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1.  Introduction 

Although the terms nanomaterial and nanocomposite represent new and 
exciting fields in materials science, such materials have actually been 
used for centuries and have always existed in nature. However, it is only 
recently that the means to characterise and control structure at the 
nanoscale have stimulated rational investigation and exploitation. A 
nanocomposite is defined as a composite material where at least one of 
the dimensions of one of its constituents is on the nanometre size scale 
[1]. The term usually also implies the combination of two (or more) 
distinct materials, such as a ceramic and a polymer, rather than 
spontaneously phase-segregated structures. The challenge and interest in 
developing nanocomposites is to find ways to create macroscopic 
components that benefit from the unique physical and mechanical 
properties of very small objects within them.  

Natural materials such as bone, tooth, and nacre are very good 
examples of the successful implementation of this concept, offering 
excellent mechanical properties compared to those of their constituent 
materials. Such composites actually exhibit beautifully organised levels 
of hierarchical structure from macroscopic to microscopic length scales, 
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and provide a powerful motivation for improving our processing control. 
Currently, we are striving to understand the behaviour of just the smallest 
building blocks in such materials which are the natural versions  
of nanocomposites. Significantly, two contrasting phases are often 
combined: a hard nanoscale reinforcement (such as hydroxyapatite or 
calcium carbonate) is embedded in a soft, usually protein-based, matrix. 
Although the composite character of these materials itself plays a crucial 
role, the question remains, why the nanometre scale is so important. 

From a simple mechanical point of view, the situation in such 
biocomposites is quite familiar: the matrix transfers the load via shear to 
the nanoscale reinforcement [2]. A large length-to-diameter (aspect) ratio 
of the mineral reinforcement compensates for the low modulus of the 
soft protein matrix, leading to an optimised stiffness of the composite. 
The fracture toughness of such biocomposites, on the other hand, hinges 
on the ultimate tensile strength, σf, of the reinforcement. Crucially, the 
use of a nanomaterial allows access to the maximum theoretical strength 
of the material, since mechanical properties become increasingly 
insensitive to flaws at the nanoscale [2]. This observation is an extension 
of the classic approach to strong materials, namely to reduce the 
dimensions until critical flaws are excluded. At the nanoscale, highly 
crystalline reinforcements are used in which all but the smallest atomistic 
defects can be eliminated. It is clear that a high aspect ratio must be 
maintained in order to ensure suitable stress transfer. This general 
concept of exploiting the inherent properties of nanoscaled materials is 
not limited to the mechanical properties of a material, since a wide range 
of physical properties also depend on defect concentrations. In addition, 
the small size scale can generate inherently novel effects through, for 
example, quantum confinement, or through the dramatic increase in 
interfacial area. 

The concept of creating both structural and functional multi-phase 
nanocomposites with improved performance is currently under 
development in a wide variety of metallic, ceramic, and polymeric 
matrices, although the emphasis to date has been on polymeric systems. 
Similarly, the filler particles can be organic or inorganic with a wide 
range of material compositions and structures. The resulting composites 
generally exhibit a number of enhanced properties, so that the material 
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cannot easily be classified as a structural or functional composite. The 
term reinforcement, as opposed to plain filler, is equally frequently used 
for the nanoscale component, without a clear distinction. 

Carbon nanotubes (CNTs) have attracted particular interest because 
they are predicted, and indeed observed, to have remarkable mechanical 
and other physical properties. The combination of these properties with 
very low densities suggests that CNTs are ideal candidates for high-
performance polymer composites; in a sense they may be the next 
generation of carbon fibres. Although tens or hundreds of kilograms of 
carbon nanotubes are currently produced per day, the development of 
high-strength and high-stiffness polymer composites based on these 
carbon nanostructures has been hampered so far by the lack of 
availability of high quality (high crystallinity) nanotubes in large 
quantities. In addition, a number of fundamental challenges arise from 
the small size of these fillers. Although significant advances have been 
made in recent years to overcome difficulties with the manufacture of 
polymer nanocomposites, processing remains a key challenge in fully 
utilising the properties of the nanoscale reinforcement. A primary 
difficulty is achieving a good dispersion of the nanoscale filler in a 
composite, independent of filler shape and aspect ratio. Without proper 
dispersion, filler aggregates tend to act as defect sites which limit the 
mechanical performance; such agglomerates also adversely influence 
physical composite properties such as optical transmissivity. 

When dispersing small particles in a low viscosity medium, diffusion 
processes and particle-particle and particle-matrix interactions play an 
increasingly important role as the diameter drops below 1 μm. It is not 
only the absolute size but rather the specific surface area of the filler, and 
the resulting interfacial volumes, which significantly influence the 
dispersion process. These regions can have distinctly different properties 
from the bulk polymer and can represent a substantial volume fraction of 
the matrix for nanoparticles with surface areas of the order of hundreds 
of m2/g. The actual interphase volume depends on the dispersion and 
distribution of the filler particles, as well as their surface area. 

In traditional fibre composites, the interfacial region is defined as the 
volume in which the properties deviate from those of the bulk matrix or 



PROCESSING AND PROPERTIES OF NANOCOMPOSITES 
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/nanosci/6317.html

M. S. P. Shaffer and J. K. W. Sandler 
 
4 

filler [3]. However, it is simpler, in the case of small particles, to 
consider a straightforward calculation [4] of the interparticle distance s:  
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where d is the diameter and φV is the volume fraction of uniformly-sized, 
spherical particles on a lattice. As an example, a 15 vol% loading of  
10 nm diameter particles leads to an interparticle distance of only 5 nm. 
This figure, which is similar to the radius of gyration of a typical 
polymer molecule, shows that essentially the entire polymer matrix in a 
nanocomposite can behave as if it were part of an ‘interphase’. In other 
words, the properties of the whole matrix may differ from the pure bulk 
polymer in terms of the degree of cure, chain mobility, chain 
conformation, and degree of chain ordering or crystallinity. These effects 
may influence both processing and final properties of the polymeric 
phase. One simple but important consequence is that it becomes 
increasingly difficult to ‘wet’ adequately all of the nanofiller surface with 
polymer; thus, the volume fraction of nanomaterial that can be uniformly 
dispersed using conventional processing techniques is decreased. In 
addition, the strong influence of interfacial interactions during processing 
can alter the matrix microstructure which, particularly in the case of 
semicrystalline polymers, can significantly affect the mechanical 
behaviour of the nanocomposite independently of direct load-bearing by 
the filler [5]. Therefore, the matrix microstructure must be critically 
assessed when evaluating the performance of carbon nanotube-polymer 
composites. Although the high aspect ratio of carbon nanotubes generally 
appears to be a clear benefit for the exploitation of their mechanical as 
well as physical properties such as electrical conductivity, it is as yet not 
established which of the many different types of nanotubes will yield the 
ultimate performance in a polymer composite. Nanotubes have shown a 
remarkable range of structural features, and the resulting structure-
property-relationships are only slowly emerging. 
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2.  Carbon Nanotubes and Nanofibres 

Carbon nanotubes are often seen as the intersection of traditional carbon 
fibres with the fullerene family [6]. It was only realised relatively 
recently that solids of pure elemental carbon with sp2-hybridisation can 
form a wide variety of well-defined crystalline structures. The first 
recognition of the fullerenes as closed structures [7] in 1985, and their 
subsequent synthesis in a carbon arc [8], stimulated enormous new 
interest in carbon materials. In 1991, Iijima observed a graphitic tubular 
structure in an arc discharge apparatus that was used to produce C60 and 
other fullerenes. His realisation [9] of the structural richness of these 
particles, which came to be known as nanotubes, generated enormous 
interest; indeed, there are now in excess of 10,000 papers discussing the 
science of CNTs, including a large fraction on polymer composites. 
Although Iijima is often credited with the discovery of CNTs, there are 
earlier reports in the literature, notably by Endo in 1976, of the synthesis 
of tubular carbon structures using hydrocarbon decomposition [10]. 
There are even reports in the catalysis literature of the 1950s of attempts 
to remove troublesome fibrous carbon deposits. The electric arc method 
was actually used as early as 1960 by Roger Bacon [11] to produce 
graphite whiskers, and one can also speculate that nanotubes were likely 
present in his experiments as a by-product, although unobserved. The 
explosion of interest in 1991 was driven by the renewed interest in 
carbon following the discovery of fullerenes, and the structural 
perfection of Iijima’s nanotubes which implied a whole range of exciting 
properties. 

