time, only physicists and
chemists would interest in dealing with the works in such
small scale. Until 1991, the discovery of nanotubes has
revolutionised researches in many different directions. A
light and high strength nanotubes would be an ideal
structural member for designing nanostructural instrument
and nanocomposite structures. Port [25] has reported that
nanotubes and nanocomposites could become as familiar as
silicon in this century and the full development of the nanotubes would be around 2010. In order to familiarise the uses
and applications of the nanotubes and its related products,
an understanding of the structure, characterisations and
properties of the nanotubes is essential.
Nanotubes are fullerene-related structures, which like to
roll a piece of graphene sheet to form a cylinder with end
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Fig. 6. A schematic deposition process by which C60 and Ni are alternatively evaporated through a 300 nm diameter nanostencil mask to produce nanotubes
under a controlled temperature and pressure.

caps containing pentagonal rings. It has been found during
the arc-evaporation synthesis of fullerenes process as
mentioned previously. The closed graphical structures
including nanoparticles and nanotubes were formed at the
central core of the cathodic deposit (Fig. 3(a)). The nanotubes possess conducting properties ranging from metallic
to moderate band gap semi-conductor [26]. In general, the
nanotubes could be speci®ed in terms of the tube diameter d,
and the chiral angle u , which are shown in Fig. 8. The chiral
vector Ch is de®ned as a line connected from two crystallographically equivalent sites O and C on a two-dimensional
graphene structure. The chiral vector can be de®ned in terms
of the lattice translation indices n; m and the basic vectors
a1 and a2 of the hexagonal lattice (a layer of graphene sheet)
[27], i.e.
Ch  na1 1 ma2

u  0 and the unit vectors of a1 and a2 : The armchair nanotube is de®ned as the u  308 and the translation indices is
n; n: All other types of nanotubes could be de®ned as a pair
of indices n; m; where n ± m: The electronic conductivity
is highly sensitive to a slight change of these parameters,
which cause a changing of materials between metallic and
semi-conducting statuses. Recently, it has been reported that
the scanning tunnelling microscopy (STM) and spectroscopy could be used to observe the electronic properties
and atomic arrangement of SWNTs [28]. In Fig. 9(a), the
models of different types of SWNTs are shown, which gives
a more clear understanding of the structure of the nanotubes
[1]. Fig. 9(b) gives an image of a zigzag 15; 0 SWNT [29].
In Table 1, parameters, which are used to determine the
geometry of the SWNT are listed [30]. According to the

1

The chiral angle, u , is measured an angle between the chiral
vector Ch with respect to the zigzag direction n; 0; where

Fig. 7. The grown of carbon nanotubes on the molybdenum substrate [15].

Fig. 8. The chiral vector OC or Ch  na1 1 ma2 is de®ned on the hexagonal
lattice of carbon atoms (a graphene sheet) by unit vectors a1 and a2 and the
chiral angle u with respect to the zigzag axis, i.e. n; 0:
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bands crossing the Fermi level and therefore possess
metallic properties. However, for all other nanotubes with
chiral indices of n; m and n; 0; two possible intrinsic
properties exist. When n 2 m  3p (where p is an integer)
such as (3, 0), (7, 1), (8, 5) and etc. the nanotubes are
expected to be metallic. In the rest case n 2 m ± 3p; the
nanotubes are predicted to be semi-conducting materials
with an energy gap of the order of ,0.5 eV. This gap is
highly dependent on the nanotube diameter and can be
evaluated by
Egap 

Fig. 9. (a) By rolling a graphene sheet into a cylinder and capping both ends
to form nanotubes. Here is a schematic theoretical model for SWNT with
different chirality: (top) armchair, (middle) zigzag and (bottom) chiral
tubules [1]. (b) Atomic structure and spectroscopy of `metallic' zigzag
SWNTs captured by STM [29].

