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Summary 

For many applications, notably for engineering applications, synthetic polymers lack the 
necessary stiffness compared with a classical construction material such as steel. The 
stiffness values for synthetic polymers, expressed as the Young’s modulus, are in the 
range of 3000 – 4000 MPa for amorphous polymers in the glassy state and for semi-
crystalline polymers the maximum stiffness is at most 3000 MPa (3 GPa). 
 
Synthetic polymers can be made very stiff and strong in one dimension (1-D), viz. 
fibres/tapes, by chain alignment. Prime examples are the polyethylene fibres, Dyneema® 
produced by DSM and the aramid fibres (Kevlar®/Du Pont and Twaron®/Teijin). 
These organic superfibres are less suitable for structural composites because of their 
highly anisotropic nature, viz. they possess superior mechanical behaviour in the fibre 
direction only, but show a relativley poor performance in off-axis loadings (shear, 
compression). For structural composites, glass and carbon fibres are used nowadays to 
improve the polymer properties. For ultimate performance, continuous carbon fibres are 
needed. However, these materials require special processing techniques and, moreover, 
carbon fibres are usually too expensive for standard applications such as automotive 
parts.  
 
The main processing technique to make fast three dimensional (3-D) articles is injection 
moulding. In the case of injection moulding, short glass fibres are typically used as 
reinforcing elements, but also many other additives (fillers), of particular nature, are used 
to boost the mechanical performance such as mica, talcum etc. In fact, a plastic 
(compound) is often a mixture of the synthetic polymer as the base material and 
inorganic fillers to boost the mechanical performance, but also improve flow properties, 
next to colourants, stabilisers (to prevent premature oxy-degradation) etc. Although 
micrometer-sized inorganic fillers like talcum or mica can lead to some property 
improvement, they have major limitations as they lead to a significant embrittlement of 
the polymer. Hence, for traditional composite materials a counterbalance exists between 
properties and processability, which poses a limit on their applications. 
 
In the past decade, nano-composites, where the filler has at least one dimension in the 
nanometer range, have attracted an enormous interest in both academia and industry. It 
is expected that the classical compromise between properties and processing might be 
eliminated in these materials, since only low loadings of nano-filler are needed to 
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reinforce the matrix. Furthermore, it is expected that nano-composites might exhibit 
improved stiffness without scarifying toughness.  
 
Among nano-fillers, carbon nanotubes (CNTs) have attracted interest as reinforcing 
fillers because of their superb mechanical properties (Young’s modulus 1 TPa and tensile 
strength 100-150 GPa), but they are also regarded as the ultimate fillers for creating 
electrically conductive polymer composites (CPCs). Nanotubes exhibit electrical 
conductivity as high as 108 S/m and can transform an insulating polymer into a 
conducting composite at very low loading because of their extremely high aspect ratio. 
They exist in two forms, namely singlewall nanotubes (SWNTs), which are made of a 
single graphene layer and multiwall nanotubes (MWNTs), which are made of coaxial 
cylinders. Despite their amazing properties, the success of carbon nanotubes in polymer 
composites has been limited and not yet led to a wide range of commercial products, one 
reason being the difficulty in dispersing them in the hosting matrix. This is not a trivial 
task, since the extremely large surface area that characterises nanotubes is responsible for 
their strong tendency to form agglomerates. In addition, good interfacial interaction and 
stress transfer between carbon nanotubes and polymer matrices is essential for good 
mechanical properties of the composites. Finally, similar to macromolecules, the 
excellent intrinsic mechanical properties of CNTs can only be completely exploited if 
uniaxial orientation is achieved. 
 
In the present study, the real potential of CNTs as reinforcing fibres in polymer 
composites has been explored, with particular emphasis to oriented systems like tapes 
and fibres. In addition, the use of carbon nanotubes as conducting filler has been 
investigated, with special attention to the application as sensor materials.  
 
Ultra-high-molecular-weight polyethylene (UHMW-PE)/MWNTs composites have been 
prepared by a novel approach. The method involves the use of a mixture of solvents 
during the gelation process. The electrical properties of the as-prepared films and drawn 
tapes have been investigated. Above percolation, the conductivity was gradually 
decreased during the stretching process, which is responsible for a change in distribution 
and alignment of MWNTs. However, it is interesting to note that the conductivity at a 
draw ratio of 30 can still reach 10-4 S/m, probably because of the high aspect ratio of the 
MWNTs. This level is two orders of magnitude higher than the minimum required to 
provide electrostatic discharge, making these fibres interesting from a mechanical and 
electrical point of view. 
 
Although the prospect of creating the ultimate conductive unidirectional nano-composite 
fibre by combining high strength PE fibre with carbon nanotube is very intriguing, a 
simple composite model showed that at least 5 wt% SWNTs, homogeneously dispersed, 
fully aligned and with perfect matrix interaction, are needed to increase the strength of 
standard UHMW-PE fibre by 32%. Below this critical concentration, the contribution of 
the SWNTs to the composite fibre strength is only 35 GPa, which is fairly low compared 
to their theoretical strength of 100-150 GPa. The highly apolar character of a polyolefin 
combined with the inert nature of carbon nanotube make the task of obtaining 
homogeneous nano-composites at such high loading a real challenge and defeats to some 
extent the idea of nanocomposites where property improvement is sought at low 
loadings. In conclusion, carbon nanotubes can be used as fillers in UHMW-PE in order 
to create conductive films or fibres. However, the idea of using carbon nanotubes, 
especially MWNTs, as reinforcing nanofibres for UHMW-PE should be carefully 
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reconsidered, since the ultimate mechanical properties might be compromised by the 
addition of carbon nanotubes to the perfect structure of the pure polymer fibre. 
 
A second system has been investigated, poly(vinyl alcohol) (PVA)/SWNTs nano-
composites. They were prepared by a mild processing route, involving the use of an ionic 
surfactant, sodium dodecyl sulfate (SDS) in aqueous solutions. In order to evaluate the 
influence of this surfactant on the mechanical properties of the nano-composites, this 
system was compared with a surfactant-free system based on the use of an organic 
solvent, dimethyl sulfoxide (DMSO). In contrast to the results found for UHMW-PE, 
significant enhancements of mechanical properties have been found for both PVA based 
systems at low nanotube loading. Micromechanical analysis showed that the nanotubes 
contribution to the nanocomposite strength was as high as 68 GPa for the aqueous SDS 
based system and 75 GPa for the DMSO system. These values are very high when 
compared to most other data reported in literature and starts to exploit the theoretical 
strength of the CNTs.  
 
The systems were very similar in terms of dispersion, stress transfer and mechanical 
behaviour. However, X-ray studies demonstrated that the two systems were very 
different in terms of the effect that nanotubes had on the polymer morphology. SWNTs 
were found to change the pre-orientation of the crystals in the cast films in the aqueous 
system, while they had no effect in the DMSO system. This result is very important for 
the assessment of the true reinforcing efficiency of the nanotubes.  While the 
improvement of the mechanical properties in the aqueous system can be ascribed to 
some extent to the change in initial morphology of the polymer, the enhanced 
mechanical properties in the DMSO system can be fully attributed to the true 
reinforcement of nanotubes within the polymer matrix. This result highlights that it is 
possible to exploit the great potential of carbon nanotubes in terms of mechanical 
reinforcement. However, it also shows that it is of paramount importance to assess the 
effect of nanotubes on polymer morphology in order to establish whether true 
reinforcement is present. 
 
Finally, the effect of incorporating MWNTs in an elastomer, ethylene-propylene-diene-
monomer (EPDM) has been investigated. The main focus of the study was on the 
electrical behaviour of the nanocomposites, in view of possible sensor applications. The 
percolation threshold has been determined and was consistent with the predictions of 
Munson-McGee for a system of conductive fillers of aspect ratio between 40 and 130. A 
linear relation has been found between conductivity and strain up to 10% strain. This 
could be used for applications such as sensor materials. Cyclic experiments were 
conducted to establish whether the linear relation was reversible, which is an important 
requirement for sensor materials. These measurements showed that the change in 
conductivity presents a reversible part and an irreversible one. A similar trend was 
previously reported for short carbon fibre filled epoxy and was attributed to damage (the 
irreversible part) and piezoresistivity (the reversible part). An analogous conclusion can 
be drawn in this case, where the reversible part could be due to piezoresistivity and the 
irreversible part to damage. Although this behaviour is detrimental for the use as sensors, 
the experiments also showed that the material stabilises during the measurement, when 
the change in normalised conductivity becomes more repeatable. Although further 
optimisation is needed, these initial results showed that CNTs have great potential for the 
creation of conductive sensor fibres that can be used in future smart textile applications.   





 

 

 

 

 

Chapter 1 

Introduction 

1.1 Nanocomposite materials 

In the polymer industry, there is a continuous search towards new materials with 
improved properties. In the early days, chemists developed new monomers for the 
polymerisation of new materials. Later, more efforts were devoted to improving 
properties of existing plastics by blending several plastics with known properties to create 
new grades with improved properties. However, for most engineering applications, the 
ultimate properties that can be achieved in this way are inadequate. High strength and 
stiffness can be achieved by two methods: 
 
a) orientation of polymer chains, creating unidirectional structures, 
 
b) addition of strong and stiff particles of high aspect ratio, creating composite materials. 
 
Two different approaches can be identified for the creation of oriented structures: highly 
rigid chains can be designed such as aromatic polyamides (aramid fibres) or flexible chain 
polymers can be transformed from folded–chain crystals into chain-extended structures 
by a variety of methods. Among rigid chain polymers, it is worth mentioning poly(p-
phenylene terephthalamide), PPTA, currently produced by DuPont (Kevlar®) and Teijin 
(Twaron®), while for flexible chain polymers, polyethylene is the most promising and is 
currently produced by DSM (Dyneema®) and its licensee Honeywell (Spectra®). 
As for composites, the addition of high-modulus fillers of high aspect ratio increases 
both the modulus and the strength of a polymer. The mechanism that is responsible for 
this improvement is the stress transfer from the matrix to the filler. At a given strain, the 
filler carries more stress since it is stiffer than the matrix. The use of long fibres in 
thermosetting matrices can create composites with a strength and stiffness comparable to 
metals at a fraction of the weight. For this reason, these materials find applications in 
aircraft and in sport equipment. However, the processing of these materials is quite 
complex. On the other hand, the use of short fibres makes the processing of the material 
easier, but to the expense of the final properties, since the short fibres carry less load.  
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Figure 1.1 shows the stress transfer profile in a composite material. The classic approach 
to maximize the reinforcing efficiency is to increase the fibre length. However, this 
results in difficulties in the processing (read: flow) of the composites. On the other hand, 
by decreasing the diameter of the reinforcing fibre, it is possible to increase the 
reinforcing efficiency without sacrifying the processability. In fact, the critical length (lc) 
is directly proportional to the diameter of the fibre, d, as Equation 1.1 shows. 
 

c

f
c

d
l

τ
σ
2

= (1.1)

 
where σf is the tensile strength of the fibre and τc is the shear strength of the bond 
between the matrix and the fibre. For this reason, nanofillers have been generating a 
great deal of interest during the last decade among material scientists. The development 
of nanocomposites may lead to a breakthrough in which the counterbalance between 
performances and processability is no longer present, thanks to the extremely large 
aspect ratio of the nanofiller. Due to the nanoscale filler, these composites might be 
shaped nearly as easy as the neat matrix, using conventional moulding processes such as 
injection moulding, but with significantly improved mechanical properties, due to the 
synergistic interaction between the nanofiller and the matrix. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.1 Stress transfer profile from the matrix to the fibre. (a) The composite strength is increased by 
increasing the fibre length, classic composites. (b) The composite strength is increased by decreasing the 
fibre diameter, nanocomposites.  
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Polymer nanocomposites are a new class of composite materials, which have received 
more and more attention since the pioneering work at Toyota on montmorillonite clay in 
polyamide-6 in 1987 [ 1]. It was found that well-dispersed layers could greatly reinforce 
nylon. Successive calculations showed that fillers with dimensions in the range of 
nanometers [ 2] present superior reinforcing efficiency as compared to traditional micron-
sized fillers [ 3], as shown in Figure 1.2, where the mechanical properties of nylon 6 
composites are reported. The relative Young’s modulus, Ec/Em , is increased much more 
rapidly by addition of aluminosilicate platelets than by glass fibres. 
Since then, attention to nanocomposite materials has rapidly increased both in terms of 
fundamental interest and practical applications. This interest results from the prospect of 
obtaining unique combinations of properties unachievable with traditional materials. Not 
only can nanostructured materials exhibit enhanced toughness without sacrificing 
stiffness or optical clarity, but they can also possess greater thermal and oxidative 
stability, better barrier properties, as well as unique properties like self-extinguishing 
behaviour. 
  

 
 
Figure 1.2 Comparison of the reinforcement of nylon 6 by organically modified montmorillonite 
(nanocomposites) and glass fibres [ 4].  
 
Furthermore, many biological structures are composite materials, which present a 
hierarchical arrangement. Hierarchical solids contain structural elements which 
themselves have structure. The hierarchical order of a structure or a material may be 
defined as the number n of levels of scale with recognized structure [ 5]. Natural materials, 
such as shell, bone or tooth, often exhibit hierarchical order down to the nanoscale and 
their fracture energy can be orders of magnitude higher than that of the mineral [ 6]. This 
property was attributed by Gao et al. [ 7] to the fact that materials may become insensitive 
to defects below a certain critical length scale (~ 30 nm), where the material fails no 
longer by propagation of a pre-existing crack, but by uniform rupture at the limiting 
strength of the material. Gao and Chen [ 8] considered a thin strip containing interior or 
edge cracks under uniaxial tension and showed that below a critical size the strip has the 
intrinsic capability to tolerate cracks of all sizes. 
Classic man-made composites commonly have a low order of hierarchical structure in 
which fibres (microscale) are embedded in a matrix to form an anisotropic sheet or 
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lamina; such laminae are bonded together to form a laminate. However, the development 
of man-made nanocomposites could lead to composite materials with the same level of 
complexity in terms of hierarchical structure as the one found in natural systems with the 
subsequent benefits. 
 
1.2 Nanoplatelets vs. nanofibres 

In general, nanocomposites consist of a nanometer-scale phase in combination with 
another phase. In terms of nanofiller dimensionality, they can be classified as zero-
dimensional (nanosphere), one-dimensional (nanofibre), two-dimensional (nanoplatelet), 
and three-dimensional (interpenetrating network) systems [ 9]. 
A morphological characteristic that is of fundamental importance in understanding the 
structure-property relation in nanocomposites is the surface area/volume ratio (A/V) of 
the reinforcement material (Figure 1.3). The reduction of particle diameter (d), platelet 
thickness (t), or fibre diameter (d) from micrometer to nanometer changes the ratio by 
three orders of magnitude. This drastic increase in interfacial area for nanofillers means 
that the properties of the composites will be dominated by the properties of the 
interface.  
In addition, the increase in interfacial area makes the dispersion of fillers more difficult 
since the tendency to agglomerate will be greater due to the larger contact surfaces. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 Surface area/volume (A/V) relations for various reinforcing geometry [Adapted from  10]. d is 
the particle or fibre diameter, l is the fibre or platelet length and t is the platelet thickness. 
 
Most research in the area of nanocomposites has focused on the synthesis and 
characterisation of so-called two-dimensional structured nanocomposites (e.g. clay 
platelets), however, with the discovery of carbon nanotubes (CNTs) more and more 
interest is addressed to the so-called one-dimensional nanocomposites and a lot of 
activities are being initiated worldwide. In terms of surface area/volume ratio, the 
increase with respect to the aspect ratio is much quicker for platelet compared to fibre 
for a given volume, as shown in Figure 1.4. This means that the former are more difficult 
to disperse than the latter. In addition, the packing efficiency for nanoplatelets is greater 
than for nanofibres, making them even more difficult to disperse. As a consequence, 
homogeneous nanocomposite should be created more easily using nanofibres rather than 
nanoplatelet. 
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Figure 1.4 Plot of surface area/volume ratio (A/V) vs. aspect ratio for cylindrical particles with a given 
volume [redrawn from  11]. 
 
Furthermore, theoretical predictions by van Es [ 12] show that the reinforcing potential of 
fibres is higher than that of platelet. Figure 1.5 shows the relative Young’s modulus of 
unidirectional composites reinforced by platelets or fibres as calculated using Haplin-Tsai 
and Mori-Tanaka models. It shows that at a given aspect ratio, fibre reinforcement gives 
higher stiffness than platelet reinforcement. At high aspect ratio, both types of 
reinforcement approach the limit given by the rule of mixtures. For fibres, this limit is 
reached at an aspect ratio of about 100, while for platelet this limit is reached at an aspect 
ratio of about 1000. 
 

 
Figure 1.5 Calculated Young’s modulus of a unidirectional composite reinforced by platelets or fibres. The 
lines represent Halpin-Tsai’s estimates and the symbols represent results of Mori-Tanaka’s calculations 
[ 12]. 
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1.3 Scope of this thesis 

The main objective of this thesis is to explore the real potential of CNTs as reinforcing 
fibres in polymer composites, with particular emphasis to oriented systems. Particular 
attention will be devoted to the improvement of strength of high performance fibres, e.g. 
ultra-high molecular weight polyethylene, UHMW-PE, and poly(vinyl alcohol), PVA. In 
addition, the use of CNTs as conductive filler to transform an insulating polymer into a 
conductive material will be investigated, with special attention to the application as 
sensor materials. 
 
1.4 Outline of this thesis 

In this thesis several aspects of oriented nanocomposite materials based on CNTs will be 
discussed. Chapter 2 will present an extensive overview on CNTs and CNT/polymer 
composites. The factors affecting the macroscopic properties will be identified and the 
current preparation methods will be described, with particular emphasis on the 
preparation of aligned nanocomposite materials. In Chapter 3, UHMW-PE/MWNTs 
composites will be investigated. A novel approach for the preparation of nanocomposites 
will be described. The electrical properties of the as-prepared film and drawn tapes will 
be investigated as well as the mechanical properties. An assessment of the real 
reinforcement potential of CNTs in highly oriented UHMW-PE fibres will be presented. 
In Chapter 4, the phase diagram of single wall nanotubes and sodium dodecyl sulfate 
(SWNT/SDS) in water will be used as a starting point for the preparation of 
homogeneous PVA nanocomposites from aqueous solutions. The nanocomposite films 
will be fully characterized in terms of dispersion, stress transfer and crystallinity. The 
mechanical properties of these materials will be also characterized and assessed using the 
Cox-Krenchel model. Chapter 5 will be devoted to the preparation of highly oriented 
tapes by solid state drawing. These materials displayed superior mechanical properties as 
compared to the reference polymer. PVA/SWNT nanocomposite prepared from organic 
solutions with no surfactant will be compared to the nanocomposites prepared using 
SDS from aqueous solutions. Finally, an assessment of the real reinforcement potential 
of SWNTS in highly oriented PVA fibres will be presented. 
In Chapter 6, ethylene-propylene-diene-monomer (EPDM)/MWNTs will be 
investigated. The mechanical and electrical behaviour of the nanocomposites will be 
studied. In particular, the effect of mechanical stretching on the conductivity will be 
investigated, with particular attention to the application as sensors. 
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Chapter 2 

Carbon nanotubes (CNTs) and CNT/polymer 
composites 

2.1 Background 

Carbon nanotubes are unique nanostructures with extraordinary electronic and 
mechanical properties. Interest from the scientific community first focused on their 
outstanding electronic properties. As other useful properties have been discovered, 
particularly mechanical properties, interest has grown in potential applications. 
An ideal nanotube can be thought of as a hexagonal network of carbon atoms rolled up 
to make a seamless cylinder. Just a nanometre in diameter, the cylinder can be tens of 
microns long, and each end is "capped" with half of a fullerene molecule. CNTs exist in 
two categories (Figure 2.1): (1) single-wall nanotubes which possess the fundamental 
cylindrical structure, and (2) multi-wall nanotubes which are made of coaxial cylinders, 
with spacing between the layers close to that of the interlayer distance in graphite (0.34 
nm). 
 

                   
 

Figure 2.1 Schematic diagrams of (a) single-wall nanotube (SWNT) and (b) multi-wall nanotube (MWNT) 
[ 1]. 
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2.2 History of nanotubes 

The first CNTs were prepared by M. Endo in 1978, as part of his PhD studies at the 
University of Orleans in France. He produced very small diameter filaments (about 7 nm) 
using a vapour-growth technique, but these fibres were not recognized as nanotubes and 
were not studied systematically. 
It was only after the discovery of fullerenes, C60, in 1985 by Kroto et al. [ 2] that 
researchers started to explore carbon structures further. In 1991, when the Japanese 
electron microscopist Sumio Iijima [ 3] observed CNTs, the field really started to advance. 
He was studying the material deposited on the cathode during the arc-evaporation 
synthesis of fullerenes and he came across CNTs. 
A short time later, Thomas Ebbesen and Pulickel Ajayan, from Iijima's lab, showed how 
nanotubes could be produced in bulk quantities by varying the arc-evaporation 
conditions. But the standard arc-evaporation method had produced only multiwall 
nanotubes. After some research, it was found that addition of metals such as cobalt to 
the graphite electrodes resulted in extremely fine singlewall nanotubes. The synthesis in 
1993 of SWNTs was a major event in the development of CNTs [ 4,  5]. 
Although the discovery of CNTs was an accidental event, it opened the way to a 
flourishing research into the properties of CNTs in labs all over the world, with many 
scientists demonstrating promising physical, chemical, structural, electronic, and optical 
properties of CNTs. 

 

2.3 Structure of nanotubes  

The primary symmetry classification of a CNT divides them into achiral or chiral [ 6]. An 
achiral nanotube is defined by a nanotube whose mirror image has an indistinguishable 
structure to the original one. And, as a consequence, it is superimposable to it. There are 
only two cases of achiral nanotubes: armchair and zig-zag nanotubes. 
The simplest way of specifying the structure of an individual tube is in terms of a vector, 
the chiral vector (Ch) joining two equivalent points on the original graphene lattice. The 
cylinder is produced by rolling up the sheet such that the two end-points of the vector 
are superimposed (Figure 2.2). 
The chiral vector can be defined in terms of the lattice translational indices (n,m) and the 
basic vectors a1 and a2 of the hexagonal lattice and corresponds to a section of the 
nanotube perpendicular to the nanotube axis. 
 

Ch = na1 + ma2 (n, m are integers, 0 ≤ |m| ≤n) (2.1)
 
The chiral angle, θ, is defined as the angle between the vectors Ch and a1, with values of 
θ in the range 0º ≤ | θ | ≤ 30º, due to the hexagonal symmetry of the honeycomb 
lattice. 
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mn
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The chiral angle θ denotes the tilt angle of the hexagons with respect to the nanotube 
axis, and the angle θ specifies the spiral symmetry. The two limiting cases, corresponding 
to the achiral nanotubes, exist where the chiral angle is at 0° (zig-zag) and 30° (armchair). 
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The diameter of the CNT (dt) is given by L/π, in which L is the circumferencial length of 
the CNT: 
 

dt = L/π (2.3)
 

nmmnaL ++=⋅== 22
hhh CCC (2.4)

 

 
Figure 2.2 Schematic diagram showing how a hexagonal sheet of graphite is “rolled” to form a CNT [ 7]. 

 
Although the chirality has a relatively small influence on the elastic stiffness, the Stone-
Wales transformation (Figure 2.3), a reversible diatomic interchange where the resulting 
structure is two pentagons and two heptagons in pairs, plays a key role in the nanotube 
plastic deformation under tension. 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 The Stone-Wales transformation occurring in an armchair nanotube under axial tension [ 7]. 
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2.4 Synthesis of nanotubes 
The properties of CNTs are closely related to their method of production. In early work 
the arc discharge and laser vaporisations processes were the most common forms of 
nanotube production. However, in the interest of developing a process which could be 
easily scaled up for industrial production, more and more work has been devoted to 
chemical vapor deposition (CVD) techniques. In Table 2.1, a short summary of the 
above-mentioned techniques is given. 
 
Table 2.1 Common methods for CNTs production. 
 
Method Summary Yield Strength Weakness 
Arc discharge 
[ 8] 

Graphite 
evaporated by a 
plasma via high 
current 

30% SWNT and 
MWNT with 
few structural 
defects 

Tubes tend to 
be short and 
entangled 

Chemical 
Vapor 
Deposition 
(CVD) [ 9] 

Decomposition 
of carbon-
based gas 

20-100% Easiest to scale 
up to industrial 
production 

Typically 
MWNT with a 
high density of 
defects 

Laser ablation 
[ 10] 

Graphite 
blasted with 
intense laser 
pulses 

Up to 70% Diameter 
control via 
reaction 
temperature 

More expensive 
than other 
methods 

High Pressure 
CO conversion 
(HiPCO) [ 11] 

Metal catalysts 
nucleate SWNT 
at high 
temperature 
and pressure 

95% 
 

Excellent 
structural 
integrity for 
CVD process 

Production 
rates still 
relatively low 

 
In the synthesis methods reported, CNTs are found along with other materials, such as 
amorphous carbon and carbon nanoparticles. The removal of these graphitic impurities 
has stimulated substantial levels of research, which have met significant success. 
However, considerable problems still remain for all present purification techniques. Most 
of these methods rely on the difference in resistance to oxidation, either thermal or 
chemical, between nanotubes and impurities. However, this difference is marginal, 
resulting in significant nanotube oxidation during purification. Alternatively, non-
destructive methods such as microfiltration or size exclusion chromatography can be 
employed but tend to be prohibitively slow. 

 
2.5 Prices and production capacity  

Current (2006) global production capacity of MWNTs is already higher than 300 tons a 
year and is expected to experience a significant increase in the next five years [ 12]. For 
example, Bayer has annual capacity of 30 tons, but an industrial-scale plant with an 
annual capacity of 3,000 tons is planned to be ready by 2010 [ 13]. For SWNTs, current 
global production is estimated to be in the hundreds of kilograms. Although sales are still 
very much as sample material for R&D projects, producers are expecting demands to 
grow in the next 5-10 years if a number of issues, including high cost, inadequate purity 
levels, and insufficient product yields in manufacturing, are resolved. 
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Prices of MWNTs vary between 0.2 and 78 €/g, depending on producer, purity and type 
[ 12]. The average prices are very likely to decrease by 2010. Currently, Korean companies 
are offering the lowest prices. 
Raw SWNTs (with an average purity of 50%) vary enormously between 12 and 400 €/g. 
Purified SWNTs (75-90% in weight) cost between 20 and 600 €/g, and some companies 
have expressed plans to lower prices even further by 2010 [ 12]. 
Nearly 65% of the global MWNTs production takes place in the US.,  while the second 
major producer is Korea. Although only 13% of the total number of producers is located 
in China, it is rapidly increasing its SWNTs production, with nearly half of the global 
production already taking place there. The other half takes place in the US, which holds 
46% of the companies producing SWNTs [ 12]. 
 