CNTs have typical diameters in the range of ~1–50 nm and lengths of 
many microns (even centimetres in special cases). They can consist of 
one or more concentric graphitic cylinders. In contrast, commercial 
(PAN and pitch) carbon fibres are typically in the 7–20 μm diameter 
range, while vapour-grown carbon fibres (VGCFs) have intermediate 
diameters ranging from a few hundred nanometres up to around a 
millimetre. The variation in diameter of fibrous graphitic materials is 
summarised in Figure 1. Crucially, conventional carbon fibres do not 
have the same potential for structural perfection that can be observed in 
CNTs. Indeed, there is a general question as to whether the smallest 
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CNTs should be regarded as very small fibres or heavy molecules, since 
the diameters of the smallest nanotubes are similar to those of common 
polymer molecules. This ambiguity is characteristic of nanomaterials, 
and it is not yet clear to what extent conventional fibre composite 
understanding can be extended to CNT composites. 
 

 
 

Fig. 1. Comparison of diameters of various fibrous carbon-based materials. 
 
The nanotube structure can be defined more exactly by considering a 

single-wall carbon nanotube (SWCNT) as a conformal mapping of the 
two-dimensional hexagonal lattice of a single graphene sheet onto the 
surface of a cylinder. The graphite sheet may be ’rolled’ in different 
orientations along any two-dimensional lattice vector (m,n) which then 
maps onto the circumference of the resulting cylinder; the orientation of 
the graphite lattice relative to the axis defines the chirality or helicity of 
the nanotube [12]. As-grown, each nanotube is closed at both ends by a 
hemispherical cap formed by the replacement of hexagons with 
pentagons in the graphite sheet which induces curvature. SWCNTs are 
usually obtained in the form of so-called ropes or bundles, containing 
between 20 and 100 individual tubes packed in a hexagonal array [13–16]. 
Rope formation is energetically favourable due to the Van der Waals 
attractions between isolated nanotubes [17]. Multi-wall carbon nanotubes 
(MWCNTs) provide an alternative route to stabilisation. They consist of 
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two or more coaxial cylinders, each rolled out of single sheets, separated 
by approximately the interlayer spacing in graphite. The outer diameter 
of such MWCNTs can vary between 2 and a somewhat arbitrary upper 
limit of about 50 nm; the inner hollow core is often (though not 
necessarily) quite large with a diameter commonly about half of that of 
the whole tube. Carbon nanofibres (CNFs) are mainly differentiated from 
nanotubes by the orientation of the graphene planes: whereas the 
graphitic layers are parallel to the axis in nanotubes, nanofibres can show 
a wide range of orientations of the graphitic layers with respect to the 
fibre axis. They can be visualised as stacked graphitic discs or 
(truncated) cones, and are intrinsically less perfect as they have graphitic 
edge terminations on their surface. Nevertheless, these nanostructures 
can be in the form of hollow tubes with an outer diameter as small as 
~5 nm, although 50–100 nm is more typical. The stacked cone geometry 
is often called a ‘herringbone fibre’ due to the appearance of the 
longitudinal cross-section. Slightly larger (100–200 nm) fibres are also 
often called CNFs, even if the graphitic orientation is approximately 
parallel to the axis. Representative transmission electron micrographs of 
commercially available nanofibres with a mean outer diameter of around 
150 nm are shown in Figure 2. The schematic diagram highlights the 
orientation of the graphitic planes in the inner and outer regions of the 
nanofibre wall, and is intended to illustrate the structural complexity that 
can arise in these materials. 

A variety of synthesis methods now exist to produce carbon 
nanotubes and nanofibres. However, these carbon nanostructures differ 
greatly with regard to their diameter, aspect ratio, crystallinity, 
crystalline orientation, purity, entanglement, surface chemistry, and 
straightness. These structural variations dramatically affect intrinsic 
properties, processing, and behaviour in composite systems. However, it 
is not yet clear which type of nanotube material is most suitable for 
composite applications, nor is there much theoretical basis for rational 
design. Ultimately, the selection will depend on the matrix material, 
processing technology, and the property enhancement required. Thus, in 
order to interpret the data obtained for nanotube composites, and to 
develop the required understanding, it is essential to appreciate the range 
of nanotube materials available. 
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Fig. 2. Representative transmission electron micrographs of commercial carbon 
nanofibres, highlighting structural variations both in overall morphology and in the 
orientation of the graphitic planes. The leftmost image shows a ‘bamboo’ and a 
‘cylindrical’ CNF, whilst the rightmost image shows a high magnification image of one 
wall of the cylindrical fibre which reveals the graphitic arrangement sketched in the 
central panel. 

2.1.  Production methods 

Both MWCNTs and SWCNTs can be produced by a variety of different 
processes which can broadly be divided into two categories: high-
temperature evaporation using arc-discharge [13,14,18–20] or laser 
ablation [15,21], and various chemical vapour deposition (CVD) or 
catalytic growth processes [16,22–24]. In the high-temperature methods 
MWCNTs can be produced from the evaporation of pure carbon, but the 
synthesis of SWCNTs requires the presence of a metallic catalyst. The 
CVD approach requires a catalyst for both types of CNTs but also allows 
the production of CNFs. Many variants exist, but the basic methods can 
be described as follows. 

The electric arc method is based on the generation of a DC arc plasma 
between two carbon electrodes in an inert (usually helium) atmosphere. 
While the anode is consumed, a soft, dark black, fibrous deposit forms 
on the cathode which consists of about 50 vol% straight MWCNTs, often 
arranged in a fractal structure. Addition of a suitable catalyst such as Ni-
Co, Co-Y or Ni-Y leads to the formation of interconnected web-like 
SWCNT bundles on the walls of the reaction chamber [13,14,25,26]. 
Macroscopically long ropes of well-aligned SWCNTs can be synthesised 

Parallel segments

250 nm 

+/- 15º 



PROCESSING AND PROPERTIES OF NANOCOMPOSITES 
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/nanosci/6317.html

Carbon Nanotube/Nanofibre Polymer Composites 9 

by the arc-discharge method using hydrogen [27]. Laser ablation is a 
similar process, using a different technique to generate the carbon 
vapour; although the method can generate MWCNTs, it is usually used 
for the production of SWCNTs at yields higher than 70%. A graphite 
target, containing a 1–2% metal catalyst, is held in a furnace at 1200°C 
in an inert atmosphere and is evaporated using a high power laser 
[15,28]. The resulting products are swept from the high-temperature zone 
by the flowing inert gas and are deposited on a conical water-cooled 
copper collector.  

The products of both high-temperature routes tend to be highly 
crystalline, with low defect concentrations, but are relatively impure, 
containing other, unwanted carbonaceous impurities. These methods 
usually work on the gram scale and are, therefore, relatively expensive. 
For the use of nanotubes in composites, large quantities of nanotubes are 
required at low cost, ideally without the requirement for complicated 
purification. At present, only CVD-grown nanotubes satisfy these 
requirements and, as such, tend to be the materials of choice for 
composite work, both in academia and in industry. The main 
contaminants in CVD materials are residual catalyst particles which are 
mostly incorporated into the nanotubes. On the other hand, these gas-
phase processes operate at lower temperatures and lead to structurally 
more imperfect nanotubes, as shown by the deviation from the ideal 
cylindrical structure in Figure 3. 

Carbon filaments can form when small metal particles, almost always 
containing iron, nickel, or cobalt, are exposed to CO or hydrocarbon 
gases at temperatures between 500 and 1200°C. The carbonaceous 
feedstock decomposes on the catalyst, generating carbon which diffuses 
through or around the catalyst to produce a fibre with a diameter similar 
to the metal particle [29]. Originally, the method was developed for 
growing VGCFs with diameters up to several hundred micrometres 
through simultaneous pyrolytic overgrowth on the primary fibre. Later, 
various orientations of the graphitic planes with respect to the fibre axis 
were observed depending on the crystallographic orientation of the 
catalyst particle [30]. The arrangement of the graphitic planes can vary 
from perpendicular to the fibre axis to parallel, thus generating a range of  
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Fig. 3. Transmission electron micrographs of commercial MWCNTs grown by CVD 
methods, with the beam perpendicular (left) and parallel (right) to the axis.  