formula given in the table, the diameter of the nanotube
could be determined once the chiral properties are
measured.
3.2. Electronic and thermal properties
The electronic properties of nanotubes are sensitively
depended on the nanotube's diameter and chirality [1,26].
These properties are uniquely characterised by the chiral
vector as indicated in Eq. (1). The nanotubes possess metallic and semi-conducting properties by slightly changing of
its size and chirality. Fig. 10 shows a two-dimensional
graphene sheet along with the vector which speci®c the
chiral nanotube and the metallic status of the nanotubes at
speci®ed chiral indices n; m: Stroscio and Feenstra [31]
have determined that armchair nanotubes n  m have

2g0 aC±C
d

2

where g 0, aC±C and d denote the C±C tight-binding overlap
energy (2.45 eV), the nearest neighbour C±C distance
Ê ) and the diameter of the nanotube, respectively.
(,1.42 A
In Fig. 11, a plot of the band gap energy (Egap) versus the
nanotube diameter (nm) ranging from 0.6 to 1.1 nm is given
[32]. It is obviously seen that the band gap energy decreases
with increasing the diameter of the nanotubes. The results
were ®tted with the chiralities of (10, 0), (11, 0), (14, 23)
and (13, 21). Although many recent studies have been
focused on the manufacturing process of identical nanotubes with the same diameter, the successful control of the
chirality during the manufacturing process has not yet
reported elsewhere.
Latest studies on the electronic properties of nanotubes
have been focused on the tube±tube electrical transportability of the nanotubes at different contact positions
[33±35]. The atomic structure in contact regions is crucial
and the resistance of contracts varies sensitively with the
nanotube geometry and chirality. For cross-junctions, low
resistance was found when two nanotubes were in-registry
and the contact region was commensurate. However, the
contact resistance is highly susceptible to an externally
applied force/pressure [35]. In Fig. 12(a) and (b), an experimental set up for measuring the conductance of a junction
between two metallic SWNTs (5, 5) and the resistance
measured by rotating the nanotubes to angles ranging
from 0 to 1808 are shown, respectively. In the ®gures, it is
found that the conductance between two nanotubes is higher
when two tubes are in-registry and the contact region is
commensurate, where atoms from one tube are placed on
top of another, i.e. for a junction (18, 0)±(10, 10), the u 
30; 90 and 1508 are in-registry while for a junction (10, 10)±
(10, 10), the u  0; 60, 120 and 1808 are in-registry. For
nanocomposite structures that are required to provide
electrostatic discharge and as electromagnetic±radio
frequency interference protection, the clari®cation of the
resulting electrical properties, which are in¯uenced by
different nanotubes orientations inside the composites, are
signi®cant.
3.3. Mechanical properties
Many studies have addressed that nanotubes possess high
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Table 1
Parameters of carbon nanotubes [30]
Symbol

Name

Formula

Value

aC±C
a

Carbon±carbon distance
Length of unit vector

p
3aC±C

Ê
1.42 A
Ê
2.46 A

a1, a2

Unit vectors

Ch

Chiral vector

Ch  na1 1 ma2 ; n; m

n, m: integer

L

Circumference of nanotube

p
L  uCh u  a n2 1 m2 1 nm

0 # umu # n

d

Diameter of nanotube

u

Chiral angle

!
p
3 1
;
a;
2 2

d

L

p

!
p
3
1
;2
a
2
2

ln(x,y) coordinates

p
n2 1 m2 1 nm
a
p

p
3m
sin u  p
2 n2 1 m2 1 nm

0 # uuu # 308

2n 1 m
cos u  p
2 n2 1 m2 1 nm
tan u 

p
3m
2n 1 m

tensile modulus and strength as high as 1 TPa and 200 GPa,
respectively. However, the scatterings of the measured
results have been found in different literatures. An earlier
report on the elastic modulus of defect-free nanotubes has
been calculated in a straightforward way by using the properties of graphite was approximately as 1060 GPa [7,36].
Ruoff and Lorents [37] have estimated that the tensile
strength of nanotubes with a wall thickness and diameter

of 0.34 and 1 nm, respectively, was about 20 GPa and its
natural frequency of the cantilevered SWNT with a length
of 1 mm was about 12 MHz. Yu et al. [38] has demonstrated
the use of atomic force microscopy (AFM) to measure the
mechanical properties of MWNTs in the SEM. They
measured that the tensile strength and modulus of the nanotubes were ranging from 11 to 63 GPa, and 270 to 950 GPa,
respectively. It was found that an outer layer of the