2.6 Health issues 

As large-scale manufacturing gradually becomes routine for the production of CNTs, 
handling and exposure (dermal and pulmonary) of workers to CNT brings exposure-risk 
issues to the surface. Maynard et al. [ 14] have studied the release of particles from 
unrefined SWNT material into the air and the potential routes of exposure of the 
workers in a small-scale production facility. They have found that handling of unrefined 
material produces airborne particle concentrations of 53 µg/m3 and glove deposits of 
0.2–6 mg per hand. Lam et al. [ 15] have also investigated the pulmonary toxicity of 
SWNT in mice and considered that chronic inhalation exposure of SWNT is a serious 
occupational health hazard.  
In addition, since CNTs are nanoparticles, potential harmful effects arise from the 
combination of various factors, two of which are particularly important: (a) the high 
surface area and (b) the intrinsic toxicity of the surface [ 16]. In contrast with 
conventional particles of larger mean diameter, nanoparticles under 100 nm can 
potentially be more toxic to the lung (portal of entry), can redistribute from their site of 
deposition, can escape from the normal phagocytic defenses and can modify the 
structure of proteins. Therefore, nanoparticles can activate inflammatory and 
immunological responses and may affect the normal tissue function [ 16]. 
Until a clear toxicity appraisal is available, CNTs should be handled as toxic material. 
However, any harmful effects CNTs may present are greatly reduced when they are 
embedded in polymer to create nanocomposites. 
 
2.7 Properties of nanotubes 

2.7.1 Electronic properties 
The previously mentioned differences in chirality play an important role in the electronic 
properties of CNTs. Theoretical studies on the electronic properties of CNTs indicate 
that all armchair tubes have metallic band-structure, as well as zigzag nanotubes 
exhibiting values of m, n multiples of three [ 17,  18]. In summary, the metallic transport 
condition for nanotubes can be expressed as: 
 

integernm
=

+
3

)2(
.

(2.5)

 
It is noteworthy that SWNTs can be either metallic or semiconducting depending on the 
choice of (m, n), although there is no difference in the chemical bonding between the 
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carbon atoms within the nanotubes and no doping or impurities are present (Figure 2.4). 
The unique electronic properties of CNTs are caused by the quantum confinement of 
electrons normal to the nanotube axis. In the radial direction, electrons are confined by 
the monolayer thickness of the graphene sheet. Consequently, electrons can propagate 
only along the nanotube axis, and so to their wave vector points. The resulting number 
of one-dimensional conduction and valence bands effectively depend on the standing 
waves that are set up around the circumference of the carbon nanotube. The sharp 
intensities (spikes) shown in the density of states (DOS) of the tubes are known as van 
Hove singularities and are the result of this one-dimensional quantum conduction (Figure 
2.4) that is not present in an infinite graphite crystal [ 19]. 
 

 
Figure 2.4 Density of states (DOS) exhibiting the valence-band (negative values) and conduction-band 
(positive values) and the Fermi energy (Ef; centered at 0 eV) for (a) a metallic armchair (5,5) tube, which 
shows electronic states at the Ef (characteristic of a metal) (b) a zigzag tube revealing semiconducting 
behaviour caused by the energy gap located between the valence and conduction band (characteristic of 
semiconductors). The spikes shown in the DOS of the tubes are called van Hove singularities and are the 
result of the one-dimensional quantum confinement, which is not present in an infinite graphite crystal 
[ 20].  
 
MWNTs are more complex objects than SWNTs since each one of their carbon shells 
can have different electronic character and chirality. However, in studies of MWNTs 

Energy [eV] 

Energy [eV] 
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with a metallic outer shell that are side-bonded to metal electrodes, it was concluded that 
electrical transport at low energies is dominated by outer-shell conduction [ 21]. 

 

2.7.2 Transport properties 
Theoretical conductivity 

In a macroscopic conductor, the resistivity, ρ, and the conductivity, σ, are physical 
properties of a material. However, when the size of the conductor becomes small 
compared to the characterisctic lengths for the motion of electrons, then ρ and σ will 
both depend on the dimension L through quantum effects. The quantized resistance of a 
CNT (R0) has been calculated [ 6] and is equal to 

 

Ω⋅== 3
20 109064.12

2e
hR (2.6)

 
The inverse of R0 gives the quantized conductance G0 by 

 

S
h
e

R
G 6

2

0
0 104809.7721 −⋅=== (2.7)

 
Ponchral et al. [ 22] measured the resistivity of nanotubes using a scanning probe 
microscope (SPM). They obtain a value of ρ < 100 Ω/µm.  
Chemical doping of SWNTs with electron donors or acceptors has been used to enhance 
their electrical conductivity in analogy to the well-known graphite intercalation 
compounds. 
 
2.7.3 Vibrational properties  
Phonon structure 

Phonons denote the element of motion or quantized normal mode vibrations of a 
system. The graphene sheet has two atoms per unit cell, thus having six phonon branches 
(Figure 2.5(a) and 2.5(b)). As for the electronic properties, the phonon dispersion 
relations and phonon density of states (DOS) for SWNTs can be deducted from those of 
the graphene sheet [ 6,  23]. 

The phonon dispersion for a (10,10) SWNT obtained by a zone-folding procedure is 
illustrated in Figure 2.5(c), and the respective phonon DOS is shown in Figure 2.5(d). 
The large amount of sharp structure in the phonon density of states in Figure 2.5(d) for 
the (10,10) SWNT reflects the many phonon branches and the one dimensional nature of 
SWNTs relative to two dimensional graphite arising from the quantum confinement of 
the phonon states in van Hove singularities [ 6,  23]. 
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Figure 2.5 (a) Phonon dispersion of 2-D graphite using the force constants from Reference [ 24]. (b) The 
phonon density of states for a 2-D graphene sheet. (c) The calculated phonon dispersion relations of an 
armchair CNT with (n, m) = (10, 10), for which there are 120 degrees of freedom and 66 distinct phonon 
branches [ 6], calculated from (a) by using the zone-folding procedure. (d) The corresponding phonon 
density of states for a (10,10) nanotube [ 23]. 
 
Raman spectroscopy  

Raman spectroscopy is used to record the scattered radiation as a shift from the incident 
beam frequency processes, which can occur when a photon is scattered [ 25]. The Raman 
effect is illustrated in Figure 2.6, where the frequency of an incident beam, v, is scattered 
by the molecular vibration of a sample. When an incident beam irradiates the molecule, 
Rayleigh scattering is strong and has the same frequency as the incident beam (v). At the 
same time, a small amount of radiation may be scattered at different frequencies with 
either an energy gain or loss. Stokes Raman scattering has frequencies of v – ∆v and 
occurs due to the photons exciting molecules to a higher vibrational level resulting in 
their losing energy of the photons. Therefore, Stokes Raman scattering occurs at a lower 
frequency and a longer wavelength than Rayleigh scattering. Anti-Stokes Raman 
scattering is recorded at the frequency v + ∆v since the photons gain energy from the 
vibrating molecules. This process appears at higher frequencies and shorter wavelength 
compared to the incident radiation. 
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Figure 2.6 Origin of Rayleigh and Raman scattering [adapted from  25]. 
 
The Raman spectra of SWNT exhibit two first-order and two second-order bands 
(Figure 2.7). In the first group are the radial breathing mode (RBM) band at ∼ 200 cm-1, 
which corresponds to bond-stretching out-of-plane phonon mode for which all carbon 
atoms move coherently in the radial direction and the G-band at ∼ 1600 cm-1, which 
corresponds to in-plane bond-stretching mode. The D-band at ∼ 1350 cm-1 and the D’-
band ∼ 2700 cm-1 belong both to the second group. 
 

 
 

Figure 2.7 Raman spectrum from one nanotube taken over a broad frequency range using Elaser = 785 nm 
= 1.58 eV excitation, and showing the radial breathing mode, the D band, the G band, second-order 
features and the G’ band. The features marked with ‘*’ at 303, 521 and 963 cm-1 are from the Si/SiO2 
substrate and are used for calibration of the nanotube Raman spectrum [ 23]. 

 
The analysis of the RBM allows the precise determination of the tubes type in a sample, 
since the RBM frequency is related to the diameter of the tube by the relation 
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( ) B
d
Ad +=

t
RBMϖ (2.8)

 
 
where the A and B parameters are determined experimentally. For SWNT bundles,        
A = 234 cm-1 nm and B = 10 cm-1 has been found (where B is an upshift in the ϖRBM to 
take into account the tube-tube interactions). For isolated tubes on a SiO2 substrate,      
A = 248 cm-1nm and B = 0 has been found. By considering the dt values obtained from 
measurements of ϖRBM at multiple excitation wavelengths, the RBM feature can be used 
for making (n, m) assignments for individual isolated SWNTs by utilizing a Kataura plot 
[ 26- 27].  
 
The SWNT G-band is composed of several peaks due to the phonon wave vector 
confinement along the SWNT circumference and due to symmetry-breaking effects 
associated with SWNT curvature. The two main components can be identified; one 
peaked at 1590 cm-1 (G+) and the other at about 1570 cm-1 (G-). The G+ feature is 
associated with carbon atom vibrations along the nanotube axis and its frequency ϖG+ is 
sensitive to charge transfer from dopant additions to SWNTs [ 28- 30]. The G- feature, in 
contrast, is associated with vibrations of carbon atoms along the circumferential direction 
of the SWNT, and its lineshape is highly sensitive to whether the SWNT is metallic 
(Breit–Wigner–Fano lineshape) or semiconducting (Lorentzian lineshape) [ 31,  32]. 
Two double resonance features commonly found in the Raman spectra of SWNT 
bundles are the D-band feature (with ϖD at ∼ 1350 cm-1) stemming from the disorder-
induced mode in graphite [ 33], and its second harmonic, the G’ band occurring at 2ϖD 
[ 34]. Changes in the D-band and G’-band Raman spectra can be used for materials 
characterisation to probe and monitor structural modifications of the nanotube sidewalls 
that come from the introduction of defects and the attachment of different chemical 
species. Sample purity can also be investigated using the D/G band intensity ratio in the 
Raman spectra from SWNTs, in analogy to the characterisation normally done in carbon-
based materials generally [ 35]. 
 

2.7.4 Mechanical properties 
In this paragraph, a review of the most important results for the measurement of the 
mechanical properties of CNTs will be presented. Then, these results will be critically 
discussed and compared with commercial fibres. However, in order to have a more 
accurate idea of the real potential of CNTs as reinforcing fillers for composite materials, 
a clear definition of the cross-sectional area of the nanotube needs to be introduced. In 
fact, the majority of the studies presented in literature assumed that only the external 
layer of nanotubes carried the load. Hence they used only the area occupied by the 
external wall as cross-sectional area, ignoring the hollow part of the nanotube. However, 
this assumption leads to an overestimate of the nanotube’s mechanical properties. When 
nanotubes are used as reinforcing fillers in nanocomposites, the whole volume they 
occupy needs to be considered in micromechanical models, hence their whole cross-
sectional area including the hollow part should be considered. For this reason, the 
nanotubes effective properties will be calculated.  
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Young’s modulus 
The Young’s modulus, E, of a material is directly related to the cohesion of the solid and 
therefore to the chemical bonding of the constituent atoms. Since the sp2 carbon-carbon 
bond is one of the strongest of all chemicals bonds, a structure based on a perfect 
arrangement of these bonds oriented along the axis of a fibre would produce an 
extremely strong material. When CNTs were discovered, their structure immediately 
encouraged speculation about their potential mechanical properties. 
In 1996 Treacy and co-workers measured indirectly the Young's modulus of multiwall 
nanotubes made by arc-discharge [ 36]. They used a transmission electron microscope 
(TEM) to measure the amplitude of their intrinsic thermal vibrations and they calculated 
the Young’s modulus for a number of nanotubes. Their values ranged from 0.42 to 4.15 
TPa. They suggested a trend for higher moduli with smaller tube diameters. 
The first direct measurement was performed by Wong et al. in 1997 [ 37]. They measured 
the stiffness constant of arc-grown MWNTs clamped at one end using atomic force 
microscopy (AFM). They obtained an average of 1.28 ± 0.59 TPa with no dependence on 
tube diameter. Two years later, Salvetat et al. [ 38] used a similar method. They clamped 
the MWNTs at both ends over a pore in a polished alumina ultrafiltration membrane and 
measured an average of 810 ± 410 GPa. Measurements on SWNTs soon followed and 
Salvetat et al. used their AFM method to measure an average modulus of 1 TPa [ 39] 
(Figure 2.8).  
Lourie and Wagner used micro-Raman spectroscopy to measure the compressive 
deformation of a nanotube embedded in an epoxy matrix. For SWNT, they obtained an 
extremely high value for the Young’s modulus of 2.8-3.6 TPa, while for MWNT they 
measured 1.7-2.4 TPa [ 40]. 
 

 
Figure 2.8 (a) AFM image of a SWNT rope adhered to the polished alumina ultrafiltration membrane, 
with a portion bridging the pore of the membrane. (b) Schematic of the measurement: the AFM is used to 
apply a load to the nanobeam and to determine directly the resulting deflection [ 39]. 
 
In Table 2.2, a short summary of the above-mentioned measurements is given.  
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Table 2.2 Experimental values of Young’s modulus for CNTs. 
 
Method Type of CNT Young’s modulus Comments 
Amplitude of 
thermal vibration 
[ 36] 

MWNTs  0.41 – 4.15 TPa Higher moduli for 
smaller tube diameters

Beam-bending via 
AFM [ 39] 

SWNTs  ~1 TPa for d = 3 nm, 
decreasing to < 0.1 GPa 
for larger diameter 

Estimated shear 
moduli of SWNT 
bundle in the order of 
1 GPa 

Beam-bending via 
AFM [ 38] 

MWNTs  CVD: ~ 10-50 GPa Arc: 
810 ± 410 GPa 

Order of magnitude 
increase after 
annealing 

Compressive 
deformation with 
micro-Raman 
spectroscopy [ 40] 

SWNTs and 
MWNTs 

2.8-3.6 TPa SWNTs 
1.7-2.4 TPa MWNTs 

E of SWNTs was 
derived from a 
concentric cylinder 
model for thermal 
stresses 

 

Theoretical tensile strength 
The calculation of theoretical strength of materials with covalent bonds from the force 
between two atoms as described by the Morse potential (Figure 2.9) is well known [ 41] 
and was first applied by de Boer in 1936 [ 42]. The same approach has been later applied 
to estimate the potential of polymers molecules for high strength fibres, and it could be 
applied to the calculation of nanotube strength [ 43]. 
 

 
 

Figure 2.9 Morse potential. 
 
The energy of interaction, U, between two atoms of separation, r, is given by the Morse 
function as:  
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( ){ } ( ){ }[ ]000 exp22exp rrarraUU −−−−−=  (2.9)
 

The maximum attractive force between the atoms is U0a/2 and this occurs at a 
separation: 
 

( ) aarr /2ln0max += (2.10)
 

To evaluate this force, U0 is set equal to the energy of an aliphatic carbon-carbon bond 
(347 kJ per mole or 5.8 x 10-19 J per atom) and r0 = 1.54 x 10-10m. a is related to the 
curvature of the Morse function at the equilibrium separation, r0, by 
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and, if the stretching mode of vibration of the bond is treated as a simple harmonic 
oscillator, this curvature is equal to the force constant kcc relating potential energy of the 
vibration to its amplitude. Hence, 
 

cckUa =0
22 (2.12)

 
Silver [ 44] obtained kcc as 5.2 x 102 Nm-1 from spectroscopic analysis of the vibrations of 
neopentane. Hence, a =2.12 x 1010 m-1. Taking this value of a, the force to break a 
carbon-carbon bond is found to be equal to 6.1 x 10-9 N. 
As it can be clearly seen from Figure 2.10, for zig-zag nanotubes, the number of carbon-
carbon bonds to be broken per nanotube is n (lattice transational index, as definied in 
Chapter 2), while for armchair is equal to 2n. This results in armchair nanotube being 
somewhat stronger than zig-zag (Figure 2.11).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10 Unit cells for (a) (5,5) armchair nanotube and (b) (9,0) zig-zag nanotube. 

(0,0) (5,5) 

(0,0) (9,0) 

(a) 
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For a typical SWNT diameter of 1.3 nm, strength of 131 GPa for armchair and 114 GPa 
for zig-zag nanotube is obtained.  
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Figure 2.11 Theoretical strength of SWNTs as a function of diameter. 
 
Experimental tensile strength 

The strength of a material is closely linked to structural defects and imperfections that are 
present in the solid and only in very few cases do materials have strengths approaching 
the theoretical limit [ 41]. The strength and breaking mechanisms of the material depend 
largely on the mobility of dislocations and their ability to relax stress concentrations at 
the crack tip. The flexibility of CNTs is due to their high strength and to the unique 
capability of the hexagonal lattice to distort for relaxing stress.  
Because of obvious experimental difficulties, there have been few experimental reports 
on the tensile strength of nanotubes. Yu et al. [ 45] performed the ultimate measurement 
on nanotube carrying out a stress-strain measurement using a “nanostressing stage” 
operating inside a scanning electron microscope (SEM) (Figure 2.12). They reported a 
tensile strength for SWNT bundles ranging from 13 to 52 GPa (mean 30 GPa) and an 
average Young’s modulus value that ranges from 320 to 1470 GPa (mean 1000 GPa). 
The same experiment was conducted on 19 individual MWNTs and here the tensile 
strength ranged from 11 to 63 GPa [ 46]. A similar experiment was performed by Barber 
et al. [ 47]. They measured the strength of 26 CVD-MWNTs obtaining a range of strength 
from 17 to 260 GPa. Since higher forces were needed to break nanotubes with more 
irregular tube wall structure, it was concluded that the strengthening mechanism was due 
to the interaction between the walls of the nanotubes. 
An indirect way to estimate the tensile strength of nanotubes is to use the load 
transferred by embedding the CNTs in matrix material. Wagner et al. reported a tensile 
strength of 55 GPa [ 48]. These results are far from the theoretical value previously 
calculated and also from theoretical predictions by Yakobson et al. using MD simulations 
[ 49], where they report a tensile strength of 150 GPa.  In Table 2.3, a short summary of 
the above-mentioned measurements is given. 
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Figure 2.12 SEM images showing a SWNT rope tensile-loading experiment, before and after the SWNT 
rope was broken. [ 45]. 
 
From the data available to date, it can be concluded that nanotubes show an 
extraordinary performance compared to graphite or Kevlar fibres, and stainless steel as 
the nanotubes are at least 100 times stronger than steel, but only one-sixth as heavy. 
 
Table 2.3 Experimental values of tensile strength for CNTs. 
 
Method Type of CNT Tensile strength Comments 
Nano-tensile test 
via AFM [ 45] 

SWNT bundle 13-52 GPa Only the perimeter of the 
ropes is thought to carry the 
load 

Nano-tensile test 
via AFM [ 46] 

Arc-grown 
MWNTs  

11-63 GPa The outer layer is used to 
calculate the cross-sectional 
area 

Nano-tensile test 
via AFM [ 47] 

CVD-grown 
MWNTs  

17-260 GPa Higher breaking force for 
more irregular tube wall 
structure 

Stress-induced 
fragmentation [ 48] 

Arc-grown 
MWNTs 

55 GPa Stress transfer efficiency at 
least one order of magnitude 
larger than conventional fibre-
based composites 
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Effective properties 

The calculation of the elastic properties of CNTs requires an accurate definition of the 
nanotube cross-sectional area, in order to eliminate arbitraries and allow comparison 
among different nanotubes. The usual assumption for the cross-sectional area is to 
ignore the hollow part of the nanotube, since it does not carry any load. However, when 
nanotubes are embedded in polymer to create composite materials, the micromechanical 
models that are used to predict their behaviour take into account the whole volume 
occupied by the nanotubes. Hence, it is essential to determine the effective elastic 
properties of the nanotube embedded in a composite by applying the load carrying 
capability of the outer layer of the nanotube to the entire cross-section of the nanotube 
[ 50].  
 

 
Figure 2.13. Schematic of (a) nanotube and (b) effective fibre used to model the elastic properties of a 
nanotube embedded in a composite [ 50]. F is the external applied force, d is the diameter of the fibre,      
(de - di) or t is the walls thickness and l is the fibre length. 
 
For this reason, the Young’s modulus of the nanotube (Figure 2.13(a)) is modelled by 
considering that the wall of the nanotube acts as an effective solid fibre (Figure 2.13(b)) 
with the same deformation behaviour and same diameter (de) and length (l). An applied 
external force, F, on the nanotube and the fibre will result in an iso-strain condition: 

 
effNT εε = (2.13)

 
Using Equation 2.13, the elastic properties of the nanotube can be related to that of an 
effective fibre: 
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Because the applied external force is the same, the effective moduli can be expressed in 
terms of the ratio of their cross-sectional areas. 
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After substituting, the modulus of the effective fibre can be expressed as 
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In a similar way, the tensile strength, σ, should be scaled by the whole cross-sectional 
area of the nanotube.  
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Using Equations 2.18 and 2.21, it is possible to calculate the effective Young’s modulus 
and the effective strength of various type of nanotube using 1 TPa as value for ENT, and 
130 GPa as value for σNT. 
 
Two cases can be considered for doublewall nanotubes (DWNTs) and MWNTs, (a) only 
the outermost wall carries the load and (b) all walls carry the load. In the former case,    
de - di = 0.34 nm. In this case both formulas can be simplified since  
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Table 2.4 Effective properties of various types of nanotubes, only the external wall carries the load (lower 
bound). 
 

Type of CNT de [nm] Eeff [GPa] σeff [GPa] 
SWNT 1.4 nm 971 GPa 126 GPa 
DWNT 4.7 nm 289 GPa 43 GPa 
MWNT 15 nm 91 GPa 14 GPa 

 
When all walls carry the load, the effective properties of DWNT and MWNT have to be 
calculated using Equation 2.18 and 2.21, where de - di = 1.7 nm for DWNT and MWNT 
de - di = 11 nm. 
 
Table 2.5 Effective properties of various types of nanotubes, all walls carry the load (upper bound). 
 

Type of CNT de [nm] Eeff [GPa] σeff [GPa] 
SWNT 1.4 nm 971 GPa 126 GPa 
DWNT 4.7 nm 579 GPa 77 GPa 
MWNT 15 nm 929 GPa 121 GPa 

 
Tables 2.4 and 2.5 provide a range for the effective mechanical properties of various 
types of CNTs. The properties are strongly dependant on the structure of the nanotubes, 
the interaction between the outermost and the internal layers. Since the Young’s modulus 
is calculated in the elastic region, it is very likely that all layers will deform and the upper 
bound values in Table 2.5 should be considered. In the case of strength, it is plausible 
that interwall sliding occurs before ultimate fracture of the nanotube and the internal 
layers of DWNTs and MWNTs do not contribute fully to the nanotube strength. For 
this reason the lower bound values in Table 2.4, or at least values in between these and 
the upper bound values of Table 2.5, should be considered. 
It is worth noting that the real advantage of CNT over carbon fibre is in tensile strength. 
In fact, the stiffest high modulus commercial carbon fibre from  the world’s largest 
carbon fibre manufacturer Toray Industries (Japan) is Torayca M65J, which has a 
modulus of around 650 GPa, while their strongest carbon fibre,  T1000, has an ultimate 
tensile strength (UTS) of nearly 7 GPa. It is obvious that especially SWNTs should be 
considered as reinforcing filler for polymer nanocomposites as their strength is around 
20 times higher than that of the strongest carbon fibre. 
 
2.8 Applications of nanotubes 

After more than a decade of promises and speculations created by their unique 
properties, nanotubes are establishing a presence beyond university labs and corporate 
research and development (R&D) centers. Current commercial applications include 
motor vehicle fuel system components and specialized sports equipments. In the short 
term, the world demand for nanotubes is expected to expand rapidly from this small base 
to more than $200 million in 2009. Growth in global nanotube demand is expected to 
accelerate and surpass $9 billion by 2020 [ 51]. Figure 2.14 depicts the predicted world 
nanotube demand by market. 
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Figure 2.14 Schematic of world nanotube demand by market [redrawn from  51]. 
 

2.8.1 Electronics 
CNTs can carry the highest current density as compared to any metal, 109 A/cm2, over 
1000 times that for Cu, before failing as a result of electromigration (self-electrolysis). 
Graham et al. [ 52] have recently shown how the vertical interconnects known as vias 
could be replaced by CNTs. However, the greatest demand is not for vias but for 
horizontal interconnects. This application is much more difficult to satisfy, as 
horizontally-directed nanotube growth can be done, but not with high reliability and 
yield. 
CNTs have also been made into field-effect transistors (FETs). Wind et al. [ 53,  54] have 
achieved FETs with very good performance figures, 20 times better than existing 
laboratory complementary metal oxide semiconductor (CMOS) devices. However, this is 
somewhat misleading, as the wafer area occupied by the transistor is very critical and in 
the case of CNT it is very large, resulting in a quite poor economic figure. 
A significant problem for electronic applications is that the band gap of a SWNT 
depends on its chirality. It is necessary to be able to grow a specific type of tube at a 
defined position in a defined direction with near 100% yield. Control of position and 
direction is achievable now. It is hoped to be able to gain some control of chirality in the 
CVD process by the design of the catalyst [ 55,  56]. 

2.8.2 Field emission 
The high aspect ratio that characterises CNTs makes them ideal field-emission (FE) 
materials. FE is the emission of electrons from a solid under an intense electric field. 
CNTs have several advantages over the traditionally used Si or W tips. They are 
physically inert to sputtering, chemically inert to poisoning, and can carry a huge current 
density of 109 A/cm2 before electromigration. In addition, when driven to high currents, 
their resistivity decreases, so that they do not tend to electric-field-induced sharpening, 
which causes instabilities in metal tip field emitters.  
They could be used for two types of set-up, namely single or multiple electron beam 
devices. A clear example of the first type of set-up is an electron gun for next generation 
scanning electron microscopes (SEM) and transmission electron microscopes (TEM). 
Flat panel displays are the most popular example of multiple beam instruments where a 
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continuous or patterned film of nanotubes could provide a large number of independent 
emitters [ 57].  
 

2.8.3 Electrochemistry 
Another area of potential application is electrochemistry. Graphite is well known as a 
stable electrode material that is not reduced or oxidized over a substantial range of 
potentials. The large surface area and low resistivity of CNTs makes them of great 
interest in electrochemistry. The limiting factor is contacting CNTs to the electrode 
polymer backing, the ability to do this at low temperatures, and at a low cost, as activated 
carbon is very cheap. 
 