 
CNF structures [31]. Twisted, helical, and branched nanofibres have also 
been reported [32]. 

Under the right conditions, entangled mats of catalytically-grown 
CNTs can be produced [22]. Generally, the experiment is carried out in a 
flow furnace at atmospheric pressure [33,34]. In perhaps the simplest 
embodiment, the catalyst is placed in a ceramic boat which is then put 
into a quartz tube. A reaction mixture consisting of, for example, 
acetylene and argon is passed over the catalyst bed for several hours at 
temperatures ranging from 500 to 1100°C [34]. In fact, there are many 
options for introducing the catalyst ranging from injection of 
organometallic vapours and metallic colloids, to pre-deposition of metal 
films or particles on ceramic supports. Injecting the catalyst into the gas 
stream allows for the continuous production of nanotubes. A number of 
commercial routes to the production of vapour-grown CNFs and CNTs 
are based on a ‘floating catalyst’ carried in the gas stream inside a 
continuous flow reactor [35]. 

The CVD products discussed above tend to be highly entangled; 
however, aligned nanotube arrays, as shown in Figure 4a, can be 
obtained under conditions that lead to rapid and dense nucleation on flat 
substrates [36–39]. With sufficient growth time, lengths in the millimetre  
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range have been observed [40]. Such aligned MWCNT films can be 
easily removed from the substrate and might be considered as the ideal 
nanotube material for composite applications, as the low degree of 
nanotube entanglement should allow straightforward dispersion in a 
polymer matrix. The synthesis of well-aligned and comparatively straight 
MWCNTs on substrates can be further enhanced by the application of a 
plasma during growth [41,42]. This approach has recently been shown to 
allow the production of aligned nanotube films at temperatures as low as 
120°C [43], opening the door for direct nanotube growth on polymer 
substrates. The use of plasma accelerates growth, and increases 
alignment, but tends to reduce crystallinity. 

Although a number of commercial CVD routes to SWCNTs exist, the 
so-called ‘HiPco’ process has received particular attention. The gas-
phase growth of SWCNTs using high-pressure carbon monoxide as the 
carbon source was developed by Nikolaev et al. [44] but is now 
commercially exploited by Carbon Nanotechnologies Inc., USA. The 
product is shown in Figure 4b and is widely used for research purposes, 
although it is, at present, still too expensive for large-scale commercial 
composite applications. 

 

 
Fig. 4. Scanning electron micrographs of (a) aligned multi-wall carbon nanotubes and  
(b) HiPco single-wall carbon nanotubes produced by CVD methods. 
 

In summary, the quality and yield of carbon nanotubes depend on the 
synthesis technique and the specific growth conditions used. Catalytic 
processes generally involve lower growth temperatures which lead to  
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both variations in the orientation of the graphitic planes with respect to 
the tube axis and to an increased concentration of structural defects. It is 
not surprising that most studies aimed at investigating the fundamental 
mechanical and physical properties of individual nanotubes have been 
performed on high-temperature materials with few structural defects. 
Relatively little effort has been applied to CNFs, although given their 
structural appearance, their properties should, at best, resemble those of 
very defective catalytic nanotubes.  

2.2.  Mechanical properties of carbon nanotubes 

Although challenging, a number of experimental studies have focussed 
on the direct determination of the mechanical properties of individual 
carbon nanotubes. Experimental measurements of nanotube deformations 
have mostly been analysed by assuming nanotubes to be elastic beams. 
The resulting elastic constants belong to the framework of continuum 
elasticity, and any estimate of these material parameters for nanotubes 
therefore implies the continuum assumption. There is also a general 
question as to what should be taken as the cross-section of a nanotube. 
For MWCNTs, values have usually been calculated based on a thick-
walled cylinder, ignoring the cross-section of the hollow core, although it 
might be argued that the area of the core should be included since it is an 
intrinsic feature of the structure. The question is even more difficult with 
SWCNTs which are only a single layer of atoms thick. Usually, the 
thickness, t, is taken to be the interlayer spacing of graphite, although 
difficulties with bending stiffness remain [45].  

The original determinations of CNT stiffness were based on 
observing the amplitude of thermal vibrations in a TEM; average 
stiffness values of 1.8 TPa [46] and 1.25 TPa [47] were obtained for 
MWCNTs and SWCNTs, respectively. For MWCNTs, the estimated 
nanotube stiffness appeared to depend on the diameter [48], an effect that 
was explained by the occurrence of wave-like distortions for multi-wall 
carbon nanotubes with diameters of greater than 12 nm, as predicted by a 
combination of finite element analysis and non-linear vibration analysis  
 
 



PROCESSING AND PROPERTIES OF NANOCOMPOSITES 
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/nanosci/6317.html

Carbon Nanotube/Nanofibre Polymer Composites 13 

[49]. Falvo et al. [50] showed that MWCNTs could be repeatedly bent to  
large angles (> 120°) with an AFM tip without undergoing catastrophic 
failure; this observation was supported by high-resolution TEM studies  
that indicated reversible buckling as a mechanism for stress relief  
[51–53]. Lourie et al. captured the buckling of SWCNTs in compression 
and bending by embedding the nanotubes in a polymer film [54].  

Static models of beam bending have also been used to quantify 
mechanical properties of nanotubes. AFM measurements led to an 
average bending stiffness of arc-grown MWCNTs of about 1 TPa 
[55,56]; however, catalytic nanofibres with a higher defect concentration 
were found to have a substantially lower stiffness of only 10 to 50 GPa 
[56]. Whereas point defects do not affect the nanotube stiffness greatly, 
deviations from a perfectly parallel alignment of the graphitic layers to 
the axis have a significant detrimental effect on properties, due to the 
high anisotropy of graphite. 

More recently, a mechanical loading stage operating inside an SEM 
was used to perform the first in-situ tensile tests on individual MWCNTs 
and ropes of SWCNTs. Individual arc-grown MWCNTs were found to 
fracture by a so-called sword-in-sheath mechanism in the outermost 
shell. Strength values for the outer shell ranged from 11 to 63 GPa  
at fracture strains of up to 12% and modulus values ranged from 270 to 
950 GPa [57]. By assuming that the load is carried only by the SWCNTs 
on the perimeter of the rope, fracture strengths ranging from 13 to  
52 GPa and moduli between 320 and 1470 GPa were obtained [58]. It is 
interesting to note that the maximum fracture strain was found to be 
5.3% which is close to the theoretical value of ~5% for defect nucleation 
in individual SWCNTs [59]. 

The experimental results for highly crystalline nanotubes (produced 
by high-temperature methods) show that such nanotubes can indeed have 
a Young’s modulus approaching the theoretical value of 1.06 TPa [52], 
the in-plane modulus of graphite, in agreement with theoretical studies 
[60,61]. (Young’s modulus values of around 5.5 TPa [46] relate to an 
assumed effective SWCNT wall thickness of 0.066 nm). It should be 
borne in mind that a single value of Young’s modulus should not be 
uniquely used to describe both the tension/compression and bending  
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behaviour of carbon nanotubes. Tension and compression are mostly 
governed by the in-plane σ-bonds, while pure bending is affected by the 
out-of-plane π-bonds. However, within a given mode, continuum  
elasticity does seem to be applicable to the elastic properties of such 
nanostructures, up to the point at which local instabilities occur, as long 
as the geometry of the nanotubes is properly taken into account. 

A number of theoretical studies have addressed the structural stability 
of nanotubes in tension, compression, bending, and torsion. Under axial 
loads, abrupt changes in nanotube morphology were observed which 
depended on the nanotube length [62,63]. Nanotube buckling due to 
bending has also been demonstrated [62,64] and is characterised by a 
collapse of the cross-section in the middle of the tube, in agreement with 
experimental observations [51–53].  