Fig. 10. The two-dimensional graphene sheet with given chiralities n; m:
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Fig. 11. Energy gap Egap versus diameter d of the nanotubes with a conducting chirality. The solid line denotes the theoretical prediction of Eq. (2) with
a g0 of 2.7 eV [28].

nanotubes was initially failed during the test. The maximum
strain could be achieved to about 12% at failure. The SEM
images of a nanotube linked between two opposing AFM
tips before tensile loading are shown in Fig. 13. Wong et al.
[39] have studied the bending stiffness of cantilevered
MWNTs via the lateral movement of an AFM tip. They
found that the nanotubes were able to sustain a large elastic

deformation without breakage, enabling them to be
designed for applications that are required storing or absorbing considerable energy. Vigolo et al. [40] found that the
SWNT ®bres could be knotted tightly without breakage and
exhibited a plastic behaviour, which is difference with
conventional carbon ®bres at room temperature before
they break. The tensile modulus measured during the
experiment was about 15 GPa as shown in Fig. 14.
Tersoff and Ruoff [41] found that nanotubes with a
diameter less than 1 nm behaved high rigidity. Any nanotubes with a diameter beyond 2.5 nm appeared radial deformation `¯atten' due to the van der Waals attraction. The
extent of radial deformation increases as the diameter is
increased. In Fig. 15, it is clearly shown that the distortions
arising when two single-walled armchair nanotubes cross
each other and non-circular cross-section in an overlap
region is resulted. It was computed that the force acting
on a low nanotube was about 5 nN [42]. The bottom of
the ®gure also depicts the radial deformation of the
SWNT due to van der Waals interaction with a graphite
surface. It is found that the attraction forces tend to ¯atten
the bottom of the tubes so as to increase the contact area,

Fig. 12. (a) LeftÐtapping-mode AFM image of a crossed single-walled device. The nanotubes are located at the middle of the diagram and spanned between
the Cr/Au electrodes [34]; rightÐthe structures used to calculate the conductance of a junction between two armchair nanotubes. (b) Resistance of fourterminal nanotube junction as a function of tube rotation: (Left) a (18, 0)±(10, 10) junction and (right) a (10, 10)±(10, 10) junction [35].
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Fig. 13. The SEM images of a nanotube linked between two opposing AFM tips before tensile loading [37].

which is increased with increasing the radius of the
nanotubes.
Robertson et al. [43] has computed the strain energy of
nanotubes by using a continuum elastic model [44]. They
concluded that the nanotubes behave softly in small radius
and chiral angle u , i.e. the two zigzag and armchair nanotubes yield the lower and upper limits of the stiffness along
the tube's axis, respectively, for a given radius. Nardelli et
al. [45] have used a molecular dynamics simulation to study
the mechanical performance of nanotubes under uniaxial
tensile load and different temperature conditions. They
reported that armchair nanotubes could release its excess
strain when undergoing uniaxial tensile stress via the
spontaneous formation of a Stone±Wales defect, which is
formed by a nucleation of a dislocation loop in the hexagonal network of the graphite sheet through the reallocation of
C±C bond producing a two pentagonal and two heptagons
structure as indicated in Fig. 16. The atoms that take part in
the Stone±Wales transformation are highlighted in a small
circular spot at the centre of the atoms. Nardelli et al. [45]
have also calculated that all nanotubes are brittle in a high
strain and low temperature condition, while at a low strain
and high temperature situation armchair nanotubes behave

Fig. 14. Stress versus strain of the SWNTs ®bre [40].