2.8.4 Composites 
The combination of their high strength, high Young’s modulus, high thermal, high 
electrical conductivity along the axial direction and their low density and high aspect ratio 
has made them candidate fillers for a whole new range of nanocomposites. 
Their first use was as conductive filler for application ranging from the electronics to 
automotive and aerospace sectors. Later, the interest turned towards transparent and 
flexible conductors, which can be obtained by a solid state process as described by Zhang 
et al. [ 58]. The current display market uses indium tin oxide (ITO), however its brittleness 
and low adhesion to plastics are the limiting factors in their use in flexible displays. 
Turning to mechanical properties, because of their high Young’s modulus, all types of 
CNTs have attracted much interest for low weight structural composites. NASA is 
developing materials using nanotubes for space applications, where weight-driven cost is 
the major concern [ 59,  60]. However, to date, their performance has been rather 
disappointing, because of the difficulty in dispersing them in the hosting matrix and in 
obtaining a strong interfacial adhesion. The prerequisite of any composite is a good 
dispersion of the filler within the hosting matrix. In the case of nanofillers, this task is 
particularly challenging since the extremely large surface area that characterises them is 
responsible for their strong tendency to form agglomerates. In addition, good interfacial 
interaction and stress transfer between CNTs and polymer matrices are essential for 
good mechanical properties of the composites. Finally, the excellent intrinsic mechanical 
properties of CNTs can only be completely exploited if uniaxial orientation is achieved. 
 
2.9 Dispersion of nanotubes 

The prerequisite of any composite is a good dispersion of the filler within the hosting 
matrix. It is also vital to stabilise the dispersion to prevent reaggregation of the filler. In 
the case of nanofillers, these tasks are particularly challenging since the extremely large 
surface area that characterises them is responsible for their strong tendency to form 
agglomerates. As-produced SWNTs tend to assemble into crystalline ropes (Figure 2.15) 
due to the strong van der Waals attraction among the tubes. Ropes are typically 
composed of 100 to 500 tubes and pack in a triangular lattice with a lattice constant of a 
= 1.7 nm [ 61]. DWNTs and MWNTs form highly entangled networks. 
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Figure 2.15 TEM image of SWNT rope [ 61]. 

 
Sonication or mechanical mixing are generally used to disperse CNTs, while chemical 
functionalisation can help stabilising the disperson, since it can prevent reaggregation of 
nanotubes, allowing coupling them with a polymeric matrix. In addition chemical 
functionalisation seems attractive since it can improve the adhesion between the 
reinforcing CNT and the polymer matrix, so that the external stress can be efficiently 
transferred to the nanotube. This goal is currently a great challenge for chemists and 
materials scientists; however, many approaches have been developed during the last 
decade [ 62]. These approaches include defect functionalisation, covalent functionalisation 
of the sidewalls, non-covalent functionalisation, for example, formation of 
supramolecular adducts with surfactants or polymers (Figure 2.16). 
However, it must be noted that there are drawbacks to be taken in consideration when 
using these approaches. Both defect functionalisation and covalent functionalisation 
employ rather harsh techniques, resulting in tube fragmentation. For some applications 
this may be acceptable, but in composite preparation it may be detrimental since it 
reduces the efficiency of the reinforcement. As for non-covalent functionalisation, 
coating of individual tubes is very hard and very often only bundles are separated 
resulting in partial exfoliation. In addition, in composite materials, the layer of adsorbed 
surfactant or polymer can interfere with the stress transfer process reducing the 
reinforcement efficiency. 
It is clear that dispersion and stabilisation are not simple issues and compromises need to 
be made depending on the application. 

10 nm
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Figure 2.16 Functionalisation possibilities for SWNTs. A) defect-group functionalisation, B) covalent 
sidewall functionalisation, C) noncovalent exohedral functionalisation with surfactants, D) non-covalent 
exohedral functionalisation with polymers [ 62]. 
 

2.9.1 Defect-group functionalisation 
Most purification methods involve the creation of carboxylic groups on the sidewalls of 
CNTs, as well as at the open ends. The starting point of any defect-group 
functionalisation is the activation of the carboxylic groups via acylation with SOCl2, 
followed by coupling with alkyl chains or polymer with terminal amino or hydroxyl 
groups to give amides or esters [ 63,  64]. Such chemical modification would increase the 
solubility of the tubes in common solvents, such as THF, chloroform, methylene 
chloride and DMF. The careful choice of aliphatic or aromatic groups to be attached to 
the tubes can be a key factor for both the dispersion quality and the filler-matrix 
interfacial adhesion. 

 

2.9.2 Covalent sidewall functionalisation 
Fullerene chemistry has shown that the reactivity in addition reactions depends very 
strongly on their curvature [ 65]. The more pronounced the curvature of the graphite 
sheet, the more pronounced the pyramidalisation of the sp2-hybridized C atoms, and the 
higher the tendency to undergo addition reactions. As compared to fullerenes, CNTs do 
not possess highly curved regions; therefore, covalent-bond formation will be successful 
only if highly reactive reagents are used, such as arynes, carbenes, or halogens. Elemental 
fluorine has been used to treat highly purified SWNTs [ 66]. The fluorinated tubes could 
be dispersed in alcohols by ultrasonication, however, fluorination drastically changed 
their electrical properties: untreated samples exhibit high electrical conductivity, while 
fluorinated tubes above 250°C are insulator. 
Recently, functionalisation has been achieved via exposure of CNTs to a CO2/Ar plasma 
[ 67]. This surface treatment method may be favoured above chemical or electrochemical 
method because of its high throughput, since large amount of functionalised nanotube 
has to be available for industrial applications. 



 

CNTs and CNT/polymer composites                                                                           31 

2.9.3 Non-covalent functionalisation with surfactant or 
polymer 
The formation of non-covalent aggregates with surfactants or wrapping with polymers 
has shown itself to be suitable method for suspending individual nanotubes in aqueous 
or organic solvents [ 68- 75]. Moore et al. [ 68] studied various aqueous dispersions of 
nanotubes with anionic, cationic, and non-ionic surfactants and polymers. They 
attributed the surfactant or polymer ability in suspending individual nanotubes to the size 
of the hydrophilic group. Larger hydrophilic groups can disperse more nanotubes 
because they provide enhanced steric stabilisation. The dispersion mechanism has been 
studied in detail for SWNT/sodium dodecylbenzenesulfonate (NaDDBS)/water system 
[ 69]. Analysis of the adsorption isotherms of NaDDBS on SWNT indicates that the 
interactions between the surfactant molecules and the nanotube walls are mostly 
hydrophobic in nature. The adsorption studies also revealed that at saturation, each 
nanotube is covered by a monolayer of surfactant, in which the molecules rest with the 
tails oriented vertically on the surface. It was shown that the sonication time plays a key 
role in the suspendability of SWNT and also that the surfactant alone is not capable of 
suspending the nanotubes effectively without the aid of vigorous sonication [ 69]. 
Sodium dededylsulfate (SDS) is another widely used surfactant for the dispersion and 
stabilisation of CNTs in water [ 70]. Surfactant stabilised dispersion of SWNTs were used 
in the so called “latex technology” [ 71,  72] to create polymer nanocomposites. In this 
approach, a polymer latex, obtained by emulsion polymerisation, is mixed with a 
stabilised aqueous dispersion of nanotube. After freeze-drying and melt processing, a 
homogeneous nanocomposite can be obtained. This technique presents several 
advantages since it allows the production of exfoliated nanocomposites in an easy and 
environmentally friendly way. 
Polymers have also been used in the formation of supramolecular complexes of SWNTs. 
The suspension of purified tubes in the presence of polymers such as poly(m-phenylene-
co-2,5-dioctoxy-p-phenylenevinylene) (PmPV), in organic solvents such as CHCl3 leads to 
the polymer wrapping around the tubes [ 73- 74]. AFM studies revealed the bundles are 
mostly broken up on complex formation. The wrapping of SWNTs with polymers that 
bear polar side-chains, such as polyvinylpyrrolidone (PVP) or polystyrenesulfonate (PSS) 
leads to stable solutions of the corresponding SWNT/polymer complexes in water [ 75]. 
The bundles are again broken up by complex formation in this case. The thermodynamic 
driving force for complex formation is the need to avoid unfavourable interactions 
between the apolar tube walls and the polar solvent (water). 
Although these methods can produce homogeneous nanocomposites, they cannot be 
used to disperse nanotubes into apolar polymer matrices, such as polyolefins. An 
interesting approach to solve this problem was developed by Dubois et al. [ 76]. They used 
the polymerisation-filling technique (PFT), which consists of three steps. First, 
methylaluminoxane (MAO), a commonly used co-catalyst in metallocene-based olefin 
polymerisation, is anchored on the nanotubes surface. Then, the metallocene catalyst 
(bis(pentamethyl-η, 5-cyclopentadienyl) zirconium(IV) dichloride (Cp2*ZrCl2)) is added. 
Finally, the polimerisation is started. Figure 2.17 shows a schematic of the technique 
applied to nanotubes. When ethylene is added, polyethylene is exclusively formed near 
the CNT surface and, with increasing molecular mass, precipitates onto the nanotubes 
coating them. This technique leads to the destruction of nanotube bundles allowing the 
homogeneous dispersion of nanotubes upon further melt blending. 
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(a) MAO in toluene, 40 °C, 1 hour 

(b) Solvent evaporation, 150 °C, 2 hours MAO fixation 

(c) Catalyst fixation: n-heptane, Cp2*ZrCl2, 50°C, 0.5 hour 

(d) Polymerisation: C2H4 (2.7 bars), 50 ° C 

(e) C2H4 (2.7 bars), further polymerisation at 50 °C 

 
Figure 2.17 Schematic of the polymerisation-filling technique (PFT) applied to CNTs [ 76]. 
 
2.10 Processing of CNT/polymer composites 

For all the following methods it must be noticed that during the composite processing 
metastable dispersions of nanotubes are obtained and it is very critical to prevent re-
aggregation after the initial dispersion has been achieved. This is less of an issue when 
surface modified tubes are employed, since the dispersion is stabilized by short-range 
repulsion potentials due to either charge or steric effects. However, as it is well known 
from colloidal science, that long-term stability is a real challenge. When dispersion is 
achieved using pristine tubes, no specific stabilisation mechanisms are present and re-
aggregation rate depends on the viscosity of the suspending medium. The only practical 
method to prevent re-aggregation is by “freezing” the tubes in their position by either 
chemical crosslinking of the matrix or by bringing the polymer below its glass transition 
temperature. 
 

2.10.1 Solution processing 
Perhaps the most common method for preparing CNT/polymer composites has been 
from solution, since it facilitates nanotube dispersion. Both organic solvents and water 
have been used to produce CNT/polymer composites [ 77- 80]. First, the nanotubes are 
dispersed in the solvent via energetic agitation (magnetic or mechanic stirring, reflux or 
sonication). This step requires the employment of surface modified nanotubes (either 
covalent or non-covalent) in order to achieve a metastable dispersion. Once the 
nanotubes are dispersed in the solvent, the polymer, which was previously dissolved in 
the same solvent, is added to the dispersion so that the polymer chains intercalate 
between the tubes. The last step consists in removing the solvent by evaporation. A 
flowchart presenting different steps of solution processing is shown in Figure 2.18. 
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Figure 2.18 Flowchart presenting the different steps of the solution processing. 
 
Cadek et al. [ 77] used MWNTs as mechanical reinforcement agents in two host polymers, 
poly(vinyl alcohol) and poly(9-vinyl carbazole). They found that, by adding various 
amount of nanotubes, both Young’s modulus and hardness increased significantly. 
However, the study of the morphology of the polymer matrices showed that the 
enhanced mechanical properties were a result of an increased crystallinity of the polymer 
matrices [ 78]. 
Other groups [ 79- 80] employed covalently functionalised nanotubes in order to improve 
the stress transfer in the composite. Liu et al. [ 79] used hydroxyl-functionalised tubes and 
Paiva and coworkers [ 80] used poly(vinyl alcohol)-grafted nanotubes. In both cases, a 
strong interface between the tubes and the polymer matrix was achieved, leading to a 
good stress transfer and a consequent improvement in the mechanical properties. 
 

2.10.2 Melt blending 

While solution processing is a valuable technique for both nanotube dispersion and 
composite formation, it is less suitable for industrial scale processes, where melt 
processing is preferred because of its speed and simplicity. In this case, the strategy 
consists in blending a molten thermoplastic with the nanotubes in order to optimize the 
polymer-nanotubes interactions and form a nanocomposite. The polymer chains 
experience a dramatic loss of conformational entropy during the process. The proposed 
driving force for this mechanism is the important enthalpic contribution of the polymer-
nanotube interactions during the blending step. Figure 2.19 shows the flowchart 
presenting different steps of melt processing. Melt blending can be used to produce 
either isotropic composites or composite fibres. In order to exploit the intrinsic 
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potentials of CNTs, composite fibres are more suitable than isotropic materials, since 
fibre-production techniques tend to align the nanotubes themselves within the fibres.  
Pötschke and co-workers [ 81,  82] thoroughly investigated polycarbonate/CNTs 
composites prepared by melt processing. By carefully controlling the mixing conditions, 
they obtained a percolation threshold of about 1 wt%. Zhang et al. [ 83] observed a 
threefold increase in modulus for their polyamide containing 2 wt% CVD-MWNTs as 
compared to the pure matrix. In addition, strength was improved as well from 18 to 47 
MPa. 
An interesting finding was reported by Meincke et al. [ 84]. They prepared 
polyamide/acrylonitrile-butadiene–styrene blends containing CNTs and they observed a 
double percolation effect. Due to the confinement of the nanotubes in the polyamide 
component, these materials showed an onset in the electrical conductivity at lower filler 
loadings (2–3 wt%) as compared to pure polyamide/CNTs composites (4-6 wt%) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.19 Flowchart presenting the different steps of the melt processing. 
 

2.10.3 In-situ polymerisation 

In-situ polymerisation has been extensively explored for the preparation of polymer-
nanotube composites, its main advantage being the creation of a covalent bond between 
the tube and the matrix. The presence of polymeric chain onto the tubes surface 
facilitates their dispersion providing a strong interface at the same time. This technique 
allows the preparation of composites with high nanotube loading, which could be then 
diluted by other techniques. First, the nanotubes are swollen in the monomer. Then, the 
reaction is initiated. For the thermosets such as epoxies or unsaturated polyesters, a 
curing agent or a peroxide, is added to initiate the polymerisation. For thermoplastics, the 
polymerisation can be initiated either by the addition of an initiator or by an increase of 
temperature. Figure 2.20 shows the flowchart for in-situ polymerisation processing. 
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Figure 2.20 Flowchart presenting the different steps of the in-situ polymerisation processing. 
 
Velasco-Santos et al. [ 85] polymerised poly(methyl methacrylate) in presence of arc-
MWNTs. Both stiffness and strength were improved by the incorporation of nanotubes. 
Putz and co-workers [ 86] reported improvement in stiffness for extremely low volume 
fraction (8×10-5). However, it should be noticed that the analysis was performed at very 
high frequencies, which could lead to an overestimated value as compared to static 
measurements. 
 

2.11 Alignment of nanotubes 

Due to the high anisotropy of the structure of CNTs, their alignment in a matrix can 
result in the creation of a unique one-dimensional structure. The purpose of aligning 
them is to maximize the composite properties in particular directions, e.g. for 
applications like fibres where high strength may be required only in one direction. 
Furthermore, transport properties such as conductivity or heat transfer may be only 
needed in a particular direction. The ability of controlling the orientation of anisotropic 
fillers at the nanometer scale is of great significance in tailoring the macroscopic 
composite performances and is the core of nanotechnology. 
 

  
 
Figure 2.21 (A) SEM micrograph of CNTs aligned perpendicular to the substrate over large areas; (B) 
enlarged view along the peeled edge showing diameter, length, straightness, and uniformity in height, 
diameter, and site density [ 88]. 
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CNTs can be aligned during fabrication [ 87- 91], by applying an electric field during 
processes like arc discharge or CVD (Figure 2.21). However when a perfect array of 
nanotubes is embedded in a matrix it is extremely difficult to maintain their original 
alignment due to the dispersion during processing. Several groups tried to prepare 
macroscopic yarns or ropes by direct spinning of such aligned arrays [ 92- 95]. Figure 2.22 
shows an example of spinning of such yarns. However, the maximum reported tensile 
strength of such yarns was only 1.46 GPa [ 95], which seems a modest value as compared 
to mechanical properties of CNTs. 
 

  
 
Figure 2.22 SEM images of a CNT yarn in the process of being simultaneously drawn and twisted during 
spinning from a nanotube forest [ 93]. 
 
Several approaches can be used to rearrange and orient nanotubes within a polymer 
matrix. As during synthesis, nanotubes can be aligned after embedding in a polymer 
matrix by applying an electric field [ 96- 98]. Magnetic anisotropy can be exploited to 
orient nanotubes using a magnetic field [ 99- 101]; alternatively mechanical shear can be 
applied during melt processing [ 102,  103]. In particular several attempts to align 
nanotubes during melt spinning have been reported [ 104- 114]. 

2.11.1 Electric field-induced alignment 
A conducting or dielectric particle in an external electric field develops a polarisation P 
and there is a torque NE on the object that tends to align it parallel to the field. In the 
case of CNTs, each conductive tube will experience a polarisation with the main 
component perpendicular to the tube axis [ 115]. The resulting torque will tend to align 
the tubes with their axis parallel to the electric field, as shown in Figure 2.23.  
 

 
 

Figure 2.23 Schematic illustration of a polarised nanotube in an electric field [ 98]. 
 
An interesting method used recently to align CNTs in composite fibres is 
electrospinning. This technique has been used to produce man-made fibres since 1934 
[ 116] and involves electrostatically driving a jet of polymer solution out of a nozzle onto 
a metallic counter-electrode. In 2005, Zhou et al. [ 117] described electrospinning as a 
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method to fabricate PEO and PVA nanofibres containing MWNTs. Figure 2.24 shows 
oriented MWNTs in PVA fibres. 
 

 
 
Figure 2.24 (A) and (B) examples of oriented MWNTs in PVA fibres produced by electrospinning [ 117]. 
 

2.11.2 Magnetic field-induced alignment 
Theoretical calculations suggest that CNTs should have an anisotropic magnetic 
susceptibility [ 118]. Metallic tubes are calculated to be paramagnetic in the direction of 
their long axis. Their paramagnetic character causes such tubes to align parallel to the 
applied field. All other nanotube variations are thought to be diamagnetic. The 
diamagnetic susceptibility is most negative in the direction perpendicular to the tube axis, 
causing the tubes with these chiralities to also align parallel to the magnetic field.  
 

2.11.3 Processing-induced (shear-induced) alignment 
Hobbie et al. [ 102] clarified the shear alignment properties of nanotubes demonstrating a 
full analogy between their orientation and the behaviour of fibres orientated in elastic 
fluids under simple shear flow. In weakly elastic polymer melts, nanotubes orient along 
the direction of flow at low shear stress, with a transition to vorticity alignment above a 
critical shear stress, σc. In contrast, in highly elastic polymer solutions the tubes orient 
with the flow field at high shear rates. 
 

2.11.4 Liquid crystalline phase-induced alignment 
Liquid crystals are anisotropic fluids, whose characteristic orientational order state is 
between the traditional solid and liquid phases. It has been shown by Lynch et al. [ 119] 
that CNTs in nematic media orient parallel to the axis of average liquid crystal molecule 
orientation (director). Liquid crystals’ ability to impose anisotropic order on CNTs has 
been demonstrated in other works as well [ 120,  121]. 
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2.12 Properties of nanocomposite fibres and 
nanotube ropes 

In order to compare different studies on nanocomposite fibres and ropes, the nanotube 
reinforcing efficiency will be calculated using the Cox-Krenchel model [ 122]. This simple 
treatment of the elastic behaviour of aligned long-fibre composites is based on the 
premise that the “equal strain” condition is valid for loading along the fibre axis. The 
axial Young’s modulus of the composite, Ec , can be written using the well-known rule of 
mixture 

 
mfffc EVEVE )1( −+= (2.25)

 
 
where Em and Ef are the Young’s modulus of the matrix and the fibre, respectively, and 
Vf is the volume fraction of the fibre. For composites in which discontinuous fibres are 
not perfectly aligned, two parameters need to be incorporated in equation, the length 
efficiency factor, ηL and the orientation factor, η0 . 
 

mfffLc EVEVE )1(0 −+= ηη (2.26)
 

 
The fibre length efficiency factor ηL can vary between 0 and 1. The orientation factor η0 
is equal to 1 for fully aligned fibres, 3/8 for random two dimensional orientation and 1/5 
for three dimensional orientation. 
 
A similar equation is valid for strength 

 
mfffLc VV σσηησ )1(0 −+= (2.27)

 
Equations 2.26 and 2.27 can be used to calculate the nanotube contribution to the 
composite properties if the properties of the matrix, the properties of the composite and 
the volume fractions are known. 
It is worth mentioning that two types of fibres containing CNTs have been studied so 
far. In the first category, fibres are comprised with relatively low CNT loadings of up to 
10% in weight. Polypropylene, poly(methyl methacrylate), poly(p-phenylene 
benzobisoaxzole) and poly(vinyl alcohol) are examples of matrix systems where SWNTs 
have been dispersed successfully, and the oriented composite fibres with improved 
mechanical properties have been achieved [ 104- 114,  123- 128]. The second category 
consists of fibres where the main or only component is nanotube [ 129- 132]. 
The first group to report about nanocomposites in fibre form were Andrews and co-
workers [ 104]. They produced pitch fibres containing nanotubes using the melt spinning 
technique, with good reinforcing efficiency. Using their experimentally reported data, the 
back-calculated Young’s modulus of the nanotube is almost 1.3 TPa and the strength is 
13 GPa. 
The best results for nanocomposites with aligned tubes were reported by Dupire and 
Jacques [ 105] at Atofina. In their patent, they claim a 4-fold increase of the mechanical 
properties for polypropylene fibres containing only 3 wt% MWNTs. Their results match 
“almost too perfectly” the theoretical prediction for both Young’s modulus (~ 1 TPa) 
and tensile strength (160 GPa), and have been strongly questioned over time, because of 
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the lack of experimental details and we will therefore exclude them further from this 
review. 
The highest nanotube efficiency in literature was reported by Kearns and Shambaugh 
[ 108], who studied polypropylene fibres containing SWNTs. The effective nanotube 
modulus is close to 610 GPa, while the effective nanotube stress is calculated at about 
one third the theoretical strength value (56 GPa). It is worth mentioning that the strain to 
break increased with the introduction of nanotubes from 19 to 27 %. Once again, very 
few details about the dispersion procedure were given in this paper and also the 
mechanical properties appeared to be extremely scattered.  
Two interesting results were reported by Kumar et al. [ 123] and Gao et al. [ 124]. Both 
groups used in-situ polymerisation followed by wet/melt spinning to create 
nanocomposite fibres. They both obtained a good level of reinforcement efficiency of 
nanotubes, probably thanks to the presence of covalent bonds between nanotube and 
matrix. In the first case, a Young’s modulus, ENT , of ~ 500GPa and a strength, σNT, of 
19 GPa can be back-calculated, while, in the second case, ENT is equal to 150 GPa and 
the σNT is 36 GPa. In 2000, Haggenmueller et al. [ 106] produced fibres by a combination 
of solution and melt processing. Fibre modulus and strength was observed to scale with 
the draw ratio and nanotube loading. Although the nanotubes’ reinforcing efficiency was 
not very high, this work is worthy to mention because it was the first one where 
nanotube alignment within the fibres was measured by polarised Raman spectroscopy. 
For the higher draw ratios, significant alignment was observed, with an orientation 
distribution as low as 4° (perfect orientation 0°).  
In the category of pure CNT fibres, it is worth mentioning the super tough CNT ropes 
containing around 60% by weight of SWNTs [ 129]. They were prepared by a modified 
coagulation-based CNT spinning method. A surfactant-stabilised dispersion of SWNTs is 
injected into a rotating bath of an aqueous solution of poly(vinyl alcohol) (PVA) to 
produce fibres, which were then washed to desorb the PVA and surfactant [ 70]. 
Although, this work created great excitement within the scientific community, because 
the fibre toughness was greater than that of spider silk, the nanotube reinforcing 
efficiency was low. In fact, calculations show that the effective Young’s modulus of the 
nanotubes is equal to 147 GPa and the tensile stress was as low as 3 GPa, being 
comparable to carbon fibre properties. Table 2.6 is a summary of the nanotube 
contribution to the nanocomposite properties for the most important results reported in 
literature. Figure 2.25 classifies the results in terms of nanotube type. 
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Table 2.6 Nanotube contributions to nanocomoposite properties for the most important results reported 
in literature. 
 

Type of CNTs Matrix ENT [GPa] σNT [GPa] Reference

SWNTs Pitch 1269 13 Andrews [ 104]

MWNTs UHMW-PE 868 4 Ruan [ 128]

SWNTs PP 610 56 Kearns [ 108]

SWNTs PBO 449 19 Kumar [ 123]

SWNTs PVA 406 8 Zhang [ 126]

SWNTs PA 153 36 Gao [ 124]

SWNTs PAN 149 2 Sreekumar [ 125]

SWNTs PAN 149 2 Chae [ 127]

SWNTs PVA 147 3 Dalton [ 129]

MWNTs PP 134 5 Kumar [ 109]

MWNTs PAN 110 6 Chae [ 127]

DWNTs PAN 61 2 Chae [ 127]

SWNTs PMMA 55 - Haggenmuller [ 106]

MWNTs PC 48 -11 Poschke [ 112]

MWNTs PC 48 1 Fornes [ 114]

MWNTs PP 29 - Andrews [ 107]

SWNTs PC 22 0 Fornes [ 114]

CNTs PA 18 - Sandler [ 111]

CNTs PA 12 - Sandler [ 111]

CNTs PA 4 - Sandler [ 111]
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Figure 2.25 Effective contribution of CNTs to the nanocomposite properties for various systems reported 
in literature. 
 
It is clear that there is no report in literature where the true potential, especially strength, 
of nanotubes as reinforcing filler is fully exploited. Despite the fact that it is believed that 
these materials have outstanding mechanical properties, the difficulty to achieve a 
homogeneous dispersion of the nanotubes throughout the matrix and a good interfacial 
bonding between the fibres and the matrix limit the load transfer across the filler-matrix 
interface, a necessary condition to take advantage of the very high strength of CNTs. Still 
many studies need to be addressed to the mechanical properties of the nanotubes, their 
interaction with polymer matrices and the mechanical properties of the resulting 
nanocomposites to reach a complete understanding of this system. 
 
2.13 Conclusions 

This Chapter presented an extensive overview of CNTs and CNT/polymer composites. 
The most relevant properties of CNTs have been listed together with their applications. 
The current preparation methods of CNT/polymer composites have been described, 
with particular emphasis on the preparation of aligned nanocomposites materials. The 
factors affecting the macroscopic properties have been identified as (1) homogeneous 
dispersion of the CNTs throughout the polymer matrix, (2) adhesion between the 
nanotubes and the matrix and finally (3) uniaxial orientation, to exploit the intrinsic 
anisotropy of the nanotubes. Despite the fact that CNTs are considered the ultimate 
reinforcing fibres, the results reported in literature so far are rather disappointing, mainly 
because of the difficulty to create nanocomposites, which display these characteristics 
altogether. Only if this difficulty is overcome, the ultimate nanocomposite material can 
be created. 
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Chapter 3 

Manufacturing and characterisation of     
UHMW-PE/MWNT composites 

3.1 Introduction 

As mentioned in Chapter 1, bulk polymers are generally soft materials that cannot be 
employed in engineering applications, where high stiffness and strength are requested. 
However, their performances can be improved either by the addition of reinforcing fillers 
or by imposing a high degree of molecular orientation, so that it is possible to exploit the 
intrinsic properties of the polymeric chains. For flexible chain polymers, the chains tend 
to fold upon crystallisation and different routes have been developed to transform 
folded-chain crystals into extended structures and currently high strength and high 
modulus polymer fibres, that approach their theoretical stiffness values (see Table 3.1), 
are available. 
 