The strength of nanotubes depends on the distribution of defects, as 
well as interlayer interactions in MWCNTs and bundles of SWCNTs. 
The defect density is potentially low in these nanostructures and defect 
sites may be distributed over large distances due to the small diameter 
and high aspect ratio. However, defect density will depend on the growth 
process, and the strength should only approach the theoretical limit for 
nanotubes grown at high-temperatures. There are relatively few 
experimental results but those mentioned above are in good agreement 
with theoretical predictions [65] and indeed indicate that the strength of 
nanotubes can be one order of magnitude higher than that of current 
high-strength carbon fibres. Further evidence for the high strength of 
high temperature nanotubes has been found in other tensile tests [66], 
although the strength decreased significantly for 2 mm long bundles of 
MWCNTs grown in a CVD process [67]. In this case, the average 
strength of about 1.7 GPa might be related to the higher defect 
concentration as a result of the lower growth temperature, but could also 
be attributed to gauge length effects, with individual nanotubes being 
shorter than the overall length of the bundle. Initial fragmentation tests of 
nanotubes embedded in thin film polymer composite films also led to an 
estimated high tensile strength of nanotubes [68,69], although an 
accurate determination of the fragment length of an embedded nanotube 
in a TEM sample is challenging.  
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Although the high nanotube strength is derived from the strong in-
plane graphitic bonds, the weak interlayer interactions may cause 
problems. MWCNTs appear to fall victim to their own in-plane structural  
perfection which minimises load transfer to the inner shells when the 
outermost shell is strained in tension. Whether end effects, high aspect 
ratios, or modest defect concentrations can alleviate this problem remains 
to be seen. Similarly, the inner SWCNTs in a bundle may not contribute 
to the overall mechanical performance. For these reasons, some have 
suggested that individually dispersed SWCNTs should be the ideal 
reinforcement. Experimentally, these ideas are supported by the failure 
mechanisms observed in individual CNT tensile tests and by some 
composite data. For example, macroscopic epoxy samples containing  
5 wt% of dispersed MWCNTs subjected to tensile and compressive loads 
showed a more pronounced modulus enhancement in compression; the 
result is consistent with the idea that only the outer nanotube layers are 
stressed in tension, whereas all layers contribute under compression [70].  

2.3.  Transport properties of carbon nanotubes 

The electronic properties of nanotubes are another area of great scientific 
interest, yet they are also challenging to measure directly on individual 
CNTs. Structural defects as well as bends or twists are again thought to 
have a strong effect on the transport properties [71]. Initial theoretical 
studies of the electronic properties of SWCNTs, based on band-folding, 
indicated that nanotube shells can be either metallic or semiconducting 
depending critically on helicity [72–74], with a small or moderate band 
gap (for semiconducting tubes) inversely proportional to the tube radius 
[75,76]. On average, approximately 1/3 of SWCNTs are metallic and 2/3 
semiconductors [72]; this ratio tends to be observed in real samples 
because current synthesis methods offer little, if any, control over 
helicity. Since MWCNTs have larger diameters, confinement effects 
disappear, and the transport properties approach those of turbostratic 
graphite [77]. Interlayer interactions which might be important in small 
diameter MWCNTs appear to be weak; theoretical studies of double-wall 
nanotubes indicate that the overall behaviour is determined by the 
electronic properties of the external shell [78,79].  
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Results of experimental transport measurements of nanotubes, 
therefore, vary strongly between individual SWCNTs, SWCNT bundles,  
individual MWCNTs, or MWCNT bundles or mats. Connections to 
individual CNTs are usually made either by random deposition of CNTs  
on pre-patterned electrodes [80,81], or subsequent deposition of contacts 
using focussed ion beam techniques [82]. The first experimental 
transport measurement of individual SWCNTs was carried out by  
Tans et al. [83] and showed that there are indeed metallic and 
semiconducting SWCNTs, verifying the theoretical predictions. The 
room temperature conductivity was about 105 to 106 S/m for the  
metallic nanotubes and about 10 S/m for semiconducting tubes. Scanning 
tunnelling spectroscopy verified experimentally that the electronic 
properties sensitively depend on nanotube diameter and helicity [84,85], 
and that there is no preferred helicity in laser-grown SWCNT material 
[84]. The presence of a large fraction of semiconducting tubes should 
therefore be considered when interpreting transport measurements on 
bundles of SWCNTs, as verified experimentally by a temperature-
dependent resistivity of bundles [86]. The conductivity of SWCNT 
bundles was found to vary between 1 × 104 [87] and 3 × 106 S/m [88,89] 
at room temperature, depending on sample type and entanglement state. 
These values approach that for the in-plane conductivity of graphite  
(2.5 × 106 S/m [90]). Conductivities of individual MWCNTs have been 
reported to range between 20 and 2 × 107 S/m [82], depending on the 
helicities of the outermost shells [91] or the presence of defects [92]. The 
electronic properties of larger diameter MWCNTs approach those of 
graphite. 

Remarkable similarities between the conductivity behaviour of 
nanotube networks and conducting polymers have been pointed out by 
Kaiser et al. [93]. In analogy to conducting polymers, a good description 
of the experimentally observed conductivity behaviour is given by a 
simple model of metallic conduction with hopping or tunnelling through 
small electrical barriers, e.g. tangled regions, inter-rope or intertube 
contacts, or tube defects. 

Lastly, the axial thermal conductivity of individual, perfect CNTs is 
expected to be very high [94], greater than that of diamond, with 
experimental values for MWCNTs reaching 3300 W/m/K [95].  
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3.  Carbon Nanotube/Nanofibre-reinforced Polymer 
Composites 

There are at least three general experimental methods to produce 
polymer nanocomposites: mixing in the liquid state, solution-mediated 
processes and in-situ polymerisation techniques. The direct melt-blending 
approach is much more commercially attractive than the latter two 
methods, as both solvent processing and in-situ polymerisation are less 
versatile and more environmentally contentious. 

The literature on processing and evaluating macroscopic 
nanotube/nanofibre-polymer composites is still in its infancy but 
developing rapidly. This situation is not surprising, given that initial 
attempts to produce such nanocomposites were hindered by the small 
quantities of nanotubes available; although, more recently, the focus on 
CVD synthesis techniques has enabled the manufacture of large-scale 
polymer nanocomposites. As yet, no standard approach has been 
established to assess the resulting nanocomposite properties or to 
correlate them with the intrinsic nanotube characteristics. For example, a 
large number of studies have focussed on the effect of nanotubes and 
nanofibres on the composite stiffness, failing to report other, more 
relevant, properties such as strength and strain to failure. Such 
mechanical properties are more dependent on filler dispersion, 
alignment, and interface than the stiffness, and are more difficult both to 
improve and to analyse. Nevertheless, a number of interesting studies 
have been reported that illuminate the potential of nanotube and 
nanofibre composites. 

3.1.  Thermosetting carbon nanotube/nanofibre composites 

Thermosetting epoxies have found a widespread use in applications 
ranging from household glues to high-performance composites. Increases 
in toughness, glass transition temperature (Tg), and mechanical properties 
above Tg would be of particular technological benefit. Initial 
experimental studies of nanotube-based thermosetting nanocomposites 
focussed on the production of thin epoxy films which required only small  
amounts of filler and provided information about dispersion and 
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interfacial properties. When using thermosetting matrices, as-received 
nanotubes are often directly mixed with the liquid matrix (especially 
epoxy) precursors. Mechanical mixing can be aided by ultrasonication 
and vacuum-assisted processing is often applied to ensure defect-free 
composite samples for mechanical testing. Chemically-treated nanotubes 
are often first dispersed in surfactants or solvents to which the epoxy is 
added.  

A first example of this approach was published by Ajayan et al. who 
dispersed arc-grown MWCNTs by mechanical mixing in an epoxy resin 
[96]. The composites were microtomed for investigation by TEM, 
resulting in individual MWCNTs aligned parallel to the cutting direction. 
This alignment, and the lack of nanotube fracture, was interpreted as an 
indication that the nanotubes are strong and that the nanotube-matrix 
interface is weak. However, samples prepared with harder epoxy resins 
did allow cutting of nanotubes for direct cross-sectional examination 
[97]. Similar epoxy samples have been used to determine intrinsic 
mechanical nanotube characteristics [54,68,98–100]; interfacial bonding 
was generally assumed to be good because the epoxy was observed to 
wet both MWCNTs and bundles of SWCNTs. 