completely ductile. For zigzag nanotubes with n , 14; the
material properties behave partly ductile while larger
nanotube are completely brittle. In Fig. 17(a), the ductile±
brittle domain map for carbon nanotubes with a diameter up
to 13 nm is shown. In reality, for SWNTs under uniaxial
tensile loading, both ductile and brittle properties exist
simultaneously once the ®rst Stone±Wales defect occurred.
This is due to the breakage of bond under strain and the
occurrence of dislocation in the nanotubes [46]. Fig. 17(b)
demonstrates the process of defect of the nanotube subjected
to a high stress and temperature condition with an initial
Stone±Wales defect at the middle of the nanotube. Further
details in the relation to the mechanism of strain release due
to lattice distortion and dislocation of nanotubes could be
found in Refs. [47,48].
Rochefort et al. [49] have studied computationally the
bending and twisting properties of nanotubes. They found
that the increase of the electrical resistance of the nanotubes
with increasing the bending angle, particularly at the angle
higher than 458 when the strain is strong enough to lead to
kinks in an nanotube structure. For an armchair nanotube,
the band gap energy increases linearly with increasing the
twisting angle up to a critical limit. Twisting above this
angle may cause the collapse of the nanotube structure
and the formation of a ¯attened helix. In Fig. 18, the molecular mechanic computational model and the computed
band gap energy using extended Huckel theory versus twisting angle are shown. Poncharal et al. [50] have observed that
the bending modulus of nanotubes decreases rapidly with
increasing the diameter of the nanotube. This drop of elastic
modulus might be due to the formation of wavelike distortions in the nanotube as shown in Fig. 19. Falvo et al. [51]
have concluded that nanotubes could be sustained repeated
bending as high as a local strain up to 16% without failure.
Yakobson et al. [52] and Ru [53,54] have used a continuum
shell and multi-shell elastic models, respectively, to study
the bucking behaviour of nanotubes under uniaxial
compressive loads. They concluded that the nanotubes are
remarkably resilient, it could be sustained a large strain with
no sign of brittleness, plasticity or atomic rearrangement.
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Fig. 15. Molecular mechanics calculations on axial and radial deformations
of SWNTs for (top) two crossed armchair tubes and (bottom) SWNTs on
graphite [42].

4. Nanotubes composites
Since the discovery of nanotubes, extensive research in
carbon, fullerence, nanosensor, nanoindentator and nanomachine has blossomed in many different directions, and
has attracted a great deal of attention to advanced composite
society. It is well understood that carbon ®bres or nanotubes
could not be utilised alone without any supporting medium,
such as matrix to form structural components. Whereas, the
investigation on the interfacial bonding properties between
the nanotube and matrix system is of a great interest, which
ensures a good stress transfer between the nanotube and
matrix of nanocomposite structures in the development of
nanotube composites.
In 1998, Lourie et al. [55] has started investigating the
buckling and collapse of carbon nanotubes/epoxy composite
structures. They found that the shrinkage of an epoxy matrix
after curing could generate a substantial high compressive
stress to embedded nanotubes. Therefore, the different
levels of buckling of the nanotubes happened. Bent and
loop shapes of the buckled nanotubes were observed
under the TEM. The outer surface of the nanotubes, in
turn sustained a high ¯exural strength due to the formation
of a sharp turn. These phenomena, however, do not be
considered in macro-scale composite systems because of
the stiffness of ®bres is relatively strong enough to overcome the shrinkage stress induced by the matrix. Hadjiev
et al. [56] have found the similar observation that the

Fig. 16. Kinetic mechanism of the Stone±Wales defect formation from
quantum mechanical molecular dynamics simulation for an armchair nanotube (5, 5) at 1800 K [47].