Table 3.1 Estimated ultimate Young’s moduli of flexile chain polymers derived from X-ray studies on 
oriented fibres [ 1- 4]. 
 

Polymer X-Ray Modulus (GPa) 

Polyethylene 235 

Poly(vinyl alcohol) 230 

Poly(ethylene terephthalate) 110 

Polyamide 6 175 

Isotactic polyproplylene 40 
 

Melt drawing is the easiest method to obtain orientation of the macromolecular chains, 
since above the melting temperature (Tm) molecules possess a high mobility. However, at 
these temperatures extensive relaxation occurs and polymer chains tend to retract to the 
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random coil conformation. For this reason, high degrees of orientation cannot be 
obtained and the only way to retain molecular orientation is to perform the drawing step 
after the melt processing at a lower temperature, i.e. in the solid state. Solid state drawing 
is possible at a temperature below Tm but above the glass transition temperature (Tg) 
where the macromolecular chains possess a sufficient mobility to allow drawing, but 
relaxation is prevented since the temperature is too low. The degree of crystallinity plays 
an important role on the drawability of the polymer, since crystalline regions impede 
molecular movement. The actual drawing process has to be performed at a temperature 
where molecular movement within crystals is possible, i.e. above a secondary transition 
temperature (Tα). 
In the 1970s, Ward and co-workers [ 5- 9] started systematic studies concerning the 
drawability of linear polyethylenes in the solid state and developed a technological route 
for optimized melt-spinning and subsequent solid state drawing of linear polyethylenes. 
However, their process was limited with respect to the molar mass of the polyethylenes. 
With increasing molar mass, melt-spinning or extrusion becomes more difficult because 
of the strong increase in melt viscosity and the drawability in the solid state decreases 
because of the high entanglement density of the polymeric chains. At the end of the 
1970s, solution (gel) spinning of UHMW-PE was discovered at DSM [ 10- 14]. In the 
solution (gel) spinning technique, semi-dilute solutions are employed during spinning in 
order to obtain a low entanglement density and the elongation of chains is performed by 
drawing in the semi-solid state, i.e. below the melting or dissolution temperature. By 
optimizing the process conditions, polyethylene fibres could be produced possessing 
Young's moduli approaching that of the theoretical maximum for polyethylene crystals. 
The introduction of nanofibres in such high strength fibres would lead to materials that 
are truly inspired by nature. Natural materials such as bone and tooth are composites of 
proteins, which exhibit many levels of hierarchical structures and use nano-scale fibres as 
building blocks for micron-sized fibres. The creation of such ‘man-made’ nano-
structured fibres could be used for the creation of newly ‘designed’ composite materials 
with additional levels of hierarchy. Furthermore, it is expected that nano-composites 
might exhibit improved stiffness without scarifying toughness. This is extremely 
important for anti-ballistics which is the main application area for these polymer fibres. 
 
3.2 Electrically conductive polymer films and fibres 

Electrically conductive polymers (CPs) have been the focus of fundamental and applied 
studies for many years [ 15- 16]. CPs can be obtained in two substantially different ways: 
intrinsically conductive polymers can be designed such as polyphenylene [ 17- 18] or 
polyaniline [ 19- 20] or an insulating polymer can be transformed into a conductive one by 
the addition of a conducting filler [ 21- 27]. The latter are known as electrically conductive 
polymer composites (CPCs) and their main characteristic is the abrupt change in 
electrical conductivity when a critical filler loading is reached. Their behaviour is 
described by the percolation model [ 28- 29] and the critical concentration is known as the 
percolation threshold (pc). For concentrations lower than the percolation threshold, the 
conductive fillers form small isolated clusters within the insulating matrix and conduction 
throughout a piece of material, assumed to be large as compared to the cluster size, 
cannot take place and the resulting composite is an insulator. The increase of filler 
loading increases the number of contacts among conductive clusters until an “infinite” 
conductive path is formed within the matrix, which corresponds to the percolation 
threshold. At this point the composite undergoes an insulator-to-conductor transition. 
An important parameter that influences the percolation is the shape of the filler particle. 
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Spherical fillers are expected to percolate at a concentration of 30 vol% [ 30], while for 
rod-like particles the chance to create contacts is higher and, as a consequence, the 
percolation threshold is lowered. In other words the higher the aspect ratio of the 
particle, the lower the percolation threshold. The most common conductive filler is 
carbon black (CB) and several examples of conductive polymer composites have been 
obtained using loadings of 10 - 20 wt% CB [ 21- 27]. However, this value has been 
drastically lowered  by the use of a different type of conductive filler, i.e. CNTs, which 
possess aspect ratio as high as 1000 (a value of 0.0025 wt% has been obtained in 
reference [ 31]). Although the prospect of creating the ultimate conductive unidirectional 
nanocomposite fibre by combing high strength PE fibre with CNT is very intriguing, 
some basics issues need to be addressed. As already stressed in Chapter 2, the 
prerequisite of any composite is a good dispersion of the filler within the hosting matrix. 
In the present case, the highly apolar character of a polyolefin combined with the inert 
nature of CNT make their mixing a real challenge. Furthermore, the excellent mechanical 
properties of high strength PE are the result of the perfect structure of the fibres. They 
possess a high degree of crystallinity and, upon solid state drawing, a highly packed and 
oriented structure is obtained. The addition of any particle will affect the morphology of 
the fibres and it is likely to reduce their degree of perfection. Even though nanofillers are 
regarded as the ultimate reinforcing agents, because their size is smaller than the critical 
crack size, CNT dimensions are comparable to the crystal cell of PE and their presence 
might affect the packing of PE chains.  
In 2003, Bin et al. [ 32] achieved conductive MWNT/UHMWPE composite fibres by     
15 wt% MWNTs loading. The percolation threshold was drastically reduced by Zhang et 
al. [ 33] by the use of a spraying technique. They obtained conductive composites at 
0.6wt% SWNT loading. However, they employed a surfactant, which might be 
detrimental for the mechanical properties of the composite. The mechanical 
reinforcement of CNTs in a UHMW-PE matrix was investigated by Ruan et al. [ 34- 35]. 
They employed functionalized MWNTs in the gelation/crystallisation processing of 
UHMW-PE. In their first work, they employed functionalized MWNTs to create 
nanocomposite materials by film casting from xylene, which were subsequently drawn at 
120 °C. In their most recent work, functionalized MWNTs were firstly dispersed in 
ethanol and subsequently poured in UHMW-PE in decalin. This mixture was then 
extruded to create fibres, which were then hot pressed below the melting temperature at 
120°C. This treatment is regarded as crucial to improve the dispersion in the precursor 
fibre before solid state drawing. However, it is very likely that this treatment is needed to 
obtain the best morphology in the matrix for subsequent drawing. They reported an 
interesting improvement of strength (4.2 GPa as compared to 3.5 GPa for the pure 
polymer). However, they also showed SEM images picturing micro-sized agglomerates of 
nanotubes (Figure 3.1) and it is hard to believe that such large agglomerates can enhance 
mechanical properties. Instead it is more likely that they would act as stress concentrators 
and reduce the ultimate properties. 
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Figure 3.1 High resolution SEM image of the fibre surface of the 5 wt% MWNTs/UHMWPE at λ=30 
[ 35]. 
 
In this Chapter, one of the best known organic solvents for nanotubes, namely N,N-
dimethylformamide (DMF) and xylene will be mixed together and used as a mixed-
solvent in the gelation/crystallisation process in order to improve the dispersion of 
MWNTs and dissolve the UHMWPE. The nanocomposite film will be drawn to obtain 
highly oriented tapes. These materials will be characterized in terms of electrical and 
mechanical properties. Finally, an assessment of the real reinforcement potential of 
CNTs in highly oriented UHMW-PE fibres will be presented. 
 
3.3 Experimental  

3.3.1 Materials 
UHMW-PE was supplied by DSM, The Netherlands (product name Stamylan UH 610) 
and used as supplied. Its properties are listed in Table 3.2. Multiwall nanotubes were 
supplied by Nanocyl (Belgium) (Batch No MWA P 041206). They are produced by CVD 
and their purity is 95% (Figure 3.2). Xylene and N,N-dimethylformamide (DMF), 
supplied by Romil, were used as solvents. 
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Table 3.2 Properties of Stamylan UH 610. 
 

Stamylan UH 610 

Elongational stress F (150/10) 0.53 N/mm2 

Viscosity Number 3650 ml/g 

Molecular weight (Mw) 9x106 g/mol 

Charpy notched impact strength 110 kJ/m2 

Abrasion resistance 80 % 

Vicat softening temperature 81 ºC 

 
 

 
 
Figure 3.2 SEM image of MWNTs. 
 

3.3.2 Composite preparation 
Nanocomposite films were fabricated by a gelation/crystallisation casting technique using 
xylene or a mixture of xylene and DMF. A typical sample preparation procedure is 
described for mixed solvents. MWNTs were dispersed in 19 g of DMF by ultrasonication 
using a high power tip. The MWNTs concentration needed in DMF was calculated in 
order to obtain a range of loadings between 1 and 5 wt% in the final composite. The 
DMF/MWNT mixture was added to 1 g of Stamylan UH 610 polyethylene reactor 
powder in a large neck flask and topped up to 100 g with xylene. The mixture was 
degassed for 1 hour in a sonication bath and left overnight. The mixture was heated in an 
oil bath at 126-127 ºC under gentle stirring and as the polymer started swelling, the 
mixture was left for 45 minutes. When the swelling process was complete, the mixture 
was stirred vigorously and the temperature was increased to 130 ºC. Once PE was totally 
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dissolved, the sample was poured into a crystallisation basin at room temperature. After 
2-3 hours DMF was extracted using xylene. The gel was dried at room temperature for 
several days. 
Highly oriented tapes were obtained via solid state drawing at 120 ºC. The draw ratio was 
assessed by measuring the displacement of ink marks. 
 

3.3.3 Composite characterisation 
Agglomerates size detection 

The size distributions of the suspended MWNT agglomerates in different solvents were 
measured by a laser particle size instrument (Malvern Zetasizer Nano ZS, measuring 
range 0.6 nm to 6 mm).  
 
Scanning Electron Microscope (SEM) 

The SEM (XL30 ESEM-FEG, Fei Co., The Netherlands) was equipped with a field 
emission electron source. High vacuum conditions were applied and a secondary electron 
detector was used for image acquisition. The SEM was operated either in conventional 
high-voltage or low-voltage mode. No additional sample treatment such as surface 
etching or coating with a conductive layer had been applied. Standard acquisition 
conditions for charge contrast imaging were as follows: working distance of ~ 5mm for 
low-voltage mode and ~ 10mm for high-voltage charge contrast imaging, spot 3, slow 
scan imaging with approximately 2 min/frame. 
 
Raman spectroscopy 

Raman spectra were recorded on a Renishaw Raman microscope system using a 50× 
objective and the excitation beam was from a 60mW HeNe laser (632.8 nm). The 
spectral resolution of the system was better than 1 cm-1. A neutral grey filter was inserted 
in the path beam to reduce the laser power in order to avoid excessive heating and thus 
degradation of the sample. 
 
Electrical measurement 

Bulk electrical measurements were conducted on a rectangular specimen with planar 
dimensions of 15 mm × 5 mm. The sample ends were gold coated in order to measure 
the resistance in the axial direction (Figure 3.3). Agilent DC power supply E3612A was 
used as voltage source and Keithley 6517A Electrometer was used for voltage and 
current measurement. Each resistance measurement was made from the slope of the 
voltage-current plot within the linear range. 
 

Electrodes

 
 
 

Figure 3.3 Schematic of DC electrical measurement. 

l 

A
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Figure 3.4 shows a typical voltage-current plot for a sample containg 5 wt% MWNTs.  
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Figure 3.4 Voltage-current plot for an UHMW-PE nanocomposite containg 5 wt% MWNTs. 
 
From the electrical resistance, R, the electrical conductivity,σ, was calculated using the 
following equation: 
 

AR
l
⋅

=σ (3.1)

 
 
where l and A are the thickness and surface area of sample, respectively.  
 
Tensile test 

Tensile tests were conducted on tapes at room temperature on an Instron 5586. The 
samples were rectangular with approximate planar dimension of 15 mm × 5 mm. For all 
samples at least five specimens were measured, the results analysed and the mean and 
standard deviation calculated. 
 
3.4 Results and discussion 

3.4.1 Dispersion quality 
To date, the best solvents reported for generating nanotubes dispersions are amides, 
particularly N,N-dimethylformamide (DMF) and N-methylpyrrolidone (NMP) [ 36,  37]. 
Ausman et al. [ 38] suggested that their ability of solvatating nanotubes laid in high values 
for β (the hydrogen bond acceptance basicity), negligible values for α (the hydrogen 
bond donation parameter), and high values for π* (solvochromic parameter) [ 39]. 
Unfortunately, xylene and decalin, the most common solvents for gelation/crystallisation 
of UHMW-PE do not possess these features and are unable to properly disperse 
nanotubes. On the other hand, DMF and NMP cannot dissolve the highly apolar chains 
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of UHMW-PE. From these considerations, the need to use a mixture of solvents is 
apparent. In particular, because of their miscibility, xylene and DMF were employed in 
this study in a ratio of 4 to 1. This mixture allowed the simultaneous dispersion of 
nanotubes thanks to the interaction with DMF and dissolution of PE chains thanks to 
the presence of xylene. 
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Figure 3.5 Aggregate size distributions for MWNTs dispersed in pure DMF and a mixture of DMF and 
xylene (1:4). 
 
Figure 3.5 shows the aggregate size distribution as detected from light scattering 
measurements. Ultrasonication of MWNTs in pure xylene gave a poor degree of 
dispersion. The solvent can only swell the nanotube agglomerates and loosen them up, 
but they are still visible and in large number. Their size is outside the measuring range of 
the machine. However, when DMF is employed to disperse MWNTs, a better dispersion 
of tubes is produced and light scattering measurements produce a sharp peak at around 
250 nm. The addition of xylene to DMF worsens the dispersion, in fact the peak is 
broadened, however the size of the agglomerates is drastically reduced as compared to 
the case of pure xylene. 
These measurements are very useful for the identification of the best solvent to process 
the composites, because they give a good indication of the level of aggregate dispersion 
of nanotubes in solution. However, the degree of dispersion in solution may not reflect 
the final dispersion within the polymer matrix. Electrical measurements, however, can 
serve as a good indicator of the state of dispersion of nanotubes within the polymer 
matrix. For example, Pötschke et al. [ 40] used dielectric spectroscopy to investigate the 
percolation structure and, hence, the state of dispersion of nanotubes in order to 
establish the best processing condition of melt mixed polycarbonate (PC)/MWNT 
composites.  
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Figure 3.6 Frequency dependant conductivity for UHMW-PE containing 5 wt% MWNTs prepared using 
different solvents. 
 
Figure 3.6 shows the real part of AC conductivity (as calculated from the real part of the 
admittance) as a function of the angular frequency ω for UHMW-PE composite films 
containing 5 wt% MWNTs processed from different solvents. For the composite film 
processed with pure xylene, the conductivity is frequency dependent in the frequency 
range studied. This is in good agreement with the expression valid for dielectric materials 
 

0"εωεσ = (3.2)
 

 
where σ is the conductivity, ε" is the imaginary part of the dielectric constant, ω is the 
angular frequency, and ε0 is the vacuum permittivity. 
The composite films processed from a mixture of xylene and DMF is characterized by a 
frequency independent conductivity σ0  up to a critical frequency ω0, followed by a 
region of increasing conductivity. This frequency independent conductivity is indicative 
of nonzero DC conductivity, i.e., nondielectric behaviour [ 41]. Electrical measurements 
show clearly that the presence of DMF plays a crucial role in the state of dispersion of 
MWNTs, in fact the same amount of nanotubes lead to a conductive specimen when 
dispersed with a mixture of solvents, while the sample remains an insulator when the 
composite is prepared from pure xylene. 
 

3.4.2 Electrical properties of cast films 
The percolation threshold is a basic characteristic of a conductive composite, as 
mentioned in the introduction. The percolation model describes the behaviour of 
conductive polymer composites. Its conductivity (σ) at and above the percolation 
threshold (pc) is generally described by a power law relationship 
 

t
cpp )(0 −= σσ for p>pc (3.3)
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where σ0 is a constant, p is the weight fraction of the conductive filler and t is the critical 
exponent. p-pc is known as the reduced mass. 
Figure 3.7 shows the DC conductivity of UHMW-PE/MWNTs composite films as a 
function of weight fraction of MWNTs. A log-log plot of conductivity as a function of 
the reduced mass is shown in Figure 3.8. A linear relationship can be clearly seen. 
According to Equation 3.3, the best fitted values are for pc = 3.1 wt % and t = 1.97. The 
percolation threshold value falls within the range of percolation thresholds calculated by 
Munson–McGee [ 42] for cylindrical conductors in an insulating matrix. In this study 
statistical analysis was used to show that a percolation threshold in the region of 1 – 5% 
is expected for a system of conductive fillers of aspect ratio between 40 and 130, 
consistent with the aggregation state of nanotubes used in this study. The conductivity 
exponent t generally reflects the dimensionality of the system with values typically around 
1.3 and 2.0 for two and three-dimensions, respectively. Here the conductivity critical 
exponent’s value is close to the universal value for three-dimensional percolation 
systems. Furthermore, σ0 can be extrapolated when p = 100%, i.e. for a nanotube film. 
σ0 = 1×103 S/m is lower than the expected conductivity for nanotube mats, 105 S/m, 
which was measured by Skakalova et al. [ 43]. This might be due to the morphology of the 
nanocomposite, where large conductive nanotube agglomerates are separated by regions 
of insulating matrix. Hence, conduction is limited by tunnelling between potential 
barriers between conductive regions. This phenomenon was previously reported by 
Kilbride et al. [ 41]. They found conductivity for nanotube film of 10-3 S/m by 
extrapolation and ascribed this result to the formation of a thick crystalline polymer layer, 
which prevented direct contact between nanotubes. They modelled this behaviour with 
the fluctuation induced tunnelling model, which takes into account tunnelling through 
potential barriers of different heights due to local temperature fluctuations. If 
temperature is constant, they obtain a simple relation between conductivity and inter-
nanotube gap width, w 
 

wDC ∝σln (3.4)
 

Due to spatial consideration, the inter-nanotube gap width is proportional to p-1/3, which 
combined with the previous equation lead to 
 

3
1

ln −
∝ pDCσ (3.5)

 
Figure 3.9 shows in a semi-logarithmic scale conductivity as a function of p-1/3, where a 
linear relationship can be clearly seen. 
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Figure 3.7 Electrical conductivity as a function of MWNT weight fraction. The squares are experimental 
data and the solid line is a fit of the data using Equation 3.3. 
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Figure 3.8 Logarithmic plot of conductivity vs. p-pc, reduced mass. The squares are experimental data and 
the solid line is a linear fit of the data using Equation 3.3. 
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Figure 3.9 Plot of the log of conductivity as a function of p-1/3. The squares are experimental data and the 
solid line is a fit of the data using Equation 3.5. 
 

3.4.3 MWNT orientation in drawn tapes 
The solid state drawing of the composite fibres, necessary to obtain high modulus, high 
strength fibres, leads to a certain degree of alignment of the nanotubes themselves. Saito 
et al. [ 44] calculated the theoretical polarisation and nanotube orientation dependence of 
the Raman intensity for a (10,10) armchair SWNT and showed that polarised Raman is a 
very powerful technique to probe the degree of orientation of nanotube samples. 
Figure 3.10 shows Raman intensities as a function of the sample orientation for two 
possible geometries for the polarisation of light: the VV and VH configurations. In the 
VV configuration, the incident and the scattered polarisations are parallel to each other, 
while they are perpendicular to each other in the VH direction. As it can be seen, each 
mode has its own specific angular dependence. 
Two years later, Rao et al. [ 45] found that the G-band intensity of MWNTs exhibited a 
minimum at θ = 55˚ as predicted from theory for A1g modes in SWNT. However, when 
the same approach was used to assess the degree of alignment of SWNT samples [ 46], no 
minimum was detected. They found that all the Raman line intensities decreased in nearly 
equal amounts for the VV configuration. The effect was explained as a loss of resonance 
Raman scattering and led to the following angular-dependence of the scattering 
intensities for all the peaks. 
 

( )( ) θφ 4cos∝VVI R (3.6)
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Figure 3.10 Raman intensities as a function of the sample orientation for the (10,10) armchair nanotube. 
As shown on the right, θ1 and θ2 are angles of the nanotube axis from the z-axis to the x-axis and y-axis, 
respectively. θ3 is the angle of the nanotube axis around the z-axis from the x-axis to the y-axis. The left- 
and right-hand figures correspond to the VV and VH configurations. The E2g modes at 368 and 1591 cm-1 
are almost on the same curve in the figures except for the VH (θ2) configuration [ 44]. 
 
Following this work, Haggenmueller et al. [ 47] applied this analysis to quantify the extent 
of nanotube alignment within a composite fibre. They used a simple two dimensions 
model, where they assumed that nanotubes are distributed parallel to the film plane and 
out-of-plane misalignment is neglected. They considered a continuous distribution of 
SWNT orientations with respect to the plane defined by the preferred axis (fibre axis) 
and the polarisation vectors to model Raman intensity 
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where Ψ is the fibre angle with respect to the incident polarisation, θ is the angle 
between the SWNT axis and the incident excitation polarisation, F(θ –Ψ, ∆) a 
distribution function describing the mosaic spread about the fibre axis, and ∆ 
characterizes the width of the distribution (Figure 3.11). A Lorentzian form of the 
distribution function was selected 
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where ∆ is now the full width at half maximum (FWHM) of the distribution which is 
varied to minimize the least-squares variance of the calculated to the measured ratios. 
This model was modified by Fischer et al. [ 48] by the use of a different distribution 
function. They included a completely unaligned fraction (1-AR), and used a Gaussian 
rather than a Lorentzian line to describe the preferred orientation. 
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where AR is the aligned fraction and σ is the Gaussian standard deviation. 
 

 

 
Figure 3.11 Schematic of reference frames and angles.  
 
Figure 3.12 shows the Raman spectra for the VV scattering configuration of UHMW-
PE tape containing 5 wt% MWNTs (λ=30) at various angles Ψ between the polarisation 
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direction and the sample axis, which is also supposed to be the alignment direction and 
Figure 3.13 is a summary of the relative Raman intensity as a function of the measured 
angle. No minimum could be detected at θ = 55˚, but a general decrease of intensity was 
registered, similar to what was described in experiments carried out with SWNTs. 
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Figure 3.12 Raman spectra of UHMW-PE tape containing 5 wt% MWNTs (λ=30) at various angles Ψ 
between the polarisation direction and the sample axis. 
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Figure 3.13 Relative Raman intensity of UHMW-PE tape containing 5 wt% MWNTs (λ=30) as a function 
of the angle Ψ between the polarisation direction and the sample axis. 
 
Because the data are rather scattered, it is rather difficult to obtain an accurate estimate of 
the degree of alignment of the nanotubes within the polymer matrix. However, since the 
sample is conductive, SEM micrographs could be collected in charge contrast imaging 
mode [ 49]. Because of the different capabilities for charge transport of the conductive 
MWNTs and the insulating polymer matrix, the secondary electron yield is enriched at 
the location of the nanotube, which results in the contrast between the MWNT network 



 

62                                                                                                                      Chapter 3 

and the polymer matrix. The mechanism operating is not totally understood, in fact from 
a theoretical point of view, the contrast should be inverted, with dark MWNTs within a 
bright charged polymer matrix. However, this imaging mode is very efficient in the 
visualisation of the nanotube organisation within the matrix. Figure 3.14 shows a general 
view of a tape (λ=30) containing 5 wt% MWNTs. A high degree of alignment can be 
clearly seen. The solid state drawing is indeed very efficient in aligning the nanotubes. In 
fact, at a relatively low draw ratio, the MWNTs are already perfectly aligned in the axial 
direction, thus creating the ultimate uniaxial nanocomposite.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14 SEM image of UHMW-PE containing 5 wt% MWNTs tape (λ=30) showing highly oriented 
nanotubes. 
 

3.4.4 Electrical properties of drawn tapes 
Figure 3.15 shows the electrical conductivity as a function of the draw ratio for a 
composite containing 5 wt% MWNTs. The conductivity was measured along the 
stretching direction with the two-terminal method. The conductivity of undrawn sample 
(λ=1) is improved drastically as compared to pure UHMW-PE film (5 wt% > 
percolation threshold), however the conductivity was gradually decreased with increasing 
draw ratio. As shown in the previous paragraph, solid state drawing is responsible for a 
change in distribution and alignment of MWNTs. It could be thought that drawing of 
UHMW-PE/MWNT nanocomposites decreases the number of possible conduction 
paths present above the percolation threshold with a resulting decrease in conductivity. 
Alternatively, it could be thought that the drawing process causes the large conductive 
nanotube agglomerates to separate further from each other resulting in lower 
conductivity. However, it is interesting to notice that the conductivity at draw ratio of 30 
can still reach 10-4 S/m, probably because of the high aspect ratio of the MWNTs. This 
level is two orders of magnitude higher than the minimum required to provide 
electrostatic discharge, making these fibres interesting from a mechanical and electrical 
point of view. As compared to Bin’s work, [ 32] the percolation threshold is significantly 
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lower, however their fibres maintained a high level of conductivity even at draw ratio of 
100. In the present study, it was chosen not to incorporate higher amounts of MWNTs 
into the nanocomposites, because the presence of such large amounts of nanotubes 
interferes with the drawing process. In fact, for pure UMHW-PE films, a draw ratio of 
80-100 could be reached, while for the nanocomposites containing 5 wt% MWNTs only 
50 could be achieved. Furthermore, as it will be shown in the next paragraph, the 
addition of MWNTs is accompanied by a decrease of the mechanical properties.  

0 10 20 30 40 50

-7

-6

-5

-4

-3

-2

-1

 

 

Lo
gσ

D
C
 [S

*m
-1
]

Draw ratio λ [-]

 
Figure 3.15 Electrical conductivity of UHMW-PE containing 5 wt% MWNTs as a function of draw ratio 
λ. Black squares are the experimental data and the solid line is a linear fit. 
 
