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Carbon Nanotubes and Nanofibre: An Overview
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Abstract: Carbon nanotubes are graphene sheets rolled up in cylinders with diameter as small as 1 nm. Extensive work car-
ried out in recent years has revealed the intriguing properties of this novel material. Exceptional property combined with low
density of nanotubes makes them suitable for use as reinforcements in composites. Low volume of production and high cost
is the main limitations towards their growth and application. Nanofibres bridge the gap between the conventional carbon fibre
and the carbon nanotubes. With their low cost & comparatively higher volume of production along with their exceptional
properties, the nanofibres are considered attractive material as nanoscale reinforcement. In this article a concise review of
structure, property, production and application of carbon nanotubes and nanofibres have been discussed.
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Introduction

In 1985 Smalley, Kroto and coworkers[1] discovered
fullerene structure Cg (buckyball) and this led to the Noble
Prize in chemistry in 1997. Cgis a soccer ball like molecule
made of pure carbon atoms bonded in hexagon and pentagon
configurations. The structure comprises of 60 carbon atoms
arranged by 20 hexagonal and 12 pentagonal faces to form a
sphere. The buckyball when elongated to form a long and
narrow tube with a diameter of approximately 1 nm, it is
called a nanotube. [jima[2] in 1991 first discovered the quasi
one-dimensional nanotube. The multi-walled carbon nanotubes
{MWNTs) in carbon soot was made by an arc discharge
method[2]. About two years later he reported single-walled
nanotubes (SWNTs)[3]. Since then nanotubes have captured
attention of researches worldwide. A lot of work has been
done to understand the unique structural, electrical, mechanical,
electromechanical and chemical properties of carbon nanotubes
and the application of this novel material.
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Figure 1. Different molecular structures of carbon based material
[60].

*Corresponding author: bdeopura@textile.iitd.ernet.in

134

In early 1960, Feynman(4] has predicted that the main
focus of future science and technology would be on
miniaturization, which will lead to designing of structure
starting from the atomic scale. At that time this was of
interests only to physicists and chemists.

The discovery of light and high strength nanotubes has
revolutionized researches as an ideal structural member for
designing nanostructural instrument and nanocomposite
structure. Nanotubes have extraordinary mechanical, electrical
and thermal properties.

The tensile modulus and strength of the nanotubes
ranging from 270 GPa to | TPa and 11-200 GPa respectively
have been reported{5,6]. Moreover, the nanotubes have high
thermal and electrical conductivity far better than copper. In
Figure 1 different crystal structures of carbon based material
are shown.

Production of Nanotubes

The basic principle for the synthesis of carbon nanotubes
is very simple: a carbonaceous feed stock has to be brought
into gas phase where subsequently the evaporated species can
self assemble into the tubular structures. The manufacturing
processes of nanotubes include direct-current arc discharge
[7-9], laser ablation[10], thermal and plasma enhanced
chemical vapour growth deposition (CVD)[11,12] and self
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Figrue 2. Schematic diagram of direct current arc discharge method.
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I'igure 3. Schematic diagram of laser ablation method.

.ssembly of single crystals of SWNTs methods[13].

Historically, the electric arc discharge was the first
lechnique for the production of both MWNTSs[2] and
3WNTs[3,14]. Using suitable catalysts and buffer gases,
this technique was improved towards the growth of bundles
f SWNTs in large amount|8].Direct current arc discharge
I Figure 2) and laser ablation (Figure 3) methods requires the
iddition of small amount of metal catalyst to increase the
ield of the nanotubes. The products are normally tangled
.nd in poorly ordered mat form. Although it was possible to
nake long individual nanotube with several hundred micron
ength, the difference in lattice arrangement in zigzag,
armchair and chiral forms coexists in the products. In
.ddition, these methods require very high temperature (arc
lischarge: 5000-20000 °C, laser ablation: 4000-5000 °C
15]), which make difficult the control of chirality and
liameter of nanotubes. In a recent paper Maser ef al.[16]
1as given a detail understanding of the nanotube production
1sing concentrated light sources (laser/sunlight).

Both the arc discharge and laser ablation techniques are
imited in the volume of samples they can produce in
elation to the size of the carbon source (the anode in the arc
lischarge and target in the laser ablation). In addition
subsequent purification steps are necessary to separate the
ubes from undesirable by products. These limitations have
notivated the development of gas phase techniques, such as
hemical vapour deposition (CVD), where nanotubes are
‘ormed by the decomposition of a carbon containing gas
17]. The gas phase techniques can be used as a continuous
yrocess since the carbon source is continually replaced by
Towing gas. Moreover, the purity of the nanotubes thus
yoduced is quite high and requires less purification steps.

A number of techniques have been reported in literature
for the production of carbon nanotubes using gas phase
echniques[12,18-21] in which carbon monoxide or other
tydrocarbon gas have been used as the source of carbon.
Zarbon monoxide based process gives high purity single-
walled carbon nanotubes compared to hydrocarbon gas
pased process. The advantage of hydrocarbon gas based
process is that it can operate at lower temperature of 600-
700°C and so a wide variety of substrates can be used for
‘he growth of the nanotubes[17]. Although the low temperature
lisassociation of hydrocarbon affects the purity of the as
srocessed nanotubes.
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Figure 4. SWNTs on molybdenum substrate[ 13].