residual stress of less than 70 MPa existed on embedded
nanotubes due to epoxy shrinkage in the curing process.
In Fig. 20, the buckled MWNTs subjected to compressive
stress due to the shrinkage of the matrix are shown by the
TEM.
Recently literatures [57±59] reported that the Raman
spectroscopy could be used to measure the strain of
nanotube composites by measuring a peak signal shift of
the Raman spectra to identify the strain conditions of the
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Fig. 17. (a) Ductile±brittle domain map for carbon nanotubes with
diameters up to 13 nm. Different shaded areas correspond to different possible materials behaviours [45]. (b) The process of defect of an armchair
nanotube with an initial Stone±Wales defect. (1) A brittle crack; (2) a
couple of dislocation gliding away from each other; (3) the change of the
nanotube chirality and a stepwise change of diameter causes the corresponding variation of electrical properties. Formation of a next Stone±
Wales defect continues the necking process, unless the dislocations pileup
at insuf®cient temperature [46].

composites. Schadler et al. [57] and Wood et al. [58] have
studied the use of the Raman spectroscopy technique to
measure the strain of the nanotube composites. They
found that the compressive modulus of the nanotube is
higher than the tensile modulus. The Raman peak shift
could indicate the strain condition of the composites.
Cooper et al. [59] have demonstrated the Raman spectra
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of a nanotube composite beam subjected to four-point bending. The spectra shifted downward with an increase of the
tensile strain on the beam surface as indicated in Fig. 21. A
curve plotted (inside a small box) in the diagram shows the
Raman peak shift of the nanotube composites with the
surface strain is increased.
Since the load transfer properties are the main issues that
ensure the composite system is functioned properly, the
investigation on the interfacial shear stress between
embedded nanotubes and matrix is signi®cant. There are
three main load transfer mechanisms that control the full
operation of the stress transfer, they include micro-mechanical interlock, chemical bonding (interaction) and a weak
van der Waals attractive force. The ®rst one is typically unin¯uenced to the nanocomposite system since the surface of
the nanotubes appears atomically smooth. Wagner et al. [60]
have reported that the interfacial bonding stress between the
nanotubes and polymer could be reached as high as
500 MPa. Lordi and Yao [3] have found that the sliding
friction between nanotube surface and polymer substrate
was much greater than that between two graphene sheets.
Jin et al. [61] and Bower et al. [62] have focused on the
bonding behaviour of nanotubes to polymeric materials.
They found that the nanotubes have physically contacted
well with the matrix (polyhydroxyaminoether). However,
no fractures of the nanotubes were observed at the fracture
surface of the nanotube composite. This indicated that the
load transfer from the polymer to the nanotube was not
suf®ciently large enough to break the nanotubes. In Fig.
22(a), the fracture surface of a nanotubes composite is
shown. Another amazing result was found: the nanotube
could restore to its original un-buckled shape when the
matrix was heated up, i.e. the compressive stress due to
the shrinkage of the cured matrix could be released. Fig.
22(b) is clearly showed the difference of the embedded
nanotube before and after heating up the nanotube composite.
Qian et al. [63] have reported that by adding 1% of nanotubes into polystyrene matrices resulted in increases of overall tensile modulus and strength by approximately 42 and
25%, respectively. They also observed via TEM micrographs that the nanotubes were able to bridge the crack
surface of the composite once a crack was initiated. The
crack was nucleated at low nanotube density area and propagated towards a region with relatively low nanotube density
regions. Pull out of the nanotubes was observed when the
crack opening displacement reached <800 nm.
Sandler et al. [64] have studied the electrical properties of
composites with randomly dispersing nanotubes, which
acted, as conductive ®llers into an epoxy matrix in order
to avoid electrostatic charge existed in composite structures.
They found that the use of small fraction of nanotubes in
place of carbon black could provide suf®cient matrix
conductivity (up to 6 £ 10 23 S m 21) for anti-static applications. Andrews et al. [65] have used bundles of nanotubes
and petroleum-derived pitch matrix to form composites.
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Fig. 18. Molecular mechanic computational model and the computed band gap energy using extended Huckel theory versus twisting angle [49].