3.4.5 Mechanical properties of drawn tapes 
Figure 3.16 shows the stress-strain curves for UHMW-PE tapes drawn to a draw ratio of 
30. Nanocomposite tape of UHMW-PE containing 5 wt% MWNTs is compared to its 
reference material, UHMW-PE processed from a mixture of xylene and DMF, and also 
to the standard UHMW-PE tape processed from pure xylene. As compared to the 
UHMW-PE processed from mixed solvents, both Young’s modulus and tensile strength 
are affected by the presence of nanotubes. MWNT agglomerates act as stress 
concentrators and result in a reduction of the ultimate properties. When compared to the 
UHMW-PE tape prepared from xylene, the effect is even bigger. 
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Figure 3.16 Stress-strain curves of pure UHMW-PE crystallized by xylene and by a xylene/DMF mixture 
and UHMW-PE containing 5 wt% MWNTs crystallized from a mixture of xylene and DMF. 
 
These results are not completely surprising. As already mentioned in the introduction, 
the amazing mechanical properties of UHMW-PE fibres are a result of the perfect 
structure obtained by gel-spinning followed by solid state drawing. If the structure is 
compromised by the addition of a filler, then there will be a decrease in properties of the 
matrix and the gain that results from the use of a reinforcing filler might be nullified. In 
addition, the reinforcing potential of MWNTs can be modest, depending on the effective 
load carrying capabilities of the multiple layers. It would be interesting to assess from a 
theoretical point of view whether SWNTs could be used to reinforce high-strength 
UHMW-PE fibres. In the next paragraph, an analysis of the reinforcing potential of 
SWNTs in UHMW-PE fibres will be presented. 
 

3.4.6 Reinforcing potential of SWNTs in UHMW-PE  
The response of an unidirectional composite depends on the relative strains to failure of 
the matrix and the fibre [ 50- 51]. Let us consider realistic properties for UHMW-PE 
(Young’s modulus 100 GPa, tensile strength 3.5 GPa and 3.5 % strain at break) and the 
theoretical mechanical properties of SWNTs, as calculated in Chapter 2 (Young’s 
modulus 971 GPa, tensile strength 126 GPa and 13 % strain at break). Figure 3.17 shows 
the stress-strain curves of UHMW-PE and SWNTs. εf

*> εm
* and two different failure 

sequences can be envisaged depending on the fibre volume fraction (Vf). 
For low Vf., the strength of the composite, σc

* , depends primarly on the strength of the 
matrix σm

*. The matrix fractures before the fibre and then all the load is transferred to 
the fibres. Since Vf is small, the fibres are unable to support this load and break, thus, 
 

)1(*'*
fmffc VV −+= σσσ (3.10)

 
In the present case the stress in the fibre at the failure strain of the matrix (σ′f) is equal to 
34 GPa, which is comparable to the theoretical strength of PE, 33 GPa [ 51]. 
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When Vf is large the matrix takes only a small portion of the load because Ef > Em so that 
when the matrix fractures the transfer of load to the fibres is insufficient to cause 
fracture. Provided it is still possible to transfer the load to the fibres, the load on the 
composite can be increased until the fracture strength of the fibres is reached, then, 
 

ffc V** σσ = (3.11)
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Figure 3.17 Stress-strain curves of CNT and UHMW-PE (εf*> εm*). 
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Figure 3.18 Variation of composite tensile strength as a function of Vf. Below a critical volume fraction 
(V’f), the composite fails when the matrix fails, while above V’f the composite fails when the fracture 
strength of SWNTs is reached. 
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Figure 3.18 illustrates the variation of fracture strength with Vf. The crossover point, 
where the composite properties start to increase more rapidly, is obtained by combining 
Equation 3.10 and Equation 3.11 giving 
 

*'*

*
'

mff

m
fV

σσσ
σ

+−
= (3.12)

 
In the case of UHMW-PE containing SWNTs, V’f is equal to 3.6 vol%. Below this 
critical concentration the composite fails when the matrix fails, while above V’f the 
composite fails when the fracture strength of SWNTs is reached. It should be noted that 
the prospect of homogeneously dispersed SWNTs in UHMW-PE at such high 
concentrations is not really realistic, considering the chemical incompatibility of 
polyethylene and CNTs and defeats to some extent the idea of creating the ultimate high-
strength conductive fibre.  
 
3.5 Conclusions 

UHMW-PE/MWNTs composites have been investigated. A novel approach for the 
preparation of nanocomposites has been described. The method involves the use of a 
mixture of solvents during the gelation process. One solvent was chosen to be a good 
solvent for the matrix, namely xylene. The second solvent was chosen to be a good 
solvent for nanotubes, i.e. DMF. This novel approach allowed the improvement of 
nanotube agglomeration state as compared to the nanocomposites prepared by the use of 
pure xylene.  
The electrical properties of the as-prepared films and drawn tapes have been investigated. 
The percolation threshold is consistent with the predictions of Munson-McGee for a 
system of conductive fillers of aspect ratio between 40 and 130, consistent with the 
aggregation state of nanotubes used in the study. Furthermore, it is lower than the value 
reported by Bin et al., who used pure decalin in the gelation process. Decalin, like xylene, 
is a good solvent for polyethylene, but it is a poor solvent for the nanotubes. Even 
though they sonicated the nanotubes in decalin for 10 hours, the state of agglomeration 
was still high, and this was reflected in the high percolation threshold. 
The conductivity was gradually decreased during the stretching process, which is 
responsible for a change in distribution and alignment of MWNTs. It could be thought 
that drawing of UHMW-PE/MWNT nanocomposites decreases the number of possible 
conduction paths present above the percolation threshold with a resulting decrease in 
conductivity. Alternatively, it could be thought that the drawing process causes the large 
conductive nanotube agglomerates to separate further from each other resulting in lower 
conductivity. However, it is interesting to notice that the conductivity at draw ratio of 30 
can still reach 10-4 S/m, probably because of the high aspect ratio of the MWNTs. This 
level is two orders of magnitude higher than the minimum required to provide 
electrostatic discharge, making these fibres interesting from a mechanical and electrical 
point of view. 
An assessment of the reinforcing potential of SWNTs in highly oriented UHMW-PE 
fibres has been presented. This treatment showed that at least 3.6 vol% SWNTs, 
homogeneously dispersed, fully aligned and with perfect matrix interaction, are needed to 
fully exploit the SWNT’s impressive strength. Below this concentration, the 
nanocomposite fails simply when the matrix fails and very little reinforcement is 
obtained. In conclusion, CNTs can be used as fillers in UHMW-PE in order to create 
conductive fibres. However, the idea of using CNTs, especially MWNTs, as reinforcing 
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nanofibres for UHMW-PE should be carefully reconsidered, since the ultimate 
mechanical properties might be compromised by the addition of CNTs to the perfect 
structure of the polymer fibre. 
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Chapter 4 

Manufacturing and characterisation of isotropic 
PVA/SWNT composite films 

4.1 Introduction 

Poly(vinyl alcohol) (PVA) is perhaps the simplest of the water soluble/hydrophilic 
polymers from a structural point of view (Figure 4.1). It cannot be prepared by direct 
polymerisation of the corresponding monomer, since vinyl alcohol cannot be isolated. 
For this reason, PVA is obtained by saponification with an alkali of poly(vinyl acetate) 
(PVAc).  
 

(CH2   CH)x   co   (CH2   CH)1-x 
 
 
 
 
 
Figure 4.1 Structure of poly(vinyl alcohol) (x = mole fraction). 

 

Like many other water-soluble polymers, it has found wide acceptance as a material for 
adhesive, hydrogel, membrane, and other applications [ 1- 3]. In addition, PVA has 
received a great deal of attention as matrix for nanotube based composites, because 
extremely good levels of dispersion could be achieved [ 4- 10]. Although the mechanism 
responsible is not clear, several reports observed enhanced properties of the 
nanocomposites as a result of the good level of dispersion of CNTs within the polymer 
matrix. Several approaches have been used to disperse CNTs in PVA, mostly from 
solution since it is not possible to melt-process PVA, because of its severe thermal 
degradation. Surfactant and chemical functionalisation are the most widely used methods. 
Zhang et al. [ 5] has investigated PVA/SWNT composite films using polyvinyl 
pyrrolidone (PVP) and sodium dodecyl sulphate (SDS) to disperse SWNTs. The 
nanocomposites exhibit significant improvements in tensile strength and modulus as 
compared to the pristine PVA and PVA/PVP/SDS films. The increased mechanical 
properties of the nanocomposites were not attributed to changes in crystallinity, because 

OH O 
C O 
CH3 
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the nanocomposite crystallinity was even lower than the crystallinity of the polymer film. 
Paiva and co-workers [ 8] and Liu et al. [ 9] studied the mechanical behaviour of PVA 
containing covalently functionalised SWNTs. The former employed SWNT 
functionalised with low molecular weight PVA, while the latter used functionalised 
SWNTs with multiple surface hydroxyl groups. Both groups obtained homogeneously 
dispersed nanocomposites with improved mechanical properties. In a series of papers, 
Cadek et al. [ 4,  6- 7] described PVA films containing unfunctionalised CNTs. They 
reported significant improvements in modulus and tensile strength as compared to the 
pure polymer. However, the study of the morphology of the polymer matrices showed 
that the enhanced mechanical properties were a mere result of an increased crystallinity 
of the polymer matrices. 
PVA was also chosen as matrix for CNT based composites because these systems seem 
to exhibit extremely good interfacial adhesion between the polymer and the nanotube [ 4-
 10]. However, as already discussed, CNTs were found to nucleate and template oriented 
crystallisation of PVA [ 7,  11- 13]. This point is of crucial importance, since when the 
mechanical properties of a composite are assessed through micromechanical models, it is 
assumed that the polymer in the matrix and in the composite possess the same 
morphologies and orientations. If this is not the case, the micromechanical models 
cannot simply be applied using the unfilled polymer data for the matrix of the composite 
and the assessment of the real reinforcing efficiency of the filler becomes very difficult. 
 

4.2 SDS/SWNT aqueous dispersion 

Surfactants have been extensively used in practical applications such as washing, wetting, 
emulsifying, dispersing and foaming thanks to the properties that result from their 
unusual molecular structure. They consist of a hydrophilic head and a long hydrophobic 
tail. For this reason, they are often described as amphiphilic molecules. Because of their 
structure, surfactants tend to migrate at the interface and they also tend to organize 
themselves into extended structures. Above a certain concentration, known as critical 
micelle concentration (CMC) they tend to form micelles, which have the ability of 
solubilizing substances that would otherwise be insoluble or only slightly soluble in a 
given solvent.  
These properties have been employed in nanotube dispersion and stable homogenous 
aqueous suspensions of CNTs have been prepared using an anionic surfactant, sodium 
dodecyl sulphate, SDS. 
Chemical adsorption of SDS molecules on the surface of CNTs creates a distribution of 
negative charges that prevents them from aggregating and produces stable homogeneous 
suspensions in water. A TEM study performed by Richard and co-workers enabled to 
visualize the organisation of SDS molecules on the surface of CNTs [ 14]. SDS forms 
supramolecular structures made of rolled-up half-cylinders on the nanotube surface. 
Depending on the symmetry and the diameter of the tube, they observed rings, helices, 
or double helices.  
 
In this Chapter, the phase diagram of SWNT/SDS in water will be used as a starting 
point for the preparation of homogeneous isotropic PVA/SDS/SWNT nanocomposites. 
The nanocomposite films will be fully characterized in terms of the main prerequisites 
for obtaining high quality nanocomposites, being good dispersion and good interfacial 
adhesion or stress transfer. The effect of the nanofillers on the polymer crystallinity will 
also be evaluated as this is essential for mechanical property assessement. The mechanical 
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properties of the isotropic nanocomposite films will be characterised and assessed using 
the Cox-Krenchel micromechanical model for random short fibre composites.  
 
4.3 Experimental 

4.3.1 Materials 
PVA (Mw = 84,000-124,000 g/mol, 98-99% hydrolysed) and SDS used in this 
investigation was purchased from Sigma-Aldrich and used as supplied. The SWNTs were 
purchased from Carbolex (CLAP8563) and used without further modification. They are 
produced by arc-discharge method and their purity is ~ 70%. Distilled water was used as 
solvent. 
 

4.3.2 Composite preparation 
Nanocomposite films were fabricated from water solutions of PVA/SDS/SWNT. 
Poly(vinyl alcohol) was dissolved in distilled water at 90 °C (to give a 4 wt% solution) 
and subsequently cooled to room temperature. SWNTs were dispersed in an aqueous 
SDS (1 wt%) solution followed by ultrasonication and centrifugation. A stock solution 
was prepared by adding the SDS/SWNTs dispersion to the PVA solution. A range of 
concentrations was fabricated by blending this stock solution with a solution of pure 
PVA in the required ratios.  
Films were obtained by the solution casting method. The composite solutions were cast 
onto a polystyrene dish and degassed in a vacuum oven. The films were dried at room 
temperature, peeled off from the polystyrene dish and dried in a desiccator for at least a 
week before testing. 
 

4.3.3 Composite characterisation 
Optical microscopy 

Optical micrographs were obtained using Olympus BX60F, fitted with a JVC color video 
camera, model KY-F55BE. 
 
UV-Vis 

UV-Vis spectra were recorded by a Hitachi U-3000 spectrophotometer operating 
between 200 and 800 nm. 
 
Raman spectroscopy 

Raman spectra were recorded on a Renishaw Raman microscope system using a 50× 
objective and the excitation beam was from a 60 mW HeNe laser (632.8 nm). The 
spectral resolution of the system is better than 1 cm-1. A neutral grey filter was inserted in 
the path beam to reduce the laser power in order to avoid excessive heating and thus 
degradation of the sample. 
A rectangular strip was cut from the cast film and mounted on the elongation based 
strain rig shown in Figure 4.2. The rig is then placed on the microscope stage of the 
Raman spectrometer, positioned with the fibre axis parallel to the polarisation direction. 
Five spectra are collected in the unstrained position along the length of specimen. The 
strain is increased by rotating the screw a specified amount before refocusing and taking 
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five other spectra. By plotting the Raman wavenumber as a function of the applied strain 
the bandshift rate of the material was determined. 
 

 

Sample

 
 
Figure 4.2 Elongation based strain rig. 
 
DSC 

Differential scanning calorimetry (DSC) was performed on 5 mg samples of 
nanocomposites in standard aluminium pans using a Mettler DSC 822e differential 
scanning calorimeter. All crystallisation and melting temperatures were determined by 
drawing asymptotic lines to the initial rise or drop in heat flow and determining the 
intersection with the baseline. To erase thermal history, samples were heated from room 
temperature up to 240 °C at 40 °C per minute, held at that temperature for 1 minute, and 
then cooled at 40 °C per minute to 0 °C. After 1 minute equilibration time, the samples 
were reheated to 240 °C and then cooled again. The endothermic data were taken form 
the second heating scan.  
 
DMTA 

Dynamic mechanical thermal analyses (DMTA) were performed in a TA Instruments 
DMAQ800 DMTA machine fitted with a tensile testing head. A rectangular strip was cut 
from the cast film with dimensions of 15 mm length, 6 mm width and ~100 µm 
thickness. The system was automatically cooled to –100 ºC, and then heated at a rate of  
5 ºC to 200 ºC. A static force of 10 mN was applied to ensure that the sample was taut 
between the tensile grips. The force was kept constant during the test to allow shrinkage 
of the sample during testing. 
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4.4 Results and discussion 

4.4.1 Phase diagram of SWNT/SDS aqueous solutions 
The concentration of the surfactant is known to play a vital role in the phase behaviour 
of the dispersion of SWNTs in water. Because homogeneous solutions are needed for 
the composite preparation, a deep knowledge of the phase behaviour of SWNT 
suspension is needed. Figure 4.3 shows optical pictures of SWNT/SDS aqueous 
dispersions taken at various concentrations and the phase diagram obtained from the 
analysis of the optical images. 
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Figure 4.3 (a) Optical images of SWNT/SDS aqueous dispersions at various concentrations (Left 0.4 wt% 
SWNT/0.5 wt% SDS, centre 0.3 wt% SWNT/1.0 wt% SDS, and right 0.3 wt% SWNT/3 wt% SDS). (b) 
Phase diagram of SWNT/SDS/water system. Black dots indicates homogeneous dispersion, white dots 
indicates the non-homogeneous dispersion. The black and white dots indicates a border-line region. 
 
In this phase diagram, three regions can be identified. An intermediate domain of 
homogeneously dispersed nanotubes exhibits an optimum at about 0.3 wt% SWNTs and 
1.0 wt% SDS. Any amount lower or higher than this region will lead to large aggregation. 
Insufficient surfactant cannot produce an efficient coating that will induce electrostatic 
repulsion and counterbalance the van der Waals attractions [ 15]. At higher SDS 
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concentrations, the clusters become larger and denser. Such a behaviour can be ascribed 
to the reduction of electrostatic repulsion forces between CNTs due to the large ionic 
strength and the increasing concentration of surfactant agglomerates, known as micelles 
[ 16,  17], in the aqueous suspension. Micelles cannot fit in between two CNT bundles that 
are close to each other. As a result, the osmotic pressure of the micelles around bundles 
creates an effective attraction. In classical colloidal suspensions and in multi-walled 
nanotube dispersions [ 18], this attraction is known as a depletion interaction. Van der 
Waals-induced aggregation at low SDS concentration and depletion-induced aggregation 
at high SDS concentration delimit an intermediate domain of homogeneously dispersed 
nanotubes. These results compare well with the findings of Vigolo et al. [ 19]. 
 

4.4.2 Dispersion quality of composite solutions and films 
Nanocomposite materials are prepared by mixing an aqueous solution of PVA with a 
homogeneous dispersion of SWNT in SDS solution, as described in the experimental 
section. The concentrations of SWNTs and SDS in the homogeneous dispersion are 0.3 
and 1.0 wt%, respectively (see Figure 4.3). The addition of PVA solution to a 
homogeneous SWNT/SDS mixture does not affect the state of dispersion. Figure 4.4 
shows an optical micrograph of the final composite solution containing SWNTs, SDS 
and PVA in water, where no major aggreagates can be observed in the final composite 
solution. 
 

 
 
Figure 4.4 Optical micrograph of the final composite solution showing the good degree of dispersion of 
SWNTs in PVA matrix. 
 

This result is in contrast with the results presented by other authors [ 20], who reported 
that well dispersed aqueous SWNT/SDS dispersions tend to reaggregate when mixed 
with PVA solutions during the composite preparation. However, by using a semi-dilute 
PVA solution in the first mixing step, it is possible to avoid the depletion-driven 
aggregation of the nanotubes. Once a homogeneous dispersion has been obtained, a 
more concentrated PVA solution can be used to reach the desired final concentration. 
The final viscosity of the composite dispersion is high enough to prevent phase 
separation during the evaporation of the solvent. 
UV-Vis spectroscopy has previously been employed to monitor the exfoliation process 
of SWNT bundles [ 21]. The value of absorbance at a specific wavelength is proportional 

50 µm 
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to the amount of exfoliated SWNTs. Figure 4.5 shows the UV-Vis spectra of the pure 
PVA solution, SWNT/SDS dispersion after centrifugation and the composite solution of 
SWNT/SDS/PVA. The latter solutions have been diluted in such a way that the final 
amount of SWNTs is the same in both of them. It is well known that ultrasonication of 
aqueous SWNT/SDS dispersions followed by centrifugation can exfoliate the SWNTs 
bundles. Since no significant difference of the peak intensity between the SWNT/SDS 
dispersion and the final composite solution is revealed, it can be assumed that the final 
composite solution contains the same amount of exfoliated SWNTs as the SWNT/SDS 
dispersion. In other words, no significant aggregation of SWNTs is induced by the 
addition of PVA solution. 
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Figure 4.5 UV-Vis spectra of pure PVA solution, SWNT/SDS solution and PVA/SWNT/SDS solution 
showing that the peak intensity is preserved after the addition of PVA to the homogeneous dispersion of 
SWNT/SDS dispersion. This indicates that PVA does not induce aggregation of well-dispersed SWNT s. 
 
UV-Vis spectroscopy showed that the same degree of exfoliation, present in the 
SWNT/SDS dispersion, is maintained throughout the composite preparation, leading to 
homogeneous composite materials. 

4.4.3 Stress transfer 
In the field of fibre composite materials, it has been known for about two decades that 
the application of a mechanical strain to fibres such as carbon fibres or Kevlar results in 
shifted frequencies of the Raman bands, which are directly related to the inter-atomic 
force constants. The same is true for CNTs, where the D*-band shifts when a 
mechanical deformation is applied. The D*-band reflects a breathing vibration mode by 
which all atoms of a graphene sheet undergo in-plane movement. This type of study can 
provide information regarding the matrix-nanotube load transfer efficiency [ 22]. By 
constructing a plot of band shift as a function of the applied strain, it is possible to 
obtain a linear relation. The larger the slope, the better the stress transfer efficiency from 
the matrix to the fibre.  
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Figure 4.6 Typical Raman spectra of PVA/SDS/SWNT nanocomposite film containing 1.0 wt% SWNTs 
(a) unstretched and (b) under 1.0 % strain. The peak position shifts towards lower wavenumbers. 
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Figure 4.7 Raman D*-band shift as a function of the applied strain for PVA/SDS/SWNT nanocomposite 
film containing 1.0 wt% SWNTs. The circles are experimental data and the solid line is a linear fit of the 
data in the elastic region. 
 
Figure 4.6 shows Raman spectra of a typical sample undergoing stretching. The position 
of the D*-band for unstretched sample is 2634.9 cm-1. When the sample is stretched a 
band shift is observed. Figure 4.7 shows the D*-band shift for PVA/SWNT film as a 
function of strain. Linear dependence of the band shift is observed in the elastic region 
and a slope of –229.5 cm-1/strain is obtained in this regon. It should be noted that in the 
composite, there are two competing factors which contribute to the real stress transfer 
efficiency. CNTs are well exfoliated and dispersed, as shown by UV-Vis spectroscopy. 
However, they are not in direct contact with the matrix, since some SDS molecules are at 

(b)         (a) 
2632.1 cm-1←2634.9 cm-1 
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the SWNT/PVA interface (Appendix A). It could be expected that a better interaction 
with SWNTs could possibly be achieved in a surfactant-free system. However, if no 
surfactant is used, nanotubes might not be as well dispersed as in the present case. This 
could lead to a system where less individual CNTs get the chance to be in contact with 
the polymer chains, which in turn decreases the efficiency of stress transfer. 

4.4.4 Crystallisation behaviour 
It is very difficult to study the crystallisation behaviour of PVA, mainly because this 
polymer degrades at a temperature near its melting temperature. This explains the lack of 
studies on the subject. Probst and co-workers [ 11] studied the nucleation effect of 
SWNTs in PVA. They found that SWNTs catalyzed the thermal degradation of the 
polymer. However, they used nanotubes, which have been repeatedly washed with HF, 
leading to a highly acidic character of the tubes. In the present study, 240 °C was chosen 
as maximum temperature for the heating scans, since it was above the end of the 
observed melting transition. 240 °C was not above the equilibrium melting point, but 
higher temperatures might lead to significantly greater degradation. In order to minimise 
the degradation, a high cooling speed, i.e. 40 °C/min, was chosen. 
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Figure 4.8 Crystallisation exotherms during the first and second heating scans for PVA, PVA/SDS and 
PVA/SDS/SWNT nanocomposites, showing no significant thermal degradation of PVA and 
PVA/SDS/SWNT. PVA/SDS shows partial degradation. 

 
Figure 4.8 shows a comparison of the crystallisation exotherms during the first and 
second heating scans for PVA, PVA/SDS and PVA/SDS/SWNT nanocomposites. As it 
can be seen, the additional thermal treatment between the first and second heating scans 
does not cause any change in pure PVA sample. The same is true for the 
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nanocomposites containg 0.1 and 1.0 wt% SWNT. However, when SDS is added to 
PVA, the sample shows a shift of the crystallisation temperature and a lowering of the 
heat release associated with crystallisation. Both these effects have been attributed to 
sample degradation, although the mechanism involved is not clear. In the present case, it 
could be attributed either to PVA or SDS degradation. 
The crystallisation curves of PVA, PVA/SDS and PVA/SDS/SWNT nanocomposites 
are shown in Figure 4.9. The addition of as little as 0.1 wt% of SWNTs results in an 
increase of the crystallisation temperature (Tc). Further increases of the SWNT 
concentration do not affect further Tc. The increase of Tc upon addition of SWNTs 
shows a nucleating effect of SWNTs on PVA crystallisation. The degree of crystallinity is 
calculated from the melting heat (∆Qm) obtained from DSC measurements according to 
the following equation: 
 

0H
Q

X m
c ∆

∆
= (4.1)

 
where ∆H0 = 138.60 J/g is the melting enthalpy of 100% crystalline PVA [ 23]. The 
degree of supercooling is defined as the difference in the melting temperature of an 
infinite crystal (Tm

0) and crystallisation peak temperature (Tc) at a given cooling rate. The 
nucleating effect of nanotubes results in a shift of Tc to higher temperatures, whereas Tm

0 

is a constant, indicating that the required supercooling (∆T) is reduced by the addition of 
nanotubes. The presence of CNTs induces the formation of nuclei and crystals can start 
growing at higher temperature. The same degree of crystallinity is obtained with less 
supercooling. 
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Figure 4.9 DSC cooling scans of PVA, PVA/SDS and PVA/SDS/SWNTs composites at 40 ºC/min 
showing that the addition of nanotubes results in an increase of the crystallisation temperature (Tc). 
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Table 4.1 summarises the data for all the samples.  
 
Table 4.1 Crystallisation and meting data for PVA/SWNTs nanocomposites. 
 

Sample Tg [˚C] Tm [˚C] ∆H [J/g] Xc [%] Tc [˚C] ∆T[˚C] 

Pure PVA 79 218 56 40 180 38 

PVA/SDS 78 216 53 38 175 41 

0.1 wt% SWNTs 78 218 56 41 187 31 

0.5 wt% SWNTs 78 218 56 41 188 30 

1.0 wt% SWNTs 79 217 54 39 188 29 

 

4.4.5 Mechanical properties 

It is well known that good dispersion and good interfacial adhesion are the basic 
requirments for matrix reinforcement in a composite. Since both features are present in 
the system under investigation, the mechanical properties of the isotropic composite 
films are expected to be improved compared to the pure matrix, thus DMTA 
measurements have been performed on the composite films to verify this. 

-100 -50 0 50 100 150 200
10

100

1000

10000

 PVA/SDS
 PVA/SDS/SWNTs

 
 

St
or

ag
e 

m
od

ul
us

 [M
Pa

]

Temperature [°C]

 
Figure 4.10 Storage modulus of PVA/SDS and PVA/SDS/SWNT (1.0 wt% SWNTs) nanocomposite 
films measured as a function of temperature. 
 