Only relatively low concentrations (< ~5 wt%) of nanotubes can 
easily be incorporated in thermosetting composites, due to rapidly 
increasing viscosity and subsequent processing difficulties, at higher 
loadings. Even well-dispersed, shortened nanotubes can form a stiff gel, 
simply in solvent, due to their high aspect ratio and resulting network-
forming ability [101]; the large interaction volume may also increase  
the background viscosity of the solvent/matrix. A further problem  
is aggregation of the nanofiller, which is a major issue in all 
nanocomposites, even at modest loading fractions. The introduction of 
pure nanotubes into thermosetting resins tends to yield only moderate 
increases in stiffness, whilst the strength and strain to failure of the 
matrix are usually degraded. This poor performance is often attributed to 
poor dispersion and various processing remedies have been explored. 
One tactic is to use continual mechanical stirring or ultrasonication to  
prevent reagglomeration of nanotubes [102]. This approach has been  
shown to reduce the average MWCNT cluster size in epoxy composites 
and hence to improve the composite tensile stiffness, although the strain 
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to failure still tends to be reduced [103]. An alternative to mechanical 
agitation is to introduce a surfactant [104]. Composites containing as 
little as 1 wt% of surfactant-dispersed MWCNTs show an improved 
thermomechanical behaviour as compared to the pure nanotube material, 
although the surfactant itself decreases the storage modulus of the epoxy 
significantly. The combination of MWCNTs and surfactant can increase 
the composite Tg, providing evidence for an improved interaction 
between filler and matrix.  

A third strategy for improved dispersion is to use chemical routes to 
directly functionalise the CNTs [105]. The end caps of both single and 
multi-wall nanotubes can be opened under oxidising conditions, leading 
to carboxyl, carbonyl, and hydroxyl groups both at the opened ends and 
at defects on the side walls. Such oxidised nanotubes show a better 
solubility and can form electrostatically stabilised colloidal dispersions in 
water as well as alcohols [101,106], leading to improved dispersions in 
epoxy systems [107]. An example of well-dispersed, oxidised multi-wall 
nanotubes in an epoxy is shown in Figure 5. One drawback of such acid 
treatments is that they degrade the length of individual nanotubes [107], 
although an associated reduction in SWCNT bundle diameter may be an 
advantage [108,109]. Further improvements in solubility can be achieved 
by fluorination [110], again leading to improvements in both the stiffness 
and strength, on the addition of 1 wt% of oxidised and fluorinated 
SWCNTs [105]. In addition to improving dispersion, chemical 
functionalisation can encourage direct covalent coupling between the 
CNTs and the matrix; one example is the use of amino-functionalised 
MWCNTs in epoxy systems to yield improved properties [111]. The 
improved mechanical performance in these functionalised systems may 
reflect both the enhanced dispersion and an increased interaction of the 
nanotube surface groups with the polymer. 

Using larger CNFs allows the processing of thermosetting composites 
with higher loadings, up to about 20 wt%, with relatively little void 
content [112,113]; the increase most likely reflects the smaller surface 
area of nanofibres compared to nanotubes, as well as their greater 
tendency to break during shear processing. At these filler fractions, 
randomly oriented CNFs in epoxy have been found to be an as effective  
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Fig. 5. Transmission electron micrograph of well-dispersed catalytically-grown multi-
wall carbon nanotubes in an epoxy matrix as a result of a chemical oxidation treatment. 
 
reinforcement as aligned short macroscopic VGCFs; a simple rule-of-
mixture approach classified the CNFs as comparable to low modulus, 
medium-strength carbon fibres [112]. Interestingly, the CNFs were not as 
effective in a phenolic resin, possibly as a result of a better interfacial 
bonding in the epoxy composites [113]. 

The effect of nanotubes on either the curing reaction or the thermal 
degradation of thermosets has not yet been fully established. A change in 
curing is particularly relevant as the cross-link density has a pronounced 
influence on the mechanical performance, and nanotubes, particularly 
functionalised ones, both affect stoichiometry and act as massively 
parallel cross-linking sites. Acceleration of the epoxy cure reaction has 
been observed for untreated SWCNT bundles [114], the effect being 
most pronounced for low curing temperatures. This increase in reaction 
rate arises partly from the high thermal conductivity of the nanotubes but 
also depends on the specific surface area and surface chemistry, as 
shown by a comparative study of CNFs and carbon black [115]. The 
higher the degree of graphitisation of the filler surface, the less 
pronounced the effect on the curing rate. In addition, the presence of 

100 nm 
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SWCNTs degraded the thermal stability of the composite slightly [114]. 
Such effects still need to be addressed for chemically modified CNTs. 

Both nanofibres and nanotubes have been used as electrically 
conductive fillers in epoxy composites [103,116–120]. Such composites 
display a characteristic percolation behaviour (see section 3.3.3 for  
a more detailed discussion in the context of thermoplastic 
nanocomposites). Both the percolation threshold and the maximum 
composite conductivity appear to depend on the type of nanoscale carbon 
filler and the degree of dispersion. In general, CNT-based composites 
have higher conductivities and lower percolation thresholds than either 
carbon black or CNF-based systems. Indeed, a CNT-filled epoxy 
currently shows the lowest percolation threshold observed in any system, 
at around 0.0025 wt% [121]. Figure 6 compares the best results achieved 
using MWCNTs from an aligned CVD-process with those obtained using 
entangled nanotubes and carbon black, in an aerospace grade epoxy  
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Fig. 6. Epoxy composite conductivity as a function of filler weight fraction for aligned 
CVD-grown multi-wall carbon nanotubes, compared to results obtained with 
commercially-available entangled nanotubes and carbon black particles. 
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system. It is tempting to attribute this low threshold simply to the high 
aspect ratio of the conductive filler. However, such a low value can only 
be explained in the light of a complicated dispersion and reaggregation 
behaviour during processing; in essence, well-dispersed nanotubes are 
destabilised and trapped just as a network forms [122]. The network 
formation behaviour can be manipulated not only by temperature and 
shear rate, but also by the application of external electrical fields [123], 
an approach that offers the possibility of achieving bulk conductive 
nanotube-polymer composites with anisotropic electrical properties, 
whilst maintaining a high degree of optical transparency. 

In contrast, the thermal conductivity of cured nanotube-epoxy 
composites shows a minimal, or at best linear, increase with nanotube 
content. The enhancement appears to be greater for SWCNTs than CNFs 
[124], probably reflecting the intrinsic properties of the fillers, although 
it is impossible to rule out the effects of specific surface area and 
chemistry. In contrast to the electrical percolation behaviour, which is 
dominated by the filler network structure, the thermal conductivity of a 
composite is more sensitive to the quality of the interfacial bonding 
between filler and matrix. Whereas electrons travel along filler particles 
and can tunnel through remaining polymer barriers, thermally-activated 
phonons must be coupled into the polymer by a strong interface of 
intermediate thermal impedance. Even CNF loadings up to 40 wt% only 
lead to a moderate and linear increase in thermal conductivity of epoxy 
[112] and phenolic composites [113], as a function of filler content.  

As an alternative to simple shear-mixing, MWCNTs can be 
introduced into more complex thermosetting composites by carrying 
them on the surface of a more conventional reinforcement. For example, 
MWCNTs can be grown on a stainless steel mesh for subsequent 
reinforcement of epoxy [125]. The resulting increase in surface area 
significantly increased the adhesion between the metal and the polymer. 
Such a volumetrically distributed interface as compared to a thin 
boundary layer may lead to an improved microcrack resistance. A similar 
effect has also been shown for catalytically-grown MWCNTs [126] and 
CNFs [127] on carbon fibre surfaces. Although the macroscopic fibre 
surface was somewhat damaged at the high temperatures used for the  
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nanotube/nanofibre growth, single fibre fragmentation tests showed 
reduced fragment lengths for the coated carbon fibres compared to the 
as-received fibres in epoxies, implying an improvement of interfacial 
shear strength of up to 500%. 