One unique aspect of CVD technique is its ability to
synthesize aligned arrays of carbon nanotubes with controlled
diameter and length. Plasma enhanced chemical vapour
deposition has been successfully used for the synthesis of
straight well aligned nanotubes, where the plasma is excited
by a DC source[22-24] or a microwave source[25-29].
Figure 4 shows the SWNTSs grown on molybdenum substrate.

Structure and Morphology of Carbon Nanotubes

Carbon nanotubes can be visualised as a sheet of graphite
that has been rolled into a tube with end caps containing
pentagonal rings. In general, the nanotubes can be specified
in terms of tube diameter d, and the chiral angle 6. The
chiral vector C, is defined as a line connected from two
crystalographically equivalent sites O and C on a two
dimensional graphene structure. The chiral vector can be
defined in terms of lattice translation indices (n, m) and the
basic vector a; and a, of the hexagonal lattice{30], i.e.,

Ch=l’la1 + ma,. (1)

Where the integers (n, m) are the number of steps along

Figure 5. Schematic diagram of nanotube structure{17].
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Figure 6. Schematic structures of SWNTs and how they determine
the electronic properties. (a) A (10, 10) arm chair nanotube. Bottom
panel: the hexagon represents the first Broulloin zone of a graphene
sheet in reciprocal space. The vertical lines represent the electronic
states of the nanotube. The centre line crosses two corners of
hexagon, resulting in a metallic nanotube. (b) A (12, 0) zigzag
nanotube, The electronic states cross the hexagon corners, but a
small band gap can develop due to the curvature of the nanotube.
(c) The (14, 0) zigzag tube is semiconducting because the states on
the vertical lines miss the corner points of the hexagon. (d) A (7,
16) tube is semiconducting[31].

the zigzag carbon bonds of the hexagonal lattice and g, and
a, are unit vectors (Figure 5)[17]. The chiral angle
determines the amount of ‘twist’ in the tube. The two
limiting cases are where the chiral angle is at 0° and 30°.
These are zigzag and armchairs respectively based on the
geometry of the carbon bonds around the circumference of
the nanotube. In terms of the translational indices, the
zigzag nanotube is (n, 0) and the armchair nanotube is (n, n).
The electronic conductivity of nanotube is highly sensitive
to a slight change of these parameters. Graphite is considered
to be a semimetal, but it has been shown that nanotubes can
either be metallic or semiconductor depending on chirality
(Figure 6)[31].

Latest studies on electronic properties of nanotubes are
focused on the tube - tube electrical transportability at
different contact positions{32-34]. The resistance of contact
region depends on the nanotube geometry and chirality. The
conductance between nanotubes is higher when the two
tubes are in registry and the contact region is commensurate. It
has also been shown that the contact resistance depends on
externally applied force or pressure.

Mechanical Property

Carbon nanotubes are acicular single crystals of high
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Figure 7. Comparison of the tensile strength of different engineering
materials in log scale[60].

aspect ratio and having only few defects. It is chiefly this
low density of defects that confers excellent mechanical
properties to nanotubes. Moreover, the intrinsic strength of
the Carbon-Carbon sp” bond is expected to give the carbon
nanotubes the highest strength and modulus among all
existing whiskers. In Figure 7, the comparison of the tensile
strength of different engineering materials is shown.

The challenges in the characterisation of the nanotubes
are (a) complete lack of micro mechanical characterisation
techniques for direct property measurement, (b) tremendous
limitations on specimen size, (¢) uncertainty in data obtained
from indirect measurements, and (d) inadequacy in test
specimen preparation techniques[17].

In an earlier work, the elastic modulus of defect free
panotubes has been calculated by using the properties of
graphite and was found to be approximately 1060 GPa[35].
Ruoff and Lorents[36] have estimated the tensile strength of
nanotubes to be 20 GPa. Treacy et al.[37] estimated the
elastic modulus of isolated multiwailed nanotubes by
measuring the amplitude of their intrinsic thermal vibration.
The average value reported was 1.8 TPa. Wong and coworkers
[38] have studied the bending stiffness of cantilevered
MWNTs by Atomic Force Microscopy (AFM). They found
that the nanotubes were able to sustain a large elastic
deformation without breakage, making them suitable for
applications requiring storing or absorbing large amount of
energy. According to Falvo et al.[39], nanotubes can sustain
repeated bending as high as a local strain of 16 % without
failure. Rochefort er al.[40] have studied computationally
the bending and twisting of nanotubes. They found that the
electrical resistance of nanotubes increases with increasing
bending angle. It is also being reported[41] that the bending
modulus of nanotubes decreases rapidly with increasing
diameter of the nanotube due to formation of wave like
distortion on the surface of the nanotubes. Ru[42,43] have
used a continuum multi- shell elastic model to study the
buckling behaviour of nanotubes under uniaxial compressive
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loid. He concluded that the nanotubes were remarkably
re.ilient. It can sustain large strain without any sign of
brittleness, plasticity or atomic rearrangement. Yu et al.[44]
heve investigated the tensile loading of MWNTSs using
A “M. The failure of the outermost tube occurred followed
b pullout of the inner nanotubes. The experimentally
culculated tensile strength of the outermost layer ranged
from 11 to 63 GPa and the elastic modulus ranged from 270
tc 950 GPa.