Figure 4.10 shows typical curves for PVA/SDS and PVA/SDS/SWNT (1.0 wt% 
SWNTs) isotropic nanocomposite films. The storage modulus decreases with increasing 
temperature with a sharp transition at the glass transition temperature (Tg) as expected 
for semi-crystalline polymers. The storage modulus increases with the addition of 
SWNTs in the composites. As already mentioned in Chapter 2, the simplest 
micromechanical model to calculate the nanotubes reinforcing efficiency is the Cox-



 

80                                                                                                                      Chapter 4 

Krenchel model [ 24]. The axial Young’s modulus of the composite can be written using 
the well-known rule of mixture 
 

mfffLc EVEVE )1(0 −+= ηη (4.2)
 
where Em and Ef are the Young’s moduli of the matrix and the fibre, respectively, Vf is 
the volume fraction of the fibre, ηL is the length efficiency factor, and η0 is the 
orientation factor. It was previously shown that PVA/MWNT films prepared by a 
casting method tend to contract, leading to a preferential orientation of the nanotubes in 
the plane resulting in a value of η0 close to the theoretical in-plane value of 3/8 [ 25]. 
Since SWNTs and PVA have the same density, i.e. 1300 kg·m-3, the weight fractions and 
volume fractions correspond to the same values. 
It was previously suggested that it is not possible to determine simultaneously Ef and ηL 

from the fitting procedure [ 7], but only an effective modulus given by Eeff = ηL Ef can be 
obtained. Figure 4.11 shows the storage modulus at 25°C as a function of SWNTs 
volume fraction for PVA/SDS/SWNT composite films. The experimental data were 
fitted with the rule of mixture to determine the nanotube effective modulus, Eeff. This 
analysis gave an effective modulus of 0.62 TPa, when the original SWNT concentration 
is considered. However, the preparation procedure includes a centrifugation step, during 
which part of SWNTs is removed. If an estimated 25% loss is taken in account, the 
effective modulus is equal to 0.93 TPa, being the theoretical modulus for SWNTs. 
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Figure 4.11 Storage modulus at 25°C as a function of SWNTs volume fraction for isotropic 
PVA/SDS/SWNT nanocomposite films. The experimental data were fitted with the rule of mixture to 
determine the nanotube effective modulus, Eeff. 
 
Using the Halpin-Tsai model, the aspect ratio l/d of the reinforcing nanotubes can be 
obtained if Ec, Ef, Em and Vf are known. The Halpin-Tsai model [ 24] is a simple empirical 
set of equations that is often used to calculate the stiffness of unidirectional short fibre-
reinforced materials. It allows the calculation of all elastic constants necessary to 
characterize the composite using the equation: 
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in which Mc is the composite Young’s or shear modulus E11, E33, G12 or G13. Mr is the 
corresponding filler modulus Er or Gr and Mm the corresponding matrix modulus Em or 
Gm. Vr is the volume fraction of the filler. ζ is a factor that depends on the shape of the 
filler particle and on the type of modulus to be calculated. For fibre reinforcement, it is 
advised to use the following shape factors 
 

E11 ζ=2l/d 
E22 or E33 ζ=2 
G12 ζ=1/(3-4νm) 
G13or G32 ζ=1. 

 
For composites containing randomly distributed fibres, the composite modulus can be 
calculated by the following equation 
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For nanotube reinforced polymer composite 
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The aspect ratio for CNTs is thus found to be 250 using the experimental data reported 
in Figure 4.14 and Ef equal to 0.93 GPa. Considering an average nanotube length of 1 
µm, this results in an average bundle diameter equal to 4 nm. This result confirms that 
the good level of dispersion obtained in the SDS solution is maintained throughout the 
composite formation. 
The peak in the loss modulus or tanδ curve can be used to determine the glass transition 
temperature Tg. Figure 4.12(a) and 4.12(b) show the evolution of the loss modulus and 
tanδ as a function of temperature, respectively. The addition of SDS to PVA matrix 
results in a decrease of Tg, confirming the plasticizing effect of SDS molecules. The 
addition of both nanotubes and surfactant restores Tg to values similar to the one of pure 
PVA, indicating that the addition of nanotube contrasts the plasticizing effect of SDS 
molecules. This could be explained considering the strong interaction between nanotube 
and SDS, which results in a preferential adsorption of SDS molecules onto the nanotube 
surface. In turn, this means a lower concentration of SDS molecules in the bulk polymer 
that can act as plasticizer. In addition, it was previously shown that nanotubes have a 
constraining effect on the polymer chains resulting in an increase of Tg [ 9,  26- 27]. A 
similar effect could be present in the samples studied here. 
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Figure 4.12 (a) Loss modulus and (b) tanδ of isotropic PVA, PVA/SDS and PVA/SDS/SWNT 
nanocomposite films measured as a function of temperature. 
 
Table 4.2 summaries the value of Tg for PVA, PVA/SDS and PVA/SDS/SWNT 
nanocomposites as measured by DMTA. 

(a) (b) 
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Table 4.2 Tg for PVA and PVA/SWNT nanocomposites as measured by DMTA. 
 

Sample Tg [ºC] 

Pure PVA 76 

PVA/SDS 69 

0.1 wt% SWNTs 77 

0.5 wt% SWNTs 78 

1.0 wt% SWNTs 75 

 
4.5 Conclusions 

Isotropic PVA/SDS/SWNT nanocomposites have been investigated. Since PVA is a 
water-soluble polymer, SWNTs were dispersed in water with the aid of a surfactant, SDS. 
The phase diagram of aqueous dispersion of SWNT and SDS has been used as a starting 
point for the preparation of homogeneous PVA nanocomposites. The nanocomposite 
films exhibit a high degree of dispersion, as well as good stress transfer from the polymer 
matrix to the reinforcing nanotubes. Although the degree of crystallinity is not affected 
by the addition of nanotubes, their presence induces the formation of nuclei and crystals 
can start growing at higher temperature, indicating a nucleating effect of the nanotubes 
themselves. The mechanical properties of these isotropic nanocomposite film have been 
characterized and assessed using the Cox-Krenchel model, showing a good reinforcing 
efficiency of the nanotubes in PVA matrix. However, the nucleating effect of nanotubes 
needs further investigation. This is described in the following Chapter, where the films 
will be used to create highly oriented tapes and any difference in the initial morphology 
of the polymer matrix before drawing will be accentuated in the oriented material.  
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Chapter 5 

Manufacturing and characterisation of oriented 
PVA/SWNT composite tapes 

5.1 Introduction 

As already discussed in Chapter 4, PVA is a very simple water-soluble polymer from a 
structural point of view and has been employed in many applications, such as adhesive, 
hydrogel, membrane, etc. In addition, PVA exhibits considerable potential as a material 
for high modulus fibres [ 1,  3]. In fact, as reported in Chapter 3 PVA has a very high 
crystal modulus, 230 GPa, comparable to PE. However, as shown in Figure 5.1, its full 
potential has not been exploited yet, because of the difficulties in obtaining a high draw 
ratio. 
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Figure 5.1 Relationship between the crystal modulus and the maximum specimen modulus for various 
polymers [redrawn from  1]. 
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This is a result of the presence of strong intermolecular hydrogen bonds, which impose 
restriction on the drawing process. In fact, during solid state drawing, intermolecular 
bonds need to be broken and reformed in order to orient macromolecules. In PE, this 
process is relatively simple, because only van der Waals interactions are present, whereas 
in PVA, strong hydrogen bonds are present. In addition, during drawing, chain extension 
occurs and hydrogen bonds accumulate, making the solid state drawing process more 
and more difficult. 
 
5.2 PVA fibres 

The first patent on polyvinyl alcohol fibres goes back to 1931, when Herrmann and his 
collaborators reported that PVA fibres could be prepared by wet and dry spinning 
method [ 4]. They were interested in the use of such fibres for surgical purposes and thus 
they improved its water solubility [ 5]. However, in Japan, studies to produce a textile 
fibre from PVA started in 1938, when Sakurada and his collaborators [ 6] prepared water-
insoluble PVA fibres by wet spinning followed by formalisation of the fibre, which 
consists of a treatment in formaline solution to create acetal bonds between adjacent 
hydroxyl groups. Normally, PVA fibres with several hundreds MPa tensile strength and 
about 10 GPa modulus can be produced using the solution spinning technology. 
However, the use of gel-spinning technology allows to reach improved mechanical 
properties since this process allows to reach higher drawability. Tensile strengths up to 
2.5 GPa and Young’s moduli of 70 GPa can be obtained [ 3]. In addition these fibres 
possess a strongly reduced creep behaviour and an enhanced compressive strength as 
compared to UHMW-PE fibres, due to their stronger intermolecular interactions [ 8,  9]. 
 
5.3 PVA/CNT fibres 

Although PVA has received a lot of attention as a matrix for nanotube reinforced 
composite films, very few reports about the incorporation of nanotubes in PVA fibres 
have been published [ 10- 16]. The first group to report about PVA/CNT was led by 
Baughman [ 10]. They modified the method used by Vigolo et al. in 2000 [ 11]. In the 
original work, care was taken to remove the polymer after spinning, while Dalton and co-
workers did not rinse the wet fibres in order to keep a final concentration of 40% of 
polymer in the final composite. This processing resulted in high values of Young’s 
modulus and strength, 80 GPa and 1.8 GPa respectively. However, as already mentioned 
in Chapter 2, the nanotube contribution to the composite properties was rather low. In 
fact, calculations show that the effective Young’s modulus of nanotube is equal to 147 
GPa and the effective maximum tensile stress on the nanotube was as low as 3 GPa, 
comparable to (poor) carbon fibre properties. In 2004, Zhang et al. [ 12] used the gel 
spinning technique to prepare PVA/SWNTs nanocomposite fibres from DMSO/water 
solutions. They obtained homogeneous nanocomposite fibres with improved mechanical 
properties. The nanotube contribution to the composite properties was slightly higher 
than in Dalton’s case, with an effective nanotube modulus equal to 400 GPa and an 
effective tensile stress equal to 8 GPa. However, these values are rather distant from the 
expected properties of SWNTs. Another method used recently to form composite fibres 
from solution is electrospinning. This technique has been used to produce man-made 
fibres since 1934 [ 13] and involves electrostatically driving a jet of polymer solution out 
of a nozzle onto a metallic counter-electrode. In 2005, Zhou et al. [ 14] described 
electrospinning as a method to fabricate PEO and PVA nanofibres containing MWNTs.  
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In this Chapter, the isotropic films described in the previous Chapter will be drawn in the 
solid state to create highly oriented tapes. This process is needed to achieve uniaxial 
orientation of the nanotubes, in order to further optimise the nanotube efficiency in the 
composites. In fact, as already discussed in Chapter 2, three factors strongly affect the 
macroscopic properties of nanocomposites, i.e. (1) homogeneous dispersion of the 
CNTs throughout the polymer matrix, (2) adhesion between the nanotubes and the 
matrix and finally (3) uniaxial orientation, to exploit the intrinsic anisotropy of the 
nanotubes. Their mechanical properties will be characterized as well as the development 
of orientation of polymer chains and SWNTs. The Cox-Krenchel, rule of mixture like, 
model will be used to assess the contribution of SWNTs to the composite properties. A 
further analysis will be applied to establish whether the improved properties are a result 
of true reinforcement of nanotubes or a mere change in the matrix morphology or 
crystallinity. The importance of initial morphology and pre-orientation of polymer 
crystals in cast films will be explained and WAXD will be used to measure the degree of 
pre-orientation. Nanocomposites consisting of the same matrix and nanotubes but 
without the use of surfactant will be presented for comparison reasons. An organic 
solvent, dimethyl sulfoxide (DMSO) was employed to effectively disperse the nanotubes 
and highly oriented tapes were prepared by solid state drawing and characterised from a 
mechanical point of view. The micromechanical analysis will be applied to assess the 
contribution of the nanotubes to the composite properties. The study of pre-orientation 
will be presented. Finally, an assessment of the real reinforcement potential of SWNTS in 
highly oriented PVA fibres will be presented. 
 
5.4 Experimental 

5.4.1 Composite tapes preparation 
Nanocomposite tapes were fabricated from the cast films prepared as described in 
Chapter 4 by solid state drawing at 130°C. 

 

5.4.2 Composite characterisation 
Tensile test 

Tensile tests were conducted on fibre samples at room temperature on an Instron 5586. 
The samples were rectangular with approximate planar dimension of 15 mm × 5 mm.  
The thckness depends on the draw ratio and it is in the range of 100-50 µm For all 
samples at least five specimens were measured, the results analysed and the mean and 
standard deviation calculated. 
 
ATR-FTIR spectroscopy 

The dichroism measurements were performed using the Biorad FTS6000 FTIR 
spectrometer with the UMA 500 IR microscope. The slide-on ATR crystal (Si) mounted 
on the objective of the microscope was used to collect the spectra. A wire grid polariser 
was mounted in front of the MCT detector to obtain polarised radiation. 
The sample was mounted in parallel and perpendicular configurations as to obtain the 
spectra in the transverse direction (TD) and machine direction (MD). 
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WAXD 
Two-dimensional wide angle X-ray diffraction (WAXD) patterns were recorded on a 
transmission pinhole camera with an exposure time of 300 seconds. The X-rays were 
produced by a Philips PW-1120 X-ray generator working at 40 kV and 30 mA. The Cu-
Kα radiation had an average wavelength of 1.542 Å, while the Cu-Kβ radiation was 
eliminated by a Ni-filter. The two-dimensional X-ray patterns were transformed into one-
dimensional patterns by performing integration of the azimuthal intensity. The full-
width-half-maximum (FWHM) of the obtained intensity distribution pattern was 
calculated as a normalised measure from the arc-length of the reflection. 
 
Raman spectroscopy 

Raman spectra were recorded on a Renishaw Raman microscope system using a 50× 
objective and the excitation beam was from a 60 mW HeNe laser (632.8 nm). The 
spectral resolution of the system is better than 1 cm-1. A neutral grey filter was inserted in 
the path beam to reduce the laser power in order to avoid excessive heating and thus 
degradation of the sample. 
 
5.5 Results and discussion 

5.5.1 Macroscopic stress-strain response 
Tensile tests were performed to evaluate the mechanical properties of PVA-based tapes 
at different draw ratios. Typical stress-strain curves for SWNT reinforced PVA tapes are 
presented in Figures 5.2, 5.3, and 5.4. As a general trend, the Young’s modulus and 
tensile strength increase with increasing draw ratio, whereas the strain at break shows the 
opposite trend. This behaviour is expected for semi-crystalline polymers undergoing 
molecular orientation. In particular, a model was developed to correlate the development 
of Young’s modulus with the draw ratio by Irvine and Smith [ 17]. They consider a 
partially oriented fibre as comprised by two types of elastic segments: “helix” and “coil”. 
The former represents the perfectly aligned components with respect to the drawing 
direction, while the latter represents the completely non-oriented one. The model 
assumes that the orientation proceeds in an affine way. Ward et al. [ 18] assumed that the 
stress is uniformly distributed in the helix and coil segments, deriving a relation that 
allowed the calculation of the theoretical axial modulus of several oriented polymers [ 19]. 
Turning to the effect of the addition of the filler, the mechanical properties are affected 
by the addition of CNTs as well as SDS and a similar trend is found for all draw ratios. 
The addition of SDS decreases both modulus and the ultimate tensile strength (UTS) of 
the poly(vinyl alcohol) matrix, while the elongation at break is increased, since SDS 
molecules act as plasticiser. The use of both nanotubes and dispersing agent increases 
both modulus and tensile strength, while the elongation at break is maintained at asimilar 
level as for PVA/SDS tape. This behaviour is typical of nanocomposites as opposed to 
classic composites with fillers in the micrometer range [ 20]. In the latter case, the 
addition of rigid fillers to a polymer often increases its strength to the detriment of 
ductility, since the fillers act as stress concentrators, and initiate defects which quickly 
become larger than the critical crack size that causes failure. Nanofillers are much smaller 
than the critical crack size for polymers and, if well-dispersed, they do not initiate failure. 
Thus, they provide simultaneous strengthening and toughening. In the present case, 
SWNTs are well-dispersed in the polymer matrix and, considering their high perfection, 
act as rigid reiforcing element in the nanocomposites, providing a strengthening effect 
with no loss in ductility. 
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Figure 5.5 Summary of Young’s modulus for PVA, PVA/SDS and PVA/SDS/SWNT nanocomposite 
tapes at different draw ratios. 
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Figure 5.6 Summary of ultimate tensile strength for PVA, PVA/SDS and PVA/SDS/SWNT 
nanocomposite tapes at different draw ratios. 
 

5.5.2 PVA orientation 
In contrast with the melt spinning process, the solid state drawing can produce high 
performance fibres, since it results in highly oriented and extended chains in both the 
crystalline and amorphous phase. The development of Young’s modulus is closely related 
to the molecular orientation of the macromolecules. Several methods are available to 
determine the molecular orientation of polymeric chains. Many of the measurements of 
molecular orientation utilize parameters arising from the interaction of electromagnetic 
radiation with the molecular system. Common techniques are birefringence, scattering of 
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X-rays, scattering of light, and selective absorption of polarised radiation. In this study, 
polarized ATR-FTIR and WAXD have been used to determine the molecular orientation 
at various draw ratios. 
 
IR dichroism 

Polarised infrared spectroscopy can be used to study molecular orientation [ 21]. For each 
infrared-active vibrational mode there is a particular direction within the polymer chain 
called the infrared transition dipole or transition moment axis (Figure 4.8). Infrared 
radiation is only absorbed if two conditions are satisfied: the frequency of the radiation 
must correspond to the frequency of one of the IR vibrations and there must be a 
component of the electric vector, E, of the incident radiation parallel to the 
corresponding transition moment. If polarised radiation is used, there will be a 
differential absorption depending on the mutual position of the electric vector and the 
preferred orientation (machine direction, MD) of the sample. 
This phenomenon is called infrared dichroism and the ratio of absorbance for radiation 
parallel and perpendicular to the MD is called dichroic ratio, D. 
 

⊥

=
A
A

D // (5.1)

 
For perfectly oriented material the dichroic ratio, D0, can be calculated as 
 

α2
0 cot2=D (5.2)

 
where α is the angle between transition moment and the chain axis of the polymer. For 
perfectly oriented materials, α may be calculated directly from the dichroic ratio. When 
only a certain fraction f of the molecules is perfectly oriented, the relationship between f 
and the dichroic ratio is then expressed as 
 

( ) ( )
( ) ( )21

12

0
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+⋅−
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=
DD
DDf  (5.3)

 
The complete orientation can also be treated by assuming that all the molecules have an 
average angle, ϑ, with the orientation direction. The relation with the average angle ϑ and 
the fraction f of the perfectly oriented molecules have been obtained as  
 

2
1cos3 2 −

=
ϑ

f  (5.4)

 
These concepts were introduced by Hermans and f is often Hermans’ dichroic function. 
For perfect alignment (ϑ=0°) f = +1; for perfect perpendicular alignment (ϑ=0°)            
f = -1/2; and for random orientation f = 0. 
 
The theoretical description of the determination of the molecular orientation using 
polarised light ATR-FTIR spectroscopy was given by Flournoy [ 22]. By means of this 
method it is possible to study the orientation at the surface of a polymer film. There are 
four possible configurations between the polarisation directions of the radiation and the 
sample axis, which can be used to measure the optical constants for the three 
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dimensions. The x axis is the axis of sample orientation, the y axis is perpendicular to the 
x axis, and the z axis is orthogonal to x and y. The following equations for the reflectivity 
(R) can be derived for the four configurations: 
 
Transverse Electric (TE) wave 
 
x ⊥ plane of incidence (transverse direction, TD) 

x
TE
xR ακ=ln (5.5)

 
x ║ plane of incidence (machine direction, MD) 

y
TE
yR ακ=ln (5.6)

 
 
Transverse Magnetic (TM) wave 
 
x ⊥ plane of incidence (transverse direction, TD) 

zy
TM
xR γκβκ −=ln (5.7)

 
x ║ plane of incidence (machine direction, MD) 

zx
TM
yR γκβκ −=ln (5.8)

 
The parameters α, β and γ are constants representing the refractive indices of crystal and 
sample. The dichroic ratio in the x-y plane, κx/κy can be calculated from the reflectivity 
(Rx and Ry). These values can be obtained by recording spectra using the TE wave while 
rotating the sample 0 and 90 degrees.  
 
The assignment of the IR absorption bands in poly(vinyl alcohol) is given in Table 5.1 
[ 23]. The band at 1141 cm-1 is assigned to a C-C vibration in the crystalline phase [ 24], 
while those at 1235 and 917 cm-1 are assigned to the amorphous or a mixed (amorphous 
and crystalline) phase [ 25]. SDS has also an absorption band at 1240 cm-1 and thus 
influences the results at this frequency, leading to a great amount of scatter of the 
dichroic ratio at this frequency. For this reason, only the bands at 1141 and 917 cm-1 are 
used to determine the dichroic ratio of PVA macromolecules. 
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Table 5.1 Assignment of absorption bands in poly(vinyl alcohol) [ 23,  26- 28]. 
 

Wavenumber 
[cm-1] 

Phase Polarisation
Transition 

moment angle 
[º] 

Assignment 

1235 A, C // 0 CH wagging or 
CH2 wagging 

1141 C ┴ 81-83 
CC-O 

stretching 
out-of-phase 

1081  ┴  
CC-O 

stretching 
out-of-phase 

917 A, C // 71 Asymmetric 
CH2 stretching 

847    
CC-O 

stretching 
out-of-phase 

755 C    

 
In Figure 5.7 the ATR-FTIR spectra recorded with transverse electric TE polarised 
radiation and the sample in the machine direction MD and transverse direction TD are 
shown for a sample of pure PVA at a draw ratio of 4. The dichroic difference spectrum 
(TD spectrum – MD spectrum) clearly shows distinct peaks, which indicate parallel or 
perpendicular orientation. 
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Figure 5.7 ATR-FTIR spectra of PVA tape (draw ratio of 4) recorded with transverse electric TE 
polarised radiation and the sample in the machine direction MD and transverse direction TD direction and 
dichroic difference spectrum. 
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The dichroic ratio and the Hermans’ orientation factor of PVA, PVA/SDS and 
PVA/SDS/SWNT nanocomposites at different draw ratios are reported in Figure 5.8 
and Figure 5.9, respectively. It can be clearly seen that the drawing process results in the 
development of molecular orientation of PVA. No significant change between the pure 
polymer tapes and composite tapes can be noticed. 
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Figure 5.8 Dichroic ratio as a function of draw ratio for the 1141 and 917 cm-1 absorption bands for PVA, 
PVA/SDS and PVA/SDS/SWNT nanocomposites. 
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Figure 5.9 Hermans’ orientation factor as a function of draw ratio for the 1141 and 917 cm-1 absorption 
bands for PVA, PVA/SDS and PVA/SDS/SWNT nanocomposites. 
 

WAXD 

Figure 5.10 shows the measurement geometry and also the 2D wide-angle X-ray patterns 
of the PVA, PVA/SDS and PVA/SDS/SWNT nanocomposite tapes at different draw 
ratios (each of the patterns was individually optimised in contrast and brightness). The 
WAXD images show clearly the development of a fibre pattern with solid state drawing. 
The alignment of the crystals with respect to the drawing direction is revealed by the 
decrease of the Debye-Scherrer arc. From the WAXD patterns, the Hermans’ orientation 
factor could be calculated and Figure 5.11 shows the development of orientation as a 
function of draw ratio for PVA, PVA/SDS and PVA/SDS/SWNT nanocomposites. The 
calculations show no major differences between pure polymer and the nanocomposites. 
At a draw ratio of 4 the polymer crystals are already highly oriented for both the pure 
polymer and the nanocomposites. 
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Figure 5.10 (a) Schematic of the WAXD measurements and (b) WAXD patterns of PVA, PVA/SDS and 
PVA/SDS/SWNT nanocomposites at different draw ratios. 
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Figure 5.11 Hermans’ orientation factor as calculated from WAXD measurements as a function of draw 
ratio for PVA, PVA/SDS and PVA/SDS/SWNT nanocomposites, showing no major differences between 
pure polymer and the nanocomposites. At a draw ratio of 4 the polymer crystals are already highly oriented 
for both the pure polymer and the nanocomposites. 

5.5.3 SWNT alignment 
As already discussed in Chapter 3, the solid state drawing of the composite tapes not only 
orients the polymer crystals, but also leads to a certain degree of alignment of the 
nanotubes themselves. The orientation of SWNTs has been monitored using polarized 
Raman spectroscopy and the treatment used by Haggenmueller et al. [ 29] was applied to 
determine an orientation distribution function. Polarized Raman spectra have been 
recorded under VV configuration, with the incident and the scattered polarisations are 
parallel to each other. A continuous distribution of SWNT orientations with respect to 
the drawing direction was used to model the Raman intensity 
 

∫
+

−
∆−=

2/

2/

4cos),()(
π

π
θθθ

Ψ

Ψ
dΨFΨI (5.9)

 
where Ψ is the sample angle with respect to the incident polarisation, θ is the angle 
between the SWNT axis and the incident excitation polarisation, F(θ – Ψ, ∆) a 
distribution function describing the mosaic spread about the fibre axis, and ∆ 
characterizes the width of the distribution. A Lorentzian form of the distribution 
function was selected 
 

])2/()[(
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∆
=∆−

Ψ
ΨF

θ
πθ (5.10)

 
where ∆ is now the FWHM of the distribution. This parameter is used as an indication of 
the degree of alignment of SWNTs. The larger ∆, the lower the sample orientation. 
Figure 5.12 shows the Raman spectra for VV configuration of PVA/SDS/SWNT 
nanocomposite tape containing 1.0 wt % SWNTs at a draw ratio of 4, collected at 
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various angles Ψ between the polarisation direction and the sample axis, which is also 
supposed to be the alignment direction.  
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Figure 5.12 Raman spectra of PVA/SDS/SWNT nanocomposite tape (draw ratio=4) at various angles Ψ 
between the polarisation direction and the sample axis, showing that the intensity decreases as the angle is 
increased. 
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Figure 5.13 Relative Raman intensity as a function of the angle Ψ between the polarisation direction and 
the sample axis for PVA/SDS/SWNT nanocomposite tapes at different draw ratio, indicating a higher 
degree of orientation of SWNTs as the draw ratio increases. 
 
Figure 5.13 is a summary of the relative Raman intensity as a function of the measured 
angle for tapes at various draw ratios. The Raman intensity monotonically decreases as 
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the angle increases and the higher the draw ratio, the bigger the drop of the intensity, 
indicating a higher degree of orientation of SWNTs as the draw ratio increases. 
From the fitting procedure, it is possible to determine the distribution function of 
SWNTs within the matrix. Figure 5.14 shows the parameter ∆ as a function of the draw 
ratio. At a draw ratio of 4, SWNTs are already highly oriented with a FWHM of 21°.  
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Figure 5.14 FWHM (∆) of Lorentzian distribution function of SWNTs as a function of draw ratio. 
 

The alignment of SWNTs in the nanocomposites has an extremely important effect on 
their reinforcing efficiency. In Chapter 4, Raman spectroscopy was used to study the 
stress transfer from the PVA matrix to the SWNTs. A linear relation was found between 
the mechanical strain and the Raman shift. The slope was –229.5 cm-1/strain. The same 
analysis was performed on an oriented tape (PVA/SDS/SWNT containing 1.0 wt% 
SWNTs) and Figure 5.15 shows the experimental data and a linear fit in the elastic 
region. In this case, the slope is -549.7 cm-1/strain, indicating that the orientation of 
SWNTs has a beneficial effect on the stress transfer.  