3.2.  Elastomeric carbon nanotube/nanofibre composites 

Surprisingly little effort has been directed towards using nanotubes 
and/or nanofibres as a reinforcement in elastomeric polymers. A 
comparative study on silicone-based nano-composites containing bundles 
of SWCNTs and CNFs has been reported by Frogley et al. [128]. Filler 
loading fractions of 1 and 4 wt%, respectively, were achieved. An 
evaluation of the mechanical tensile properties showed an approximately 
linear increase in composite stiffness, but also a reduction in strength and 
strain to failure for both types of filler, with increasing loading fraction. 
The increase in initial modulus (a linear stress-strain behaviour up to an 
elongation of 10% was assumed) was more pronounced for the bundles 
of SWCNTs compared to the nanofibres, although the (modest) CNF 
composite stiffnesses compare well with data for similar nanofibres in a 
rubbery epoxy [129]. However, at a higher strain, around 80%, the 
stiffness of the rubber composites was found to be similar, within 
experimental accuracy, independent of filler type and loading fraction. 
On the other hand, the addition of up to 10 wt% CNFs in rubbery epoxy 
did lead to a significant increase in composite strength and strain to 
failure [129]. Such increases in properties are not observed for 
comparable loading fractions of spherical carbon black particles in the 
same matrix, highlighting the influence of an increased aspect ratio. 
Catalytically-grown MWCNTs dramatically increased the modulus and 
strength of a similar flexible epoxy, but reduced the strain to failure at a 
loading of 4 wt% [117]. These differences in composite performance 
most likely reflect variations in the quality of the filler dispersion, since 
the entangled MWCNTs formed clusters which reduced the 
deformability of the composite. In general, the nanofillers have 
proportionately greater influence on the stiffness of rubbery matrices 
than hard ones, due to the lower intrinsic modulus. 
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The stiffness of elastomeric composites generally depends on the 
distribution of particles, whereas the dispersion is critical for the strength 
and strain to failure [130]. Fundamental issues regarding the matrix 
chemistry, especially the degree of cross-linking as a function of 
nanotube type and loading fraction, as well as the direct interfacial 
strength have not yet been established. However, it is well known that 
the surface area surface chemistry of carbon black has a pronounced 
influence on the resulting properties of elastomeric nanocomposites 
[131,132] and some similar effects may be anticipated. 

3.3.  Thermoplastic carbon nanotube/nanofibre composites  

Approaches to the manufacture of nanotube/nanofibre thermoplastic 
composites cover a very broad range of processing technologies, 
including, in some cases, combinations of different methods. Standard 
techniques such as extrusion and injection-moulding are preferred for 
economical reasons, but are often inapplicable due to limited quantities 
of nanofiller or the desire for high volume fractions. A concise review of 
the literature poses some difficulties due to the vast number of 
experimental parameters that have been explored. The studies, although 
mostly consistent in themselves, generally evaluate rather different 
composite systems and seldom present both an assessment of mechanical 
performance and matrix morphology. Thus, a complete, consistent 
picture has not yet emerged. 

3.3.1. Thermoplastic nanotube/nanofibre composites  
processing: dispersion and alignment 

Composite processing machines ranging from bench-top, custom-made 
injection-moulding machines, suitable for small-volume composites, to 
large-scale extruders have been used to produce nanotube/nanofibre-
filled compounds. In general, straightforward addition of 
nanotube/polymer mixtures to processing machines is complicated by the 
low apparent density (typically around 0.l g cm−3) of as-produced filler 
materials. Both solution- and dry-blending of the nanotube-polymer 
components have been used prior to the extrusion step [133–135]. In 
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addition, this type of initial solution-compounding can lead to polymer-
coated nanotubes, which may assist subsequent dispersion in other 
thermoplastic matrices [136].  

Substantial shear forces appear to be necessary during the first 
composite processing step, in order to disperse nanotubes and nanofibres 
in the polymer, especially in the as-produced state and at high filler 
loadings. For example, filler contents up to 60 wt% of nanofibres [137] 
and about 30 wt% of MWCNTs [138] in thermoplastics have been 
realised using melt-compounding. In the case of nanotubes especially, 
the degree of nanotube dispersion depends on both the entanglement 
state of the as-received material and the particular processing technology. 
In general, the degree of dispersion is reasonable in thermoplastic 
systems, and better than in thermosets. As an example, Figure 7 shows 
the dispersion of commercial carbon nanofibres in a thermoplastic 
poly(ether ether ketone) (PEEK) matrix as a result of twin-screw 
extrusion at a nanofibre loading fraction of 15 wt%. The high intrinsic 
viscosity of thermoplastic matrices in general, has the dual advantage of 
 

 
 
Fig. 7. Representative scanning electron micrograph showing dispersed carbon 
nanofibres in a poly(ether ether ketone) matrix at a filler content of 15 wt% after twin-
screw extrusion. 

2 µm 



PROCESSING AND PROPERTIES OF NANOCOMPOSITES 
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/nanosci/6317.html

M. S. P. Shaffer and J. K. W. Sandler 
 
26 

increasing the shear applied to the aggregates (even breaking the 
individual CNTs/CNFs) and minimising the opportunity for 
reaggregation. However, even extensive twin-screw extrusion does not 
lead to a complete break-up of the entanglements in commercially 
available catalytically-grown MWCNTs [139–141]; nanotube clusters 
are observed even at low filler concentrations. Prolonged mixing times 
simply lead to an improved distribution of nanotube aggregates [140]. In  
contrast, nanotube weight fractions of up to 30 wt% of arc-grown as well 
as of CVD-grown MWCNTs were shown to disperse in poly(methyl 
methacrylate) (PMMA) [138] and polystyrene (PS) [135] matrices, and 
the use of aligned, rather than entangled CVD nanotubes, also appears to 
be advantageous [142]. Although filler dispersion can be aided by ball 
milling of the raw filler material prior to processing [143], this approach 
degrades the aspect ratio of individual particles significantly more than 
shear-intensive melt processing [144]. 

Interestingly, nanofibre loading fractions up to 10 wt% were found to 
have no significant influence on the shear viscosity of polypropylene 
(PP) composites in the shear rate regime typically encountered during 
thermoplastic processing [145]. In case of a polycarbonate (PC) matrix, 
the shear viscosity was even reduced with increasing nanofibre content 
up to 10 wt% [146], most likely as a result of pronounced shear  
alignment of the filler, a well known behaviour for short fibre-filled 
polymers [147]. At higher nanofibre loadings, however, the rheological 
behaviour of such polymer nanocomposites changes. A pronounced 
increase in shear viscosity, especially at low shear rates, reflects the 
presence of a nanofibre network structure and/or aggregates [145]. 
Similar rheological thresholds were observed for oxidised CNFs, at even 
lower loadings, indicating a greater interfacial interaction during 
processing [146,148] and for compounds based on entangled MWCNTs 
[139]. This rheological threshold depends on the nanotube/nanofibre type 
and treatment as well as on the polymer matrix and generally indicates 
the onset of interactions between individual filler particles or clusters. 

In addition to melt-processing, significant efforts have been made to 
cast nanotube-thermoplastic polymer films directly from solution. 
However, most systems require large volumes of solvents in order to 
fully solubilise both the polymer and then the nanotubes. Common 
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solvents are organic liquids of high toxicity such as toluene, chloroform, 
tetrahydrofurane (THF), or dimethyl formamide (DMF), although a 
number of aqueous systems have also been explored. Solution-casting 
has been used to manufacture MWCNT-containing PS [149–151], 
poly(hydroxyaminoether) (PHAE) [152,153], poly(vinyl alcohol) (PVA) 
[106,154], ultra-high molecular weight polyethylene (UHMWPE) [155] 
and PP [156] composite films with homogeneous nanotube dispersions. 
Similarly, SWCNT-containing PP [157], PVA [158,159] and PVA/PVP 
(poly(vinyl pyrrolidone)) [160] composite films have been prepared. In 
many cases, ultrasonication is used to aid nanotube dispersion in the 
liquid state, although prolonged high-energy sonication has the potential 
to introduce defects into nanotubes [161]; the ultrasonic treatment may 
also stabilise the dispersion by grafting polymer onto the CNT surface 
through trapping of radicals generated as a result of chain scission [162]. 
In addition, surfactants [160,163], polymer-functionalised nanotubes 
[158,164], and other chemical treatments of the constituents [165] are 
often employed. Last but not least, a number of studies have investigated 
the creation of nanotube-polymer composites [166–170] by in-situ 
polymerisation. 

 

 
 
Fig. 8. Representative scanning electron micrograph showing dispersion of 5 wt% of 
CVD-grown MWCNTs in solution-cast and subsequently hot-pressed polypropylene. 