The SWNTs tend to assemble in ropes of nanotubes.
S llvetat er al.[45] measured the properties of these
n. notube bundles with AFM. As the diameter of the tube
bundles increases, the axial and the shear moduli decrease
si znificantly. This suggests slipping of nanotubes within the
biindle. The elastic strain of nanotube bundles was investigated
b Walters et al.[46] using AFM. They calculated yield
st ength of 45+7 GPa for the nanotube ropes.

Srivastava et al.[47] have reported a new mechanism for
the collapse and plasticity of compressed thin nanotubes.
T 1e relaxation of the strain energy in the collapsed section
ol the tube causes immediate graphitic to diamond-like
binding reconstruction at the location of the collapse. In all
s mulations, carbon nanotubes, when subjected to large
dreformations, switch into different shapes accompanied by
abrupt release of stress energy[48]. The bending is fully
rcversible up to very large bending angles despite the
o:currence of kinks and highly strained tubule regions. This
it due to the ability of the sp’ network C-C bonds to
roversibly change hybridization when deformed out of
p ane.

Carbon Nanofibre

Carbon nanofibre are a unique form of vapour-grown
ciurbon fibre that bridge the gap between the larger,
conventional PAN or pitch based carbon fibres and the
sinaller single-wall or multi-wall carbon nanotubes. The
panofibres have transport and mechanical properties that
asproach the theoretical values of single crystal graphite,
s milar to the nanotubes, but can be produced in high
v Hlume at low cost. Investigations performed over last thirty

Tigure 8. SEM image of as grown Pyrograf ™-III carbon
r.anofibres (Courtesy: Pyrograf Products, Inc. USA).

Fibers and Polymers 2002, Vol.3,No4 137

Table 1. Properties of vapour grown carbon nanofibre’

Property As grown Heat treated
Tensile Strength (GPa) 2.7 7.0
Modulus (GPa) 400 600
Ultimate strain (%) 1.5 0.5
Density (g/cc) 1.8 2.1
Electrical resistivity (yohm-cm) 1000 55
Thermal conductivity (W/m-K) 20 1950

*Courtesy: Pyrograf Products Inc. USA

years mainly devoted to the understanding the growth
mechanism and property development from various similar
gas phase techniques[49-51]. Figure 8 shows the typical
SEM image of as grown carbon nanofibres. Some typical
properties of carbon nanofibres are given in Table 1.

Nanofibre Morphology

Vapour phase produced carbon nanofibres are similar to
fullerene nanotubes in the nanoscale domain of initial
formation and highly graphitic structure of the initial
filament. Carbon nanofibres are made by a variation of the
vapour-phase catalytic method in which a carbon containing
feedstock is pyrolysed in the presence of small metal
catalyst particles[52-54]. The nanofibre growth normally
proceeds in a two-stage process of lengthening followed by
thickening[49,53,55]. In the first stage, carbon from the hot
atmosphere is absorbed into the catalyst particle and then
precipitates out on one side to form a highly graphitic strand
with a diameter roughly equal to that of the catalyst particle.
After lengthening, chemical vapour deposition of carbon
covers the catalyst and builds up the diameter of the
nanofibre.

Application

It is rightly said that if good things come in small
packages, then the tiniest package should harbor the best
things, such is the thinking surrounding carbon nanotubes.
The tubular structure of nanotubes imparts exceptional
mechanical and electronic properties to the carbon nanotubes.
The short list of attributes includes super strength, combined
with low weight, stability, flexibility, good heat conductance,
large surface area and a host of intriguing electronic
properties.

The experimental activity in the nanotube/fibre field is
currently very large and broad. A few examples include
observations of metallic transport and nonlinear on-tube
devices including rectifier[56] and transistor[57], single
electron transport[58] and behaviour suggesting 1D electronic
structure[59]. Other applications include the possibilities
associated with the strength of nanotubes/fibres. It is well
understood that carbon nanotubes/fibres can not be used
alone without any supporting medium or matrix to form
structural components. As a consequence, there has been
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recent interest in the development of nanotube/fibre based
composites. Although most of the work is focused on the
development of polymer based composites, attempts have
also been made to develop metal and ceramic matrix
composites.

Conclusion

Carbon nanotubes and nanofibres have exceptional
properties and have tremendous potential as material for
nanoscale reinforcement. Extensive research going on
worldwide will definitely led to development of composites
having superior properties.
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