 

100                                                                                                                    Chapter 5 

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
2626

2628

2630

2632

2634

 

 

R
am

an
 s

hi
ft 

[c
m

-1
]

Strain [%]

 
Figure 5.15 Raman D*-band shift as a function of the applied strain for PVA/SDS/SWNT 
nanocomposite tape (draw ratio 4) containing 1.0 wt% SWNTs. The circles are experimental data and the 
solid line is a linear fit of the data in the elastic region. 
 

5.5.4 Micromechanical model 
Let us consider only the nanocomposite tapes with draw ratio of 4, where nanotubes can 
be considered almost perfectly oriented. By using the same approach as used in Chapter 
2, the nanotubes reinforcing efficiency can be calculated using the Cox-Krenchel model, 
assuming that the orientation factor η0 is equal to 1.  
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Figure 5.16 Young’s modulus and UTS as a function of SWNTs volume fraction. 
 
Figure 5.16 shows the Young’s modulus and UTS as a function of SWNT loading. The 
experimental data were fitted to calculate the effective properties of the reinforcing 
nanofiller. This analysis gave an effective nanotube modulus of 1.12 TPa. The same 
treatment was carried out for the composite strength and it resulted in an effective 
nanotube stress of 45 GPa. By taking into account the estimated loss of nanotube during 
the centrifugation step, which leads to a reduced volume fraction, the value of modulus 
and strength become 1.68 TPa and 67.5 GPa, respectively. 
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It is worth to note that these values are extremely high in comparison with the results 
obtained in literature for oriented nanotube based composites. In Chapter 2, a summary 
of the most interesting results was presented and Figure 5.17 shows the present result. As 
a comparison, Dalton et al. [ 10] reported about a super-tough PVA/SWNTs fibre, whose 
strength reached 1.8 GPa. However, in this study the amount of CNTs in the fibre was 
as high as 60 wt% and the contribution of the nanotubes to the composite strength was 
only about 3 GPa. 
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Figure 5.17 Nanotube contributions to nanocomposite fibre stiffness and strength. Data from literature 
are compared to the result (circled data) obtained in this study. The nanocomposite tapes prepared in this 
study showed the highest efficiency of nanotube reinforcement among the data published in literature. 
 

5.5.5 Pre-orientation in cast films 
As a first evaluation of composite reinforcement, the rule of mixture is very useful; 
however this simple treatment might be misleading for oriented semi-crystalline polymers 
such as PVA or UHMW-PE. In fact, in these systems the degree of molecular orientation 
plays a central role in the macroscopic mechanical behaviour. The simplest parameter 
that can be used to describe molecular orientation is the draw ratio and a linear relation 
exists between Young’s modulus and draw ratio [ 30]. However, this relation is not 
unique. In fact, if the polymer fibres are prepared using different processing routes, i.e. 
casting vs. spinning, a comparison of mechanical properties of the resulting tapes or 
fibres of the same draw ratio might be erroneous, as similar macroscopic draw ratios can 
correspond to different degrees of molecular orientation [ 31]. It was previously shown 
that cast films are not truly isotropic [ 32]. In fact, the evaporation of the solvent is 
accompanied by a reduction of the volume, primarily in the direction of the film 
thickness. This causes the lamellar crystals to orient preferentially with the chain axis 
perpendicular to the surface of the polymer film. This preferential orientation is similar 
to what is observed in sedimented single crystal mats [ 33- 36]. A schematic of the casting 
process resulting in preferential orientation is shown in Figure 5.18.  
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Figure 5.18 Schematic of the casting process resulting in preferential orientation. The WAXD patterns are 
reproduced from [ 32] and of dried PE films perpendicular and parallel to the plane of the film. The cast 
film appears homogeneous when analysed in the direction perpendicular to the plane of the film, while 
exhibits pre-orientation when analysed in the direction parallel to the plane of the film. 
 
This preferential orientation affects the drawing process. In fact, the lamellar crystals 
need to be rotated in the direction of the stretching before being unfolded. This results in 
a lower degree of molecular orientation at the same macroscopic draw ratio of fibres or 
tapes obtained by stretching of cast films as compared to fibres obtained by a spinning 
process, where no preferential orientation is present. In other words, there is a negative 
effect in fibres ortapes obtained by cast films, which results in a slower development of 
molecular orientation. This results in lower values of Young’s modulus for the same 
macroscopic draw ratio. This means that different processing routes give different E-λ 
curves. Only if the total draw ratio is considered, then the properties of fibres and tapes 
obtained from different processing routes can be compared. The total draw ratio is given 
by the following equation 
 

0L
L final

PRETOT λλ = (5.11)

 
where λPRE accounts for the preferential orientation and is referred to as pre-orientation 
and Lfinal/L0 is the macroscopic draw ratio. 
Another way to compare fibres and tapse obtained from different processing routes 
could be by taking the Young’s modulus as an indication of molecular orientation. A plot 
of tensile strength versus Young’s modulus (master curve) describes the true behaviour 
of the polymer (for a specific molecular weight), irrespective of processing parameters. 
Figure 5.19 shows such a master curve for PVA (Mw = 149,000 g/mol, comparable to 
the one used in this thesis). The data are reproduced from reference [ 3] 
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Figure 5.19 Master curve for poly(vinyl alcohol) (Mw=149,000) [ 3]. Higher Mw would lead to a vertical 
shift of the master curve, since similar modulus fibres would exhibit a higher strength. 
 
Turning to nanocomposite materials, attention should be paid to the effect of the 
nanofiller on the initial crystal morphology and/or orientation. Similar to many other 
nanofillers, nanotubes are known to nucleate crystallisation [ 37,  38] and may have an 
effect on the orientation of crystals [ 39]. If this is the case, the pre-orientation in the 
composite films might be different from the pre-orientation of the pure matrix. This 
would result in differences in molecular orientation of the matrix in the composite tape 
and in the pure polymer reference tape even if they have the same macroscopic draw 
ratio. Hence the rule of mixture cannot be applied using the pure polymer data for the 
composite matrix. In that situation it is difficult to assess the true reinforcement 
efficiency of the nanotubes within the composite. However, by plotting the composite 
properties onto the PVA master curve, it can be seen whether the data deviates from the 
master curve, which would indicate that there is a true reinforcing effect or if the 
improved properties are a mere result of an improved molecular orientation of the 
polymer. If the composite properties fall on the master curve, then it is very likely that a 
change in the polymer morphology has occurred as a result of the addition of the 
nanotubes. If this is the case, any nucleating agent could be used to obtain the same 
result and there would be no need to employ CNTs.  
For these reasons, further WAXD analyses were carried out on the nanocomposite films 
in the configuration depicted in Figure 5.20(a).  
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Figure 5.20 (a) Schematic of the measurement to determine the pre-orientation in the nanocomposite 
films. (b) Cross-sectional diffraction patterns of the nanocomposite films. Top left: PVA/SDS; top right: 
pure PVA; bottom left: 0. 1wt% SWNT; bottom right: 1.0 wt% SWNT. Arrows indicate pre-orientation. 
 
Figure 5.20(b) shows the WAXD patterns of the cast films. It can be clearly seen that a 
certain degree of pre-orientation is present in the films of pure PVA and PVA/SDS, as 
indicated by the black arrows. This pre-orientation has a negative effect on the drawing 
process, because the crystals need to be tilted in the drawing direction before the actual 

X-ray

Drawing direction 

(a)

(b) 
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unfolding can take place. This results in a slower development of the modulus. In 
contrast, when nanotubes are present the degree of pre-orientation is decreased and the 
films appear to be more homogeneous, probably due to a nucleating effect of the 
nanotubes, which result in faster crystallisation during water evaporation. Figure 5.21 
shows the Hermans’ orientation factor as calculated for all the films. It is clear that the 
addition of nanotubes decrease the pre-orientation resulting in different drawing 
behaviour. This means that the molecular orientation of the polymer in the oriented PVA 
reference tape and in the nanocomposite is not the same, even though they have been 
drawn to the same macroscopic draw ratio. For this reason, the rule of mixture cannot be 
simply applied using the unfilled polymer data as a reference for the composite matrix 
and the analysis presented in the previous paragraph is incorrect. 
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Figure 5.21 Pre-orientation of the cast films decreases by adding SWNTs.  
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Figure 5.22 Master curves of PVA, PVA/SDS and PVA/SDS/SWNT nanocomposites. 
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By comparing the data with the PVA master curve, as shown in Figure 5.22, it can be 
seen that most of the nanocomposite data fall on the master curve, confirming that the 
improved mechanical properties are probably the result of a changed initial morphology 
of the matrix rather than a real reinforcing effect of the nanotubes themselves. Although 
the stress-strain curves and the analysis of the nanocomposite properties by 
micromechanical models, as discussed in paragraph 5.5.9, point to an important 
reinforcement by nanotube, a deeper analysis showed that the main effect of nanotubes 
in the composite is that of a nucleating agent, which affects the initial polymer 
morphology and orientation. 
 

5.5.6 Surfactant-free system 
A surfactant-free system has been studied by Wang [ 40] and some results are reported 
here for comparison reasons. In the surfactant-free system, the matrix and nanotubes are 
the same, but no surfactant is used. A different solvent is employed in the casting 
process, namely dimethyl sulfoxide, DMSO. Oriented nanocomposite tapes have been 
prepared by solution-casting followed by solid state drawing. Homogeneous 
nanocomposites were obtained, as Figure 5.23 indicates. The system has been described 
in detail in reference [ 40] and it presents similar characteristics, in terms of dispersion, 
orientation and adhesion as compared to the nanocomposites described so far. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.23 Optical micrographs of solutions of SWNTs in DMSO (left) and PVA/SWNTs in DMSO 
(right) [ 40]. 
 
The mechanical properties of the nanocomposite tapes were characterised by tensile 
tests. Figure 5.24 shows typical stress-strain curves. The addition of SWNTs results in an 
improvement of both Young’s modulus and tensile strength with no reduction in strain 
at break. In particular, it is worth to note that the addition of 1.0 wt% SWNTs triples the 
ultimate tensile strength.  
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Figure 5.24 Stress-strain curves of PVA/SWNT from DMSO solutions [ 40], showing a large increase in 
ultimate tensile strength for the nanocomposite tapes. 
 
The same micromechanical analysis used for the SDS system was carried out here for 
both Young’s modulus and strength. In the SDS system, the improvement was more 
important for the Young’s modulus, whereas in this system, the strength is the property 
that is most affected by the addition of SWNTs. In particular, this analysis gave an 
effective nanotube modulus of 0.5 TPa, and effective nanotube stress of 75 GPa. It is 
noteworthy the great nanotube efficiency in terms of strength, which is the highest 
among the results published in literature for nanocomposite fibres or tapes. 
 

 
 
Figure 5.25 Cross-sectional diffraction patterns of the DMSO system films. Left: Pure PVA and right: 
1wt% SWNT. Film surface is vertical. Arrows indicate pre-orientation [ 40]. 
 

Figure 5.25 shows the cross-sectional diffraction patterns of the cast films and Figure 
5.26 shows the calculated Hermans’ orientation factor for all films [ 40]. It is shown that 
in this case there are no major differences between the pre-orientation of the samples. 
This indicates that the matrix in the nanocomposite tape and in its pure PVA reference 
material possess the same degree of molecular orientation at a given macroscopic draw 
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ratio. This means that the improved mechanical properties cannot be simply ascribed to a 
higher molecular orientation of the polymer matrix, but are truely the result of 
reinforcing effect of SWNTs in PVA matrix. 
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Figure 5.26 Pre-orientation of the cast films is not affected by the addition of SWNT [ 40]. 
 

As a further confirmation, the data were plotted on the PVA mastercurve and it can be 
clearly seen that here they do deviate from the pure PVA trend, which is a further 
indicating that for the DMSO system a true reinforcing effect of SWNTs in PVA matrix 
exists (Figure 5.27). As compared to a pure PVA fibre of similar modulus, the 
improvement in strength is more than a factor of two for a nanocomposite tape with 1 
wt% SWNTs. 
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Figure 5.27 Master curves of PVA and PVA /SWNT nanocomposites, indicating a true reinforcing of 
SWNTs in PVA matrix [ 40]. 
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It has been shown that the addition of SWNTs has a remarkable effect on the 
mechanical properties of oriented PVA tapes or fibres at low draw ratio. However, the 
highest strength obtained for a nanocomposite with 1 wt% SWNTs is around 1200 MPa, 
which is almost half that of a pure gel-spun PVA fibre of higher draw ratio (λ = 20 [ 3]). 
It is interesting to assess the reinforcement potential of SWNTs in ultra-drawn high 
strength PVA fibres, since it is expected that the higher the modulus of the surrounding 
matrix the lower the reinforcing effect of CNTs. In the next paragraph the same analysis 
introduced in Chapter 3 is used to study the theoretical reinforcing efficiency of SWNTs 
in PVA fibres of low and high draw ratio, assuming a perfect interface, in order to 
determine whether SWNTs can be used as the ultimate reinforcing element in high 
strength PVA fibres. 
 

5.5.7 Reinforcing potential of SWNTs in PVA 
The same approach used in Chapter 3 to predict the response of an unidirectional 
composite can be applied in this case [ 41- 42]. Firstly, the reinforcing efficiency of 
SWNTs in low draw ratio PVA tapes will be discussed, then the reinforcing potential of 
SWNTs in high draw ratio PVA will be assessed. 
Let us consider a PVA tape of draw ratio of 5 (Young’s modulus 14 GPa, tensile strength 
0.42 GPa and 21 % strain at break) and the theoretical mechanical properties of SWNTs, 
as calculated in Chapter 2 (Young’s modulus 971 GPa, tensile strength 126 GPa and 13 
% strain at break). Figure 5.28 shows their stress-strain curves.   
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Figure 5.28 Stress-strain curves of SWNT and low draw ratio PVA. 
 
ε*

m> ε*
f and two different failure sequences can occur depending on Vf. When SWNT 

fracture occurs in low Vf, the extra load on the matrix is not sufficient to fracture the 
matrix. However, since the effective cross-section of the matrix is reduced by the 
presence of the “holes” at the fibre ends the load carrying capacity is less than σ*

m by an 
amount proportional to Vf, and, 
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)1(***
// fmmm VV −== σσσ (5.12)

 
When Vf is large the load transferred to the matrix when fibre fracture occurs is very 
large, and cannot be supported, so that the matrix fractures when the fibres fracture, and 
 

)1('**
// fmff VV −+= σσσ (5.13)

 
The variation of σ*

// with Vf is illustrated in Figure 5.29 and the cross-over point obtained 
from Equations 5.12 and 5.13 is 
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Figure 5.29 Variation of fracture strength as a function of Vf for low draw ratio PVA/SWNT 
nanocomposites. The nanocomposite fails when the fracture strength of SWNTs is reached for almost all 
Vf. 
 
In the case of low draw ratio PVA tapes containing SWNTs, V’f is equal to 0.03 vol%. 
This value is very small, indicating that the matrix contribution to the axial tensile 
strength of the composite material is small and can be neglected. Then, the 
nanocomposite fails when the fracture strength of SWNTs is reached for almost all Vf. 
The addition of 1.0 wt% SWNTs would lead to an increase in strength of 300 %. 
 
When the draw ratio is higher, ε*

f> ε*
m the situation is similar to what was described for 

UHMW-PE (Chapter 3). Let us consider a PVA fibre of draw ratio 20 [ 3] (Young’s 
modulus 70 GPa, tensile strength 2.3 GPa and 4.2 % strain at break) and the theoretical 
mechanical properties of SWNTs, as calculated in Chapter 2 (Young’s modulus 971 GPa, 
tensile strength 126 GPa and 13 % strain at break). Figure 5.30 shows their stress-strain 
curves.    
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 Figure 5.30 Stress-strain curves of SWNT and high draw ratio PVA. 
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Figure 5.31 Variation of fracture strength as a function of Vf  for high draw ratio PVA/SWNT 
nanocomposites. 
 
Figure 5.31 illustrates the variation of fracture strength with Vf. At least 2.6 vol% 
SWNTs, homogeneously dispersed, fully aligned and with perfect matrix interaction, are 
needed to fully exploit the SWNTs impressive strength. Below this critical concentration 
the composite fails when the matrix fails, while above V’f the composite fails when the 
fracture strength of SWNTs is reached. These results highlight that in the case of PVA 
fibres it is possible to exploit the great potential of CNTs in terms of mechanical 
reinforcement. However, this task becomes more and more difficult at high draw ratios 
where more nanotubes are needed. 
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5.6 Conclusions 

This Chapter described the preparation of highly oriented PVA nanocomposite tapes by 
solid state drawing. This process results in the creation of highly oriented materials, 
where both the polymer chains and the nanotubes are highly aligned. The mechanical 
properties of these materials have been investigated as a function of draw ratio and also 
of SWNT concentration. Young’s modulus and strength increased as draw ratio 
increased, while strain at break exhibited the opposite trend. This behaviour is typical of 
a semi-crystalline polymer undergoing molecular orientation. Turning to the effect of the 
addition of CNTs to PVA matrix, the nanocomposites displayed superior mechanical 
properties as compared to the reference polymer. This is due to the fine level of 
dispersion of SWNTs obtained thanks to the use of a surfactant, namely SDS, and also to 
the good interfacial adhesion between the nanotubes and the matrix. The reinforcing 
effect is greater as the draw ratio increases, showing that a fundamental aspect of 
nanotube efficiency is the orientation of the reinforcing filler. The mechanical properties 
were assessed using the Cox-Krenchel, rule of mixture like, model and compared to 
results from literature. A greater reinforcing efficiency of the nanotubes was found in 
comparison to any other work presented in literature for oriented nanocomposites (1.12 - 
1.68 TPa and 45 - 67.5 GPa for Young’s modulus and tensile strength, respectively). For 
a first evaluation of the mechanical properties of the nanocomposites, the classic 
micromechanical models are very useful. However, care should be taken when using pure 
matrix data to evaluate the composite data in order to get the reinforcing effect of the 
CNTs. It can not simply be assumed that the morphology of the polymer is the same in 
the pure polymer and in the composite. Such an assumption can lead to errors, especially 
in the case of semi-crystalline polymers, where the addition of the nanofillers may have 
an effect on the crystal morphology and/or orientation. If these effects are present, they 
are amplified during the drawing process and the micromechanical model cannot be 
applied using the unfilled polymer properties for the composite matrix. For all these 
considerations, a deeper analysis of the nanocomposites morphology was undertaken. In 
particular, the pre-orientation of the crystals in the cast films was measured to assess any 
nucleating effects of the nanotubes. Indeed, a difference in pre-orientation was detected 
in the reference pure PVA film and in the nanocomposite films, revealing a nucleating 
effect of SWNTs in PVA. A further confirmation of the effect of SWNTs on the 
polymer morphology was given through the use of a so-called PVA mastercurve, i.e. a 
plot of UTS as a function of Young’s modulus. This is unique for every polymer (of a 
given molecular weight) and describes the real mechanical behaviour of the chosen 
polymer. The PVA/SDS/SWNT nanocomposite properties do not deviate from the 
PVA mastercurve, confirming that SWNTs did not effectively reinforce PVA, but were 
mainly responsible for a change in polymer morphology. 
Nanocomposites prepared from organic solutions using the same polymer matrix and 
nanotubes without the use of surfactant have been described for comparison reasons. 
The addition of 1.0 wt% SWNTs lead to an increase of 200% in tensile strength. In this 
case, the SWNTs did not affect the pre-orientation of the cast films and the enhanced 
mechanical properties were a true result of nanotube reinforcement. In this case, the 
nanocomposite properties significantly deviate from the PVA mastercurve, confirming 
that the reinforcing potential of SWNTs has almost been fully exploited. 
Finally, a theoretical assessment of the reinforcing potential of SWNTS in highly oriented 
PVA fibres has been presented, to explore the possibility of enhancing the ultimate 
properties of commercial PVA fibres. The results showed that 2.6 vol% of SWNTs, 
homogeneously dispersed, fully aligned and with perfect matrix interaction are needed to 
to fully exploit the SWNTs impressive strength. These results highlight that it is possible 
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to exploit the great potential of CNTs in terms of mechanical reinforcement. However, 
they also show that it is of paramount importance to assess the effect of nanofillers on 
polymer morphology in order to establish whether true reinforcement is present. 
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Chapter 6 

Manufacturing and characterisation of 
EPDM/MWNT composites 

6.1 Introduction 

The concept of a smart material can be illustrated with the smart shock absorber 
developed by Toyota and used to suppress road vibrations [ 1]. The shock absorber 
consists of a multilayer (5 layers) piezoelectric ceramic for sensing the road vibrations 
and a second multilayer (100 layers) piezoelectric ceramic positioned near each wheel 
acting as the actuator. After analyzing the vibration signals, a voltage is fed back to the 
actuator stack and a response is made by pushing on the hydraulic system of the car to 
enlarge the motion. In this way, the car is able to analyse acceleration signals from road 
bumps and respond with a motion that cancels the vibration. This combination of 
sensing and actuating mimics two of the functions of a living system, namely being aware 
of its environment and then being able to respond to that signal with a useful response, 
usually in the form of motion. By a way of definition, then, a smart material has the 
capability to sense its environment and to respond to an external stimulus via an active 
control mechanism [ 2]. Often, the sensing function alone is taken as sufficient to 
constitute ‘smartness’. There are many possible interactions between stimuli and 
responses as indicated in Table 6.1.  
This work is focused on piezoresistive behaviour where a mechanical stimulus induces a 
change in resistivity. This property is the basis of many commercial pressure sensors and 
strain gauges. Piezoresistivity has been observed in semiconductor Si and Ge [ 3], metal-
insulator-metal (MIM) structures [ 4- 6], superconductors [ 7], thin-metal films [ 8], Schottky 
barrier diodes and junctions [ 9, 10]. A piezoresistive effect is predicted for heterogeneous 
solids composed of conducting particles dispersed in an insulating polymer matrix, e.g. 
conducting polymer composites, CPCs [ 11]. As discussed in Chapter 3, such materials are 
characterised by an insulator-to-condutor transition when a certain concentration of 
conducting particles is reached. This transition has been interpreted within the 
framework of percolation theory [ 12]. The percolation effect is related to the material 
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microstructure. In particular, the separation between the conducting particles plays a 
crucial role on the electrical behaviour of the bulk material. For a CPCs with a certain 
filler loading, any parameter that can alter the interparticle distance will affect the 
conductivity. Several groups investigated the change of conductivity of CPCs as a 
function of temperature [ 16- 17], solvent vapors [ 18- 21], pressure [ 22] or mechanical 
stretching [ 23- 30]. Such materials have the potential to become a new generation of 
sensors or strain gauges if the dependence is reversible. 
 
Table 6.1 Stimulus-response matrix for selected smart materials [ 1]. 
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In this Chapter, the effect of mixing MWNTs into an elastomer matrix will be explored. 
The mechanical and electrical behaviour will be studied. In particular, the effect of strain 
on the conductivity will be investigated 
 
6.2 Experimental 

6.2.1 Materials 
Ethylene-Propylene-Diene-Monomer (EPDM) rubbers belong to the family of the 
ethylene-propylene (EPM) rubbers. Copolymerisation of ethylene with propylene gives 
an EPM rubber, which needs to be crosslinked. For that a third monomer, a diene, is 
added in small amounts (3-8% of the total monomer weight). The diene used in EPDM 
rubber is mostly dicyclopentadiene (DCPD). The chemical structure of EPDM rubber is 
shown in Figure 6.1. Since the polymer main chain of EPDM is completely saturated, the 
resistance to degradation from oxygen and chemicals is excellent. For this reason, 
products made of EPDM are very durable. EPDM (VISTALON 3666) was kindly 
supplied by Exxon Mobile Chemicals and used as received.  
 

Response 

Stimulus 
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(CH2   CH2)n   co   (CH2   CH2)m   co   (C   C)o 
 
 
 
 
 

 
 

Figure 6.1 Structure of EPDM rubber (n, m, and o are mole fractions, n + m + o = 1.0). 
 
Dicumyl peroxide (DCP) was supplied by Aldrich. MWNTs were supplied by Nanocyl 
(Belgium) (Batch No MWA P 041206). They are produced by CVD and their purity is 
95%. Xylene, supplied by Romil, was used as solvent. 
 

6.2.2 Composite preparation 
EPDM was dissolved in xylene (1:10 weight) at 90 °C and subsequently cooled to room 
temperature. MWNTs were dispersed in xylene by ultrasonication using a high power tip. 
The MWNT concentration needed in xylene was calculated in order to obtain a range of 
loadings between 0.5 and 5 wt% in the final composite. EPDM solution was slowly 
poured into the dispersion of MWNTs/xylene. 2 wt% DCP was added to the mixture, 
which was mechanically stirred for 4 hours. During this time, the mixture became highly 
viscous, since the solvent was allowed to evaporate during stirring. The homogeneous 
mixture was cast into an aluminium tray. After all the xylene evaporated, the dry material 
was cured for 30 minutes at 170 °C.  
 

6.2.3 Composite characterisation 
Optical microscopy 

Optical micrographs were obtained from an Olympus BX60F, fitted with a JVC color 
video camera, model KY-F55BE. 
 
Scanning Electron Microscope (SEM) 

The SEM (XL30 ESEM-FEG, Fei Co., The Netherlands) was equipped with a field 
emission electron source. High vacuum conditions were applied and a secondary electron 
detector was used for image acquisition. The SEM was operated either in conventional 
high-voltage or low-voltage mode. No additional sample treatment such as surface 
etching or coating with a conductive layer had been applied. Standard acquisition 
conditions for charge contrast imaging were as follows: working distance of ~5 mm for 
low-voltage mode and ~10 mm for high-voltage charge contrast imaging, spot 3, slow 
scan imaging with approximately 2 min/frame. 
 
Tensile tests 

The uniaxial mechanical tests were carried out at room temperature using an Instron 
5576 equipped with a 1 kN load cell. The strain was monitored using an Instron non-
contacting video extensometer. The samples were cut from the compression moulded 
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AR
l
⋅

=σ (6.1)

 
where l and A are the thickness and surface area of the sample, respectively.  
As already mention in Chapter 3, the percolation model describes the behaviour of 
conductive polymer composites. Its conductivity, σ, at and above the percolation 
threshold, pc, is generally described by a power law relationship 
 

t
cpp )(0 −= σσ for p>pc (6.2)

 
where σ0 is a constant, p the weight fraction of the conductive filler and t the critical 
exponent. p-pc is known as the reduced mass. 
 