2 µm 
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The quality of the nanotube/nanofibre dispersion appears to strongly 
depend on the initial degree of entanglement of the as-prepared 
materials, as well as on the strength of the shear forces experienced 
during processing. Ideally, the individual nanotubes should form an 
inherently electrostatically or sterically stabilised dispersion, with a long 
lifetime relative to the casting process. The nature of the interaction 
between nanofiller and polymer is particularly important in relatively 
low viscosity solutions in which reaggregation can be rapid. A range of 
amphiphilic, water-soluble polymers have been found to solubilise 
SWCNTs efficiently in aqueous solution [171], effectively acting as 
surfactants. Alternatively, CNTs can be functionalised in order to 
produce stable dispersions in the desired solvent; for example, 
oxidisation produces electrostatically-stabilised MWCNTs in water 
[101]. Once is the solvent is removed, and the nanofillers are 
homogeneously dispersed, subsequent sample processing does not 
necessarily require shear forces. For example, the dispersion can be  
maintained during subsequent compression-moulding of solution-
blended material [135,138,144]; the comparatively high melt viscosity of 
thermoplastics, as compared to epoxies for example, appears sufficient to 
prevent reaggregation of the filler. Figure 8 demonstrates that a good 
dispersion can be retained in a system of 5 wt% CVD-grown MWCNTs 
in polypropylene processed by solution-casting and subsequent  
hot-pressing. 

Processing of compounds under conditions involving both shear and 
elongational flows, such as injection-moulding, can be used to induce 
alignment of the nanofiller [172]. Similarly, Kuriger et al. showed that 
flow-induced nanofibre alignment occurred during extrusion [144]; the 
degree of nanofibre alignment was improved by optimisation of the 
extruder die geometry. Keeping the extruded strand under tension 
minimised die swell effects and the orientation of the filler was 
maintained. However, a decreasing degree of alignment with increasing 
nanofibre content was observed, most likely as a result of nanofibre-
nanofibre interactions altering the flow field [144]. Similarly, drawing of 
composite extrudates was shown to induce significant nanotube 
alignment [135] as did mechanical stretching of solid nanocomposites 
above the glass transition temperature [152,153], spin-casting of 
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nanotube-polymer solutions [151], and the application of magnetic fields 
during in-situ polymerisation [173]. 

In addition, a number of studies have investigated the direct melt-
spinning of composite fibres [142,174–181]. Similar to hot-drawing of 
nanocomposites [152], such melt-spinning leads to an improved 
alignment of the nanoscale filler and the polymer matrix, thereby 
maximising composite performance. As shown in Figure 9 for a melt-
spun polyamide-12 nanocomposite fibre containing 5 wt% of CVD-
grown MWCNTs, such melt-spinning leads to aligned nanotubes in the 
polymer fibre while maintaining a good quality of the overall fibre 
surface finish. In the case of SWCNT bundles in an isotropic petroleum 
pitch matrix, a pronounced influence of the filler on the melt elongation 
behaviour of the composite was observed [174]. Such an increase in melt 
elongation properties, with nanotube addition, enhances the spinnability 
of polymers. For example, fine CNF-polyester (PET) fibres with 
diameters as low as 25 μm can be produced under stable conditions 
[178]. Measurements of the extensional rheology of PEEK/CNF blends 
have quantitatively demonstrated improvements in extensional viscosity 
and melt strength, and have shown that the resulting stabilisation of the 
melt allows the production of novel PEEK foams [182]. In fact, as shown 
in Figure 10, at high elongation shear rates, there is a crossover leading 
to reduced viscosity, but at rates relating to foaming processes [183], 
 

 
 
Fig. 9. Scanning electron micrograph of surface finish of melt-spun polyamide-12 
nanocomposite fibre containing 5 wt% of CVD-grown MWCNTs and the corresponding 
2D WAXS fibre diffraction pattern highlighting the nanotube alignment (evidenced by 
the anisotropic arc in the graphitic (002) peak arising from the intershell spacing).  
 

20 µm
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Fig. 10. Apparent elongational viscosity of a PEEK matrix at 360°C as a function of the 
strain rate with increasing nanofibre content as determined by unaxial Rheotens melt 
elongation experiments. 

 
bubble expansion is stabilised. Carbon nanostructures can thus 
beneficially alter the processing behaviour of polymers, as well as 
enhancing the properties of the resulting composite solids [184]. 

In addition to melt processing, solution-spinning has also been 
successfully used to produce high loading fraction SWCNT-PVA fibres. 
Surfactant-stabilised dispersions of CNTs are injected into a PVA bath, 
forming a fibre that can be handled and drawn [185,186]. There is a 
desire to exploit lyotropic liquid crystalline phases to produce fibres with 
improved alignment. Some promising steps have been taken in this 
direction using pure CNT dispersions [187,188], as well as combinations 
of SWCNTs with the rigid rod polymer PBO [167]. Solution-processing 
has also been used to produce composite films using a Layer-By-Layer 
technique to deposit alternating thin layers of negatively charged 
SWCNTs and positively charged polyelectrolyte [189]. 
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3.3.2. Mechanical properties of thermoplastic nanotube/nanofibre 
composites 

The published mechanical data show that the tensile modulus of 
nanotube/nanofibre-thermoplastic composites is generally improved, 
although a detailed comparison of the data is difficult due to the different 
types of fillers, surface treatments, matrices, processing techniques,  
and test methods that have been used. In general, the stiffening effect  
of nanotubes and nanofibres appears to be more prominent in 
semicrystalline rather than amorphous thermoplastics, possibly due to the 
nucleation effects discussed below. Although a linearly increasingly 
composite stiffness has been observed up to 15 wt% of nanofibres [172], 
in many cases, a non-linear relationship is observed with increasing filler 
loading fraction. Even when a homogeneous dispersion of the nanoscale 
filler is claimed for all concentrations, the stiffness enhancement is 
usually most prominent for low filler weight fractions, with the critical 
concentration depending on the specific materials and processing 
conditions used. This observation might relate to the decreasing 
nanofiller alignment with increasing weight fraction [144,151], although 
alignment variations of the polymer matrix have not properly been taken 
into account. In semicrystalline matrices the (often unanalysed) increases 
in crystallinity may be the source of the non-linearity. Furthermore, in 
most cases, there are probably changes in dispersion (which are 
notoriously hard to quantify), as the larger surface areas associated with 
high loading fractions become increasingly difficult to accommodate 
within the polymer; similar effects have been seen in nanoclay-filled 
polymers [190]. However, even in the presence of nanotube clusters, 
enhancements in composite stiffness can be observed [134]. Overall, 
some interesting trends in composite stiffness can be distinguished. For 
example, Figure 11 shows a comparative plot of the tensile modulus of 
melt-compounded nanofibre-reinforced (a) amorphous PC [146] and 
PMMA [133], and (b) semicrystalline PP [143,144,191] and PEEK [192] 
composites as a function of reported nanofibre weight and volume 
fraction, respectively. 
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Fig. 11. Comparative evaluation of composite stiffness increase for nanofibre-reinforced 
(a) amorphous and (b) semicrystalline matrices as a function of nanofibre loading. 
 

Considering the case of the amorphous matrices, in Figure 11a, both 
studies revealed a linear increase in composite stiffness with increasing 
nanofibre weight fraction. A good dispersion of nanofibres was claimed 
[133,146], independent of filler weight content. Furthermore, partial 
nanofibre alignment in the direction of the tensile axis can be assumed as 
a result of the shear flow conditions during production, and was verified 
by extensive image analysis of TEM images in the case of the PMMA 
composites [133]. More disappointingly, comparable PC composites 
containing dispersed equiaxed carbon black particles showed an identical 
increase in composite tensile modulus to the CNF composites [146]. The 
relative increase in composite tensile modulus with increasing nanofibre 
content is only slightly higher for the PMMA composites but agrees 
 well with other data for melt-spun composite fibres [180]. Turning  
to the melt-compounded, semicrystalline, PP nanocomposites shown in 
Figure 11b, more pronounced increases in composite tensile stiffness, 
with the addition of nanofibres, are apparent, as compared to the 
amorphous composites. This increase is linear only up to a critical 
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nanofibre volume fraction which varies between the studies. A direct 
comparison to values for short PAN-based carbon fibres in PP (processed 
under similar conditions) indicates a smaller reinforcement for the 
nanofibres. In the case of the PEEK data, the increase in stiffness is 
linear (a constant degree of crystallinity was confirmed); the slope can be 
used to extract a modulus of the CNFs if a simple short fibre model is 
assumed and if the aspect ratio and orientation are known [172]. 
Experimentally, these factors are hard to establish accurately, but 
estimates put the CNF tensile modulus at around 100 GPa, lower than 
that of CNTs grown at high temperature but consistent with expectations 
for CVD-grown CNFs.  