They found that the overall tensile strength increases with
increasing the fraction of nanotubes inside the composites.
However, a good alignment for all nanotubes could not be
guaranteed.
5. Other applications
Due to many unique properties of the nanotubes, the
potentiality of its applications in real-life practice has
been recently emerged. Dzegilenko et al. [66] have
computed that nanotubes could be used as nanoetcher and
nanoindentor to extract silicon atoms from the silicon
surface robustly without additionally involving an externally applied voltage via molecular dynamic simulation.

Avouris et al. [42] have demonstrated the use of a nanotube
bundle as an electrode in nanoscale tip-induced anodisation.
In Fig. 23, a bundle of MWNTs was used as a tip to locally
oxidise a silicon plate surface and generate the oxide pattern
of `C-tube'. Cumings and Zettl [67] have investigated the
frictional properties between MWNTs. The friction between
the individual nanotube is bound by a weak van der Waals
force. The results revealed that the MWNTs hold a great
promise for nanomechanical or nanoelectromechanical
systems applications. A four-shell core nanotube could be
eased to withdraw without any damages (Fig. 24). This leads
to the design of low friction and low wear bearings, springs
and electromechanical switches in a nanoscale. Many
researches [68±70] have been still carrying out on the electrical transportability, mechanical performance and control
of manufacturing process in terms of quality and geometry
of nanotubes and nanotube composites in order to clarify
most practical problems before applying these structures in
real-life applications.
6. Concluding remarks

Fig. 19. TEM images of a bent nanotube with a radius of curvature ,40 nm;
(A and B) high magni®ed view of (C). The amplitude of the ripples
increases towards the outer layer of the nanotube [50].

In the last decade, extensive research in nanotubes has
been found increasingly. The majorities were paid attentions
on its electrical, mechanical and functional properties.
However, there are no universal conclusions have been
made on each of those works because of the material and
geometrical properties of nanotube(s) used in the works
were inconsistent. In the past few years, works related to
nanotube composites including the investigation on the
interfacial bonding properties and morphological observations through microscopy have appeared in a few literatures.
In depth study on the stress transfer mechanism of the
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Fig. 21. Raman spectra of the SWNT composite beam subjected to fourpoint bending. The peak of the G band shifts downward with increasing the
tensile strain on the composite surface [59].

Fig. 20. TEM images of embedded MWNTs. (a) The bent and (b) loop
forms of nanotubes under compression (shrinkage of the matrix) [55].

nanotube composites with different chemical and geometrical properties, matrix environments and loading conditions
are essential although many super®cial works have
previously addressed that the nanotubes have a good
chemical bonding with typical polymeric materials. The
reliability, thermal-mechanical properties and atomic
relocation due to chemical interaction between carbon
atoms and matrix are important issues that should be
studied. The potential applications of using the nanotubes
in real-life applications are huge ranging from genetic
probe, mechanical memory and nanoweezers, nanosensitive
sensor, hydrogen and ion storage, nanoetcher, nanoindentor
and nano®ller for nanocomposite structures [23]. It is dependent on how to utilise fully the extraordinary properties of

Fig. 22. (a) Fracture surface of a nanotube composite; (b) Two TEM images
show the original bent nanotube (left) at room temperature and (right) after
heating up [62].
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Fig. 23. The use of conducting carbon nanotube AFM tips as nanofabrication tools [42].

Fig. 24. A TEM image of a telescoped nanotube. The four-shell core section
of the nanotube has been extracted [67].

the nanotubes in different applications. This paper reports
recent development related to nanotubes and nanotube
composites. After grouping up all concluding remarks
from literatures, it has been found that there are still a
numerous problems that should be solved before putting
these advanced materials into a real life. For an instance,
only randomly oriented nanotube composite structures
could be made up-to-date. How to control the alignment
of the nanotubes during manufacturing process is one of
the big impacts for the design of nanotube composites.
In the future, there is no doubt that the nanotechnology
will be one of the emerging technologies that will play a
signi®cant role in developing future space vehicles. The
development of a new manufacturing process of nanotubes
with high purity, geometrical identity and productivity, and
low cost is an important factor in bringing the nanotubes to
be more acceptable to the society.
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