Electrical measurements during uniaxial stretching 

To measure changes in conductivity during uniaxial stretching, rectangular strips with 
initial dimensions 40 mm × 10 mm × 1 mm were cut from the compression moulded 
sheet. Pneumatic grips were used to clamp the sample. A DC power supply was used as 
voltage source and a Keithley Electrometer was used for current measurement (Figure 
6.4). Electrically insulated fixtures were required for the conductivity measurements to 
ensure that the test piece was isolated and that there was no conduction path through the 
mechanical test machine. These fixtures consisted of an isolating layer coupled with a 
metallic part to be in contact with the sample. 
The conductivity was obtained from the measurement of the resistance and the 
geometrical changes in the specimen. Equation 6.1 can be used to calculate the resistivity, 
where A is the instantaneous cross-sectional area, equal to A0/λ, where A0 is the initial 
cross-sectional area and λ is the draw ratio of the test piece; l is the initial length. 

 
Figure 6.4 Experimental set-up for measurement of electrical resistance of the nanocomposite as a 
function of tensile strain. 
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6.3 Results and discussion 

6.3.1 Dispersion quality 
Dispersion quality was analyzed using an optical microscope. Figure 6.5 shows optical 
micrographs of the composite solution at different stages of preparation. 
 

 
 
Figure 6.5 Optical micrographs of composite solutions showing the evolution of dispersion of MWNTs in 
EPDM matrix. The sonication of MWNTs in xylene is not effective in producing a high degree of 
dispersion and results in large agglomerates (1st micrograph). The addition of EPDM solution improved 
the quality of dispersion and by mechanical stirring a homogenous composite solution is obtained (2nd, 3rd, 
4th micrographs). 
 
The mixture of MWNTs in xylene showed a poor degree of dispersion even after 
sonication (left hand side). The solvent can only swell the nanotube bundles and loosen 
up the agglomerates, which are still visible and in large number. However, the dispersion 
quality improved with the addition of EPDM solutions. In fact, as soon as the EPDM 
solution is added, the agglomerates are reduced in size. Because the solvent is allowed to 
evaporate during stirring, the viscosity of the mixture gradually increases. This lead to a 
more efficient mixing, because of the higher shear forces as compared to the initial 
mixture. In addition, the high viscosity of the final mixture has a second purpose, i.e. it 
prevents possible phase separation and reaggregation of CNTs upon drying. 
In order to obtain a better analysis of the level of dispersion of the MWNTs within the 
matrix, SEM micrographs were collected in charge contrast imaging mode [ 31]. As 
already discussed in Chapter 3, this imaging mode is very efficient in the visualisation of 
the nanotube organisation within the matrix.  
Figure 6.6 shows a general view of a composite containing 5 wt% MWNTs, where the 
nanotubes can be clearly identified. As it can be seen, there are areas (areas 1 and 3) 
where large aggregates of nanotubes are present and areas (area 4) where very few 
nanotubes are visible. However, there are also areas (area 2) where a better dispersion of 
nanotubes had been achieved. It seems that the simple stirring is too mild to completely 
break up the interaction between nanotubes. 

100 µm 
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Figure 6.6 SEM pictures of EPDM containing 5 wt% MWNTs.  
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6.3.2 Mechanical properties 

Figure 6.7 shows representative stress-strain curves for pure EPDM and EPDM/MWNT 
composites. It is clear that the Young’s modulus is significantly enhanced as the 
concentration of MWNTs increases, as shown from Figure 6.6. 
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Figure 6.7 Stress-strain curves of pure EPDM and composites containing up to 5.0 wt% MWNTs. 
 
The most widely used models for the change in modulus of a filled elastomer are the 
Guth hydrodynamic models [ 32]. The model for rod-like particle reinforced elastomers is 
based solely on the aspect ratio and volume fraction of the filler, and does not take any 
other properties of the filler into account, except to assume that the fillers are much 
stiffer than the matrix: 
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where Ec and Em are the moduli of the composite and the pure matrix respectively, and 
l/d and Vf are the aspect ratio and volume concentration of fillers. Note that, to use 
Equation 6.3, the measured weight fractions were converted to volume fractions, Vf, 
using densities of 2100 kg m-3 and 867.4 kg m-3 for MWNTs and matrix, respectively. 
Using l/d as an adjustable parameter for the fitting, the model shows a good agreement 
with the experimental data. Using l/d ~ 100, a good correlation is achieved except for the 
composite containing 5 wt % MWNTs, as shown in Figure 6.8. At such a high loading, it 
is extremely difficult to obtain a good level of dispersion, and as a consequence, the 
mechanical properties are lower than expected. 
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Figure 6.8 Comparison of experimental data with Guth model. Balck squares are the experimental data 
and solid lines are fitting curves. 
 
These values are at the lower end of the range calculated from the typical dimensions 
provided by the supplier (d = 10 nm, l = 0.1-10 µm, l/d = 10 - 1000). Only if the 
dispersion of MWNTs is improved and individual nanotubes are obtained in the matrix,  
then the aspect ratio can be increased and a higher reinforcement could be reached. 
 
6.3.3 Electrical properties 

Initial electrical properties 

The percolation threshold is a basic characteristic of a conductive composite, as 
mentioned in the introduction. In this case, the percolation threshold defines the ideal 
composition for studying the effect of stretching on conductivity, i.e. above percolation 
threshold. Figure 6.9 shows the DC conductivity of EPDM/MWNTs composites as a 
function of weight fraction of MWNTs. A log-log plot of conductivity as a function of 
the reduced mass is shown in Figure 6.10. A linear relationship can be clearly seen. 
According to Equation 6.2, the best fitted values are for pc =2 wt % and t = 2.09. The 
percolation threshold value falls within the range of percolation thresholds calculated by 
Munson–McGee [ 33] for cylindrical conductors in an insulating matrix. In its study 
statistical analysis was used to show that a percolation threshold in the region of 1 – 5% 
is expected for a system of conductive fillers of aspect ratio between 40 and 130, 
consistent with the nanotube aspect ratios calculated from the suppliers data as well as 
those obtained through fitting the mechanical properties with micromechanical model. 
The conductivity exponent t generally reflects the dimensionality of the system with 
values typically around 1.3 and 2.0 for two and three-dimensions, respectively. Here the 
conductivity critical exponent’s value of 2.09 is very close to the universal value to three-
dimensional percolation systems. Furthermore, σ0 can be extrapolated when p = 100%, 
i.e. for a nanotube film. σ0 =7×10-4 S/m is lower than the expected conductivity for 
nanotube mats [ 34]. This might be due to the morphology of the nanocomposite, where 
large conductive nanotubes agglomerates are separated by regions of insulating matrix, as 



 

124                                                                                                                    Chapter 6 

shown by SEM pictures. Hence, conduction is limited by tunnelling between potential 
barriers between conductive regions. This phenomenon was previously reported by 
Kilbride et al. [ 35]. They extrapolated conductivity for nanotube film of 10-3 S/m and 
ascribed this result to the formation of a thick crystalline polymer layer, which prevented 
direct contact between nanotubes. They modeled this behaviour with the fluctuation 
induced tunnelling model, which takes into account tunnelling through potential barriers 
of different heights due to local temperature fluctuations. If temperature is constant, they 
obtain a simple relation between conductivity and inter-nanotube gap width, w, 
 

wDC ∝σln (6.4)
 
Due to spatial consideration, the inter-nanotube gap width is proportional to p-1/3, which 
combined with the previous equation leads to 
 

3
1

ln −
∝ pDCσ (6.5)

 
Figure 6.11 shows in a semi-logarithmic scale conductivity as a function of p-1/3, where a 
linear relationship can be clearly seen. 
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Figure 6.9 Electrical conductivity as a function of MWNTs. The squares are experimental data and the 
solid line is a fit of the data using Equation 6.2. 
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Figure 6.10 Logarithmic plot of conductivity as a function of reduced mass. The squares are experimental 
data and the solid line is a linear fit of the data using Equation 6.2. 
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Figure 6.11 Plot of the log of conductivity as a function of p-1/3. The squares are experimental data and the 
solid line is a fit of the data using Equation 6.5. 
 
Electrical properties under uniaxial strain 

Once the percolation threshold has been identified, an appropriate range to study the 
relationship between resistivity and mechanical deformation can be chosen. In the 
present case, nanocomposites containing 5 wt% and more MWNTs have been chosen 
because they are above the percolation threshold and even upon stretching the level of 
current is within the measurable range. 
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The conductivity of nanocomposites containing 5 and 6 wt% MWNTs as a function of 
strain for different amounts of MWNTs is displayed in Figure 6.12.  
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Figure 6.12 Conductivity of nanocompoasites containing 5 and 6 wt% MWNTs as a function of strain. 
 
The decrease of conductivity with increasing strain is similar to the trend shown by 
carbon black filled elastomers [ 22 -  30]. In that case, the change in conductivity upon 
straining is generally explained in terms of two simultaneous processes that operate on a 
continuous conductive network of secondary aggregates in an insulating matrix. Rotation 
and translation of asymmetric particles preserves the number of contacts and hence the 
number of conducting pathways in the direction of stretching. In opposition to this 
effect, elongation also causes breakage of the existing continuous conducting network by 
increasing the gap between particles, which results in a reduction of the total number of 
possible conduction paths [ 24]. In a similar way, it could be thought that stretching of 
EPDM/MWNT nanocomposites results in network breakage by loss of contacts. 
Decreasing the number of possible conduction paths present above percolation 
threshold results in a decrease of conductivity. However, as shown previously that the 
morphology of the nanocomposite consists of large conductive agglomerates separated 
by regions of insulating matrix. This suggests that the conduction mechanism here is 
tunnelling through potential barrieres, rather than a classical percolation network that 
involves direct contact between the nanotubes. So it is more likely that the mechanical 
stretching causes a further separation of the agglomerates resulting in lower conductivity. 
It is interesting to note that a linear relation exists between conductivity and strain up to 
10% strain. This could be used for application such as sensor materials. However, the 
change in conductivity needs to be repeatable as well, so repeated cycling experiments 
need to be performed.  
 
Cyclic loading experiments 

Repeated cyclic loading of a 5 wt% MWNTs nanocomposite up to 5% and 10% strain 
produced the normalized conductivity curves shown in Figure 6.13 and 6.14. The 
normalized conductivity decreases steeply during the first loading. The conductivity 
differs significantly from the subsequent cycles due to a transient set strain. Then, it 
gradually increases, as shown by the succeeding loading and unloading cycles (2nd-5th 
cycles and 10th cycle), and continues to increase up to the 40th cycle when the experiment 
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was terminated. Presumably this was due to formation of additional conducting paths by 
breakdown of matrix material between CNTs. To a large extent, the strain induced 
contacts were lost when stress was removed; however, as cycling proceeded, permanent 
changes occurred and there was a gradual increase in the conductivity. 
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Figure 6.13 Cycle up to 5% strain, showing that the normalized conductivity decreases steeply during the 
first loading. Then, it gradually increases, as shown by the succeeding loading and unloading cycles 
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Figure 6.14 Cycle up to 10% strain, showing that the normalized conductivity decreases steeply during the 
first loading. Then, it gradually increases, as shown by the succeeding loading and unloading cycles 
 
For application as sensor materials, it is interesting to look in more detail into the profile 
of the cycles. Figure 6.15 shows the profile of strain and normalised conductivity as a 
function of time for the cycles 1 to 5 for the experiment in which the nanocomposite was 
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stretched up to 5% strain. The normalised conductivity does not return to the original 
value after the first cycle, indicating the occurrence of irreversible damage during the first 
loading. For every cycle there are two portions of normalised conductivity – one portion 
is irreversible while the other portion is reversible. A similar trend was observed in short 
carbon fibre filled epoxy by Wang and Chung [ 36]. They showed that the irreversible 
portion increased with strain amplitude and they attributed the irreversible portion to 
damage, probably related to the nanotube-matrix contact resistivity increase (interface 
weakening), rather than fibre breakage, since they did not observed any changes in the 
stress-strain relationship during the experiment. They attributed the reversible portion to 
piezoresistivity. In a similar way, it could be thought that the irreversible portion of the 
conductivity is related to interface weakening, while the reversible portion is due to 
piezoresistivity.  
Furthermore, it can be noted that for every single cycle of strain, a double peak is 
registered for the normalised conductivity. This phenomenon has been already observed 
for carbon black filled elastomers by Kost et al. [ 37], although it was not fully understood. 
They attributed this phenomenon to orientation effects of the filler particles. According 
to them, at low strain orientation effects are insignificant and only destruction-formation 
of the conductive network are important. Hence, the conductivity peak follows the strain 
peak. However, at higher strain, orientation effects become important, causing the 
appearance of a double conductivity peak in correspondence of a single strain peak.  
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Figure 6.15 Cycle 1-5 5% strain, showing the profile of strain and normalised conductivity as a function of 
time.  
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Figure 6.16 Cycle 30-35 5% strain, showing the profile of strain and normalised conductivity as a function 
of time.  
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Figure 6.16 shows the profile of strain and normalised conductivity for cycles 30-35, 
when the material has become more stable and the change in normalised conductivity is 
more repeatable. The irreversible portion of normalised conductivity is reduced as 
compared to the first cycles. The double peak can still be observed. 
 
6.4 Conclusions 

EPDM/MWNTs nanocomposites have been investigated. The nanocomposites with    
0.5 – 5 wt% MWNTs exhibited improved mechanical properties as compared to the pure 
EPDM matrix. The results have been discussed using the Guth model. The results 
suggested that improvement in the dispersion state could lead to bigger improvements in 
mechanical properties. 
The main focus of the study was on the electrical behaviour of the nanocomposites, in 
view of possible sensor applications. The percolation threshold has been determined and 
was consistent with the predictions of Munson-McGee for a system of conductive fillers 
with an aspect ratio between 40 and 130, which is consistent with the aggregation state of 
nanotubes used in the study. This result was used to establish the range of concentrations 
to study the effect of mechanical stretching on the conductivity. A linear relation has 
been found between conductivity and strain up to 10% strain, which means that such 
materials could be used for applications such as strain gauges. Cyclic experiments were 
conducted to establish whether the linear relation was reversible, which is an important 
requirement for sensor materials. These measurements showed that the change in 
conductivity presents a reversible portion and an irreversible one. A similar trend was 
previously reported for short carbon fibre filled epoxy and was attributed to damage (the 
irreversible portion) and to piezoresistivity (the reversible portion). Although this 
behaviour is detrimental for the use as sensor, the experiments also showed that the 
material stabilises during the measurement and the change in normalised conductivity is 
more repeatable. The irreversible portion of normalised conductivity is reduced as 
compared to the first cycles. Although further optimisation is needed these initial results 
showed that CNTs have great potential for the creation of conductive sensor fibres that 
can be used in future smart textile applications. 
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Appendix A 

Organisation of SDS onto SWNT surface. 
In order to study the organisation of SDS molecules at the SWNT surface, oriented tapes 
containing PVA/SDS and PVA/SDS/SWNTs are analysed by polarised ATR-FTIR. 
Details about preparation of orientated tapes and ATR-FTIR analysis can be found in 
Chapter 5. SWNTs are aligned by the solid state drawing process, but SDS molecules are 
not affected by the process. Only if the SDS molecules are adsorbed onto the SWNT 
surface, the sample will display preferential orientation of SDS as well. 
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Figure A.1 Comparison of dichroic difference spectra for PVA/SDS and PVA/SDS/SWNTs oriented 
tapes. 

 
The CH2 symmetric stretching vibration located at around 2860 and 2919 cm-1 and 
symmetric stretch absorption peak of SO located at 1220 cm–1 are used to characterise 
the SDS organisation [ 1]. Figure A.1 shows the dichroic difference spectra of the two 
samples. The first one contains only SDS, the second one contains SDS and SWNTs. It 
can be clearly seen that only the latter shows clearly distinct peaks, which indicate parallel 
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or perpendicular orientation of the corresponding bond. This shows that there is 
preferential orientation of SDS molecules only in the sample containing SWNTs, 
although it is not possible to detail the exact configuration. This implies a strong 
interaction between the SWNT and SDS molecules, and self organisation of SDS onto 
the SWNT surface. This confirms the presence of SDS at the polymer/nanotube 
interface. 
 
 



 

 

 

 

 

 

 

Samenvatting 

Synthetische polymeren (plastics) bezitten voor vele toepassingen, in het bijzonder in 
geavanceerde constructies, niet de gewenste stijfheid in vergelijking met klassieke 
constructiematerialen, bijv. staal. De stijfheid, uitgedrukt in de zogenaamde E-Modulus 
(Young’s Modulus), is in de orde van 3000-4000 MPa (3-4 GPa) voor amorfe polymeren 
in de glastoestand en voor semi-kristallijne polymeren is de stijfheid maximaal 3000 MPa 
(3 GPa).  
 
Synthetische polymeren kunnen echter zeer stijf en sterk worden gemaakt in 1 dimensie 
wanneer de lange moleculen worden uitgelijnd in de vezel of tape richting. Bekende 
voorbeelden zijn de polyethyleen vezel van DSM, Dyneema®, en de zogenaamde 
aramide vezels Twaron® van Teijin en Kevlar® van Du Pont. Deze vezels bezitten een 
hoge stijfheid,  in de orde van 150 - 200 GPa, dus vergelijkbaar met staal (ongeveer 200 
GPa). Deze zogenaamde organische supervezels zijn minder geschikt voor constructieve 
toepassingen zoals in vezelversterkte composieten wegens hun hoogst anisotroop 
karakter. Zij bezitten namelijk slechts een superieur mechanisch gedrag in de 
vezelrichting, dus in trekbelasting, maar tonen een slechte “performance” in andere 
belasting situaties, zoals in compressie en in afschuiving.  
 
Voor constructieve toepassingen worden nu glas en koolstofvezels gebruikt om de 
stijfheid van plastics te verbeteren. Voor maximale prestaties zijn continue vezels 
noodzakelijk, bijv. in de vorm van weefsels, maar ook korte glasvezels worden gebruikt, 
bijv. in spuitgietprocessen. Glasvezels worden vooral gebruikt in goedkopere 
toepassingen waar glasvezelverstrekte plastics (GRP) moeten concurreren op basis van 
gewichtsbesparing met staal maar waar scherp wordt gelet op de prijs-prestatie 
verhouding, zoals in de automobiel sector. In sectoren waarin gewichtsbesparing een 
primaire voorwaarde is, zoals in de vliegtuigbouw en ruimtevaart, worden de duurdere 
koolstofvezels toegepast. 
 
De belangrijkste verwerkingstechniek om met hoge snelheid en reproduceerbaar 3-D 
artikelen te maken is spuitgieten waarbij korte glasvezels worden gebruikt ter verhoging 
van de stijfheid. Ook andere vulstoffen kunnen worden gebruikt ter verbetering van de 
mechanische eigenschappen zoals mica en talk deeltjes. In de literatuur worden deze 
laatste klasse van vulstoffen aangeduid als “particulate fillers” ter onderscheiding van 
additieven in vezel vorm.  
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Vulstoffen/additieven, met typische afmetingen in de micrometer range, die als doel 
dienen om de mechanische eigenschappen te verbeteren, lees stijfheid, hebben als nadeel 
dat ze bij hogere concentratie leiden tot verbrossing van de plastic composiet materialen. 
Een doorbraak in dit verband zou het gebruik van additieven met nanometer afmetingen 
kunnen zijn, waar sterk verbeterde mechanische eigenschappen worden verkregen bij een 
relatief lage dosering nano-additief. Tevens impliceert dit een betere verwerkbaarheid 
omdat met lage concentraties aan vulstof wordt gewerkt. 
 
Bekende vulstoffen met nanometer afmetingen zijn nano-klei en de zogenaamde koolstof 
nanobuisjes, hierna conform de Angelsaksische literatuur carbon nanotubes genoemd, 
afgekort met CNTs. Deze CNTs hebben een diameter in de nanometer range en bezitten 
een uitzonderlijk hoge E-Modulus, in de orde van 1 TPa (1000 GPa), en een treksterkte 
van 100-150 GPa. Met deze mechanische eigenschappen, gekoppeld aan een dikte in de 
orde van nanometers, zijn deze CNTs veelbelovend als versterkingselement voor plastic 
nano-composieten. Naast uitzonderlijke mechanische eigenschappen is een andere 
interessante eigenschap dat CNTs electrisch geleidend zijn, in de orde van 108 S/m, dus 
kunnen zogenaamde “conductive polymer composites”, CPCs, worden gemaakt. 
 
Ondanks hun indrukwekkende eigenschappen, is het succes van CNTs in plastics tot op 
heden zeer beperkt geweest en heeft het nog niet geresulteerd tot een groot aantal 
commerciële producten. Het hoofdprobleem is het homogeen dispergeren (verdelen) van 
CNTs in de viscuese polymere matrix. Deeltjes met afmetingen in de orde van 
nanometers bezitten een grote oppervlakte/volume verhouding en hebben een sterke 
neiging tot agglomeratie (samenklontering). Bovendien is een goede interactie en 
spanningsoverdracht tussen de CNTs en de polymere matrix essentieel voor goede 
mechanische eigenschappen van het composiet. Tot slot, analoog aan polymeer 
moleculen kunnen de uitstekende intrinsieke mechanische eigenschappen van CNTs 
slechts volledig worden benut als deze worden uitgelijnd in de gewenste 
belastingsrichting. 
 
In dit proefschrift zijn een aantal realistische toepassingsmogelijkheden van CNTs in 
plastic composieten onderzocht, met bijzondere aandacht voor georiënteerde systemen 
zoals films en vezels en met de focus op zowel mechanische als ook electrische 
eigenschappen. Gebruik werd gemaakt van de twee vigerende typen CNTs in de markt, 
namelijk SWNTs (single-wall nanotubes) en MWNTs (multi-wall nanotubes), 
respectievelijk enkelwandige koolstof nanobuisjes en meerwandige koolstof nanobuisjes. 
 
Ultra-hoog-moleculair-gewicht polyethyleen, hierna te noemen UHMW-PE, werd in 
eerste instantie gekozen als matrix materiaal omdat UHMW-PE ook het basis materiaal is 
voor supersterke PE-vezels zoals Dyneema®. 
 
Op basis van een mengsel van twee oplosmiddelen, respectievelijk xyleen dat een goed 
oplosmiddel is voor PE en dimethylformamide (DMF), een oplosmiddel dat goed CNTs 
dispergeert, werden redelijk homogeen gedispergeerde CNTs in de UHMW-PE matrix 
verkregen zoals o.m. blijkt uit de electrische geleiding van het composiet materiaal in 
onverstrekte toestand. Bij verstrekking, de gebruikelijke procedure om PE vezels te 
maken waarbij de lange PE moleculen in de vezelrichting worden uitgelijnd, vermindert 
het geleidingsvermogen uiteraard omdat ook de CNTs mee worden uitgelijnd in het 
verstrek proces en daardoor de percolatie minder wordt.  Interessant is echter dat het 
geleidingsvermogen bij een verstrekverhouding van 30 nog altijd in de orde van 10-4 S/m 
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bedraagt. Dit niveau is twee orde grootte hoger dan het minimum dat wordt vereist om 
elektrostatische oplading te voorkomen. 
Het is dus mogelijk om supersterke PE-vezels te maken die electrisch geleidbaar zijn 
maar de bijdrage van de gedispergeerde CNTs aan de mechanische eigenschappen van de 
PE vezel is slechts beperkt. Modelmatig kan worden aangetoond dat tenminste 5% 
perfect gedispergeerde SWNTs noodzakelijk zijn om de treksterkte van de PE vezels met 
slechts 32% te verhogen. Beneden deze kritische concentratie is de spanningsbijdrage van 
SWNTs tot de nano-composiet vezelsterkte slechts 35 GPa, hetgeen vrij laag is in 
vergelijking met hun intrinsieke sterkte van 100-150 GPa! 
 
Een tweede systeem dat werd onderzocht is poly(vinylalcohol)(PVA)/SWNT 
composieten. Deze composieten werden gemaakt in waterige oplossingen, gebruik 
makend van een oppervlakte actieve stof, natrium dodecyl sulfaat (SDS). Om de invloed 
van deze oppervlakte actieve stof op de mechanische eigenschappen van de nano-
composieten te evalueren werd dit systeem vergeleken met een systeem waarbij een 
organisch oplosmiddel, dimethyl sulfoxide (DMSO), werd gebruikt. In tegenstelling tot 
de resultaten die voor UHMW-PE nano-composieten werden gevonden, zijn nu 
significante verhogingen van de mechanische eigenschappen gevonden voor beide PVA 
systemen bij zeer lage SWNT concentraties. Micromechanische analyse toont aan dat de 
spanningsbijdrage van de CNTs tot de sterkte van het nano-composiet is 68 GPa voor 
het waterige SDS gebaseerde systeem en zelfs 75 GPa voor een systeem gebaseerd op 
PVA/DMSO. Dit zijn zeer hoge waarden in vergelijking met vigerende liteatuur data en 
deze waarden beginnen de intrinsieke sterkte van CNTs te benaderen. 
Beide PVA/systemen zijn analoog in termen van dispergeren, spanningsoverdracht en 
mechanisch gedrag. Nochtans, toonden Röntgen studies aan dat de twee systemen zeer 
verschillend waren qua morfologie. De aanwezigheid van SWNTs blijkt een effect te 
hebben op de oriëntatie van de PVA kristallen in het geval van het PVA/water/SDS 
systeem. Met dit pre-oriëntatie effect moet rekening worden gehouden om de ware 
verstrekgraad en eigenschappen van de polymere matrix vast te stellen en als zodanig het 
ware versterkingseffect van CNTs te bepalen. 
 
Als derde systeem is het effect van CNTs in een elastomeer, ethyleen-propyleen-diene-
monomeer (EPDM) onderzocht. De belangrijkste nadruk van deze studie was op het 
elektrisch gedrag van nano-composieten met als optie mogelijke sensor toepassingen. De 
percolatie drempel werd bepaald en bleek compatiebel met de voorspellingen van 
Munson-McGee voor een systeem van geleidende vulstoffen met een van 
lengte/diameter verhouding tussen 40 en 130. Een lineaire relatie werd gevonden tussen 
geleidingsvermogen en spanning tot 10% spanning. Dit zou voor toepassingen zoals 
sensoren kunnen worden gebruikt. Cyclische experimenten werden uitgevoerd om vast te 
stellen of de lineaire relatie omkeerbaar was, wat een belangrijke eis ten aanzien van 
sensor materialen is. De metingen toonden aan dat de verandering in geleidingsvermogen 
een reversibel deel en een niet-reversibel deel bezit. Een gelijkaardige tendens werd 
eerder gemeld voor korte koolstofvezel gevulde epoxy en werd toegeschreven aan schade 
(het onomkeerbare deel) en piezo-weerstand (het omkeerbare deel). Een analoge 
gevolgtrekking kan in het geval van CNTs in EPDM rubber worden gemaakt. Hoewel dit 
gedrag voor het gebruik als sensoren schadelijk is, toonden de experimenten ook aan dat 
het materiaal tijdens de meting stabiliseert, wanneer de verandering in 
geleidingsvermogen reproduceerbaarder wordt. Hoewel verdere optimalisering nodig is 
toonden deze resultaten aan dat CNTs een groot potentieel hebben voor de 
verwezenlijking van geleidende sensorvezels die in toekomstige “smart textile” 
toepassingen kunnen worden gebruikt. 
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