Comparable loading fractions of MWCNTs, rather than CNFs, in 
both solution-cast [149,151] and extruded PS films, produced a more 
pronounced stiffness enhancement, indicating that the crystalline quality 
of the nanoscale filler contributes to the overall performance of the 
nanocomposite. Similarly, comparisons of different types of filler in PA-
12 composite fibres showed that well-dispersed CNTs produce a greater 
improvement in stiffness than CNFs, but that the type of nanotube also 
has an effect [142]. In addition, a direct comparison of aligned versus 
unoriented nanotubes showed a significant enhancement of the 
composite stiffness for the aligned nanotubes [135].  

Dynamic mechanical testing as a function temperature has shown that 
the stiffening effect of the nanotubes is more pronounced above the 
softening point of the matrix, in both MWCNT-PMMA [138] and 
MWCNT-PVOH [106] composites. In addition, the glass transition 
temperature is often increased. This observation indicates that the matrix 
mobility is influenced by the presence of the nanotubes, a common effect 
for polymer systems containing finely dispersed particles [193]. 

Turning to other mechanical properties, enhancements in composite 
yield stress, strength, and toughness generally appear more difficult to 
achieve, especially for filler loading fractions exceeding about 10 wt%. 
Improvements in impact strength of nanofibre and nanotube-reinforced 
PMMA composites [133] and in tensile strength of amorphous 
MWCNT-PS nanocomposites [135,149,151] have been reported. These 
properties depend on the homogeneity of specimens achieved during 
processing as well as on interfacial issues relating to the specific filler 
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types and matrices. For example, the impact properties of nanofibre-PC 
composites were significantly decreased, even at low nanofibre contents, 
most likely as a result of aromatic hydrocarbons on the nanofibre surface 
enhancing chemical stress cracking of the polycarbonate [146]. The most 
prominent strength enhancements of bulk nanocomposites have been 
achieved for well-dispersed and aligned nanofibres in PEEK [172], up to 
filler loading fractions of 10 vol%, and in PP [144], at nanofibre loading 
fractions as low as 5 vol%. In the PP case, a further sub-linear strength 
increase up to 11 vol% CNFs was reported. This deviation from a linear 
relationship most likely reflects the decreasing nanofibre alignment at 
higher filler contents, but might also be a consequence of microstructural 
variations and an increasing void content at higher concentrations [112]. 
Improvements in yield strength have also been reported in a number of 
nanocomposite fibre systems, as discussed later. 

CNTs and CNFs are also interesting additives for tribological 
applications [194]; they can significantly reduce the wear rate of 
polymers, apparently independently of the degree of nanotube dispersion 
achieved during processing. Although the exact wear reducing 
mechanism of the nanoscale constituent is as yet not clear, there appear
 to be number of beneficial effects contributing to the overall 
performance increase. Firstly, the basic strength and stiffness of the 
nanocomposites is enhanced; secondly, the small size of the 
nanomaterials results in smaller wear debris particles and therefore less 
pronounced roughening of the bearing counterparts; thirdly, the carbon-
based fillers may act, or break up to act, as solid lubricants under dry 
sliding conditions. These nanoscale fillers can be easily compounded 
together with standard, more established tribological aids (such as PTFE 
or carbon fibres), to allow fine-tuning of the resulting overall mechanical 
performance. As an example, the observed improvements in specific 
wear rate of a range of commercial high-performance PEEK compounds 
with the addition of 10 wt% of carbon nanofibres are shown in Figure 12. 
The wear-reducing potential of carbon nanostructures is currently being 
studied in a range of ultra-high molecular weight polyethylene 
composites for medical joint replacement applications [195]. In addition, 
of course, the nanofillers provide the means to improve the wear  
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Fig. 12. Influence of a 10 wt% carbon nanofibre loading on the wear performance of a 
PEEK matrix and a range of commercial PEEK compounds for tribological applications 
against two different steels.  
 
properties of microstructured parts in which more conventional fillers 
cannot be accommodated, and in which problems of erosion are 
particularly problematic. As an example, Endo and colleagues helped 
Seiko develop a CNF-filled nylon watch gear, less than 200 μm in 
diameter. 

A number of studies have shown a significant influence of the 
nanoscale fillers on the resulting morphology of a semicrystalline matrix. 
The microstructure, in terms of crystal structure, crystallinity, and crystal 
orientation, of a semicrystalline polymer is dependent on its thermal 
history, the manufacturing process employed, and the presence of 
possible nucleation sites. The combination of high shear and elongational 
flows, occurring during processing under non-isothermal conditions, 
leads to complex variations in molecular orientation and crystal 
morphology. Furthermore, there is a direct influence of reinforcing fibres 
on the surrounding matrix which depends on the interfacial interactions, 
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the fibre volume fraction, as well as the aspect ratio and orientation of 
the fibres [196,197]. Finally, relative movements between filler and 
matrix during processing result in a modification of the local flow field 
and molecular conformation. In the case of PP, nanofibres [137,198], 
MWCNTs [156,198], and SWCNTs [157,179,199] were all found to 
alter the crystallisation kinetics and the resulting crystal structure in 
terms of average crystal size and degree of crystallinity. Similar 
nucleation effects have been observed for carbon black [200] and 
nanoclays [201] in semicrystalline PP. In addition, SWCNTs were shown 
to induce polymorphism in PP [157] and to alter the proportions of the 
polymorphs in PVDF [202]. Direct evidence for such variations in matrix 
morphology is shown in Figure 13; transmission microscopy highlights 
the clear variation in molecular arrangement in the vicinity of nanofibres 
in highly oriented polypropylene drawn from solution [198].  

Microstructural development is even more important for highly 
oriented polymers, such as melt-spun fibres. There are two important 
deformation processes which govern the resulting mechanical and 
physical properties of melt-spun thermoplastic fibres: melt- drawing and 
subsequent drawing in the solid state. The final orientation of polymer 
molecules depends on the relative draw ratios applied during the two 
process stages [203] and such orientations influence the crystallization 
kinetics [204]. Filler particles acting as nucleation sites can further alter 
 

 
Fig. 13. Transmission electron micrographs of variations in local polymer crystallinity in 
the vicinity of nanofibres in highly oriented PP, drawn from solution (with permission 
from [198]). In (a) note the debonded interface on the left, and the associated lack of 
matrix modification.  

 200 nm 

a) b)

  200 nm 
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the structural development [204]. One would therefore expect nanofibres 
and nanotubes to have a pronounced effect on the microstructure of spun 
composite fibres. Such effects are likely to prove even more prominent 
than those observed for colouring pigments and common nucleating 
agents such as talc [205], since the high aspect ratio of dispersed 
nanotubes and nanofibres could lead to a significant load transfer in the 
molten state, as observed experimentally [174,182]. 

Melt-spinning of nanofibre-reinforced PP composite fibres 
significantly improved the relative modulus increase, most likely as a 
result of enhanced nanofibre alignment [175,176]. This improvement 
strongly depended on the draw ratio of the composite fibres and on the 
filler content [175]. Increasing the CNF content above 5 vol% did not 
further increase the composite modulus at higher draw ratios, as in the 
case of amorphous polymer composite fibres. On the other hand, the 
initial stiffening effect of small additions of SWCNTs to PP fibres 
dwarfs the impact of CNFs but appears to saturate at loading fractions as 
low as 1–2 wt% [177]. The greater impact of the SWCNTs may be 
attributed to their intrinsically greater perfection and their flexibility 
which may allow them to align better during processing. The saturation 
effect is not yet fully understood, although, again, it may relate to the 
difficulty of accommodating the very high surface area of SWNCTs. On 
the other hand, the possible microstructural variations were not 
considered and initial increases in crystallinity, due to nucleation effects, 
might contribute to the rapid improvements in composite stiffness. In 
contrast, a modest stiffening effect but a large increase in nanocomposite 
strength and toughness has been reported for entangled MWCNTs in 
UHMWPE films [155]. The toughness of these nanocomposites was 
further improved by a subsequent drawing process at elevated 
temperatures which led to an increased ductility compared to the pure 
polymer. Here, electron microscopy provided direct evidence for 
nanotube-nucleated shish-kebab PE crystals, an effect that might account 
for the observed ductility improvement in these semicrystalline 
nanocomposites. Attempts to improve the performance of existing high 
performance fibres has met with mixed success, but the introduction  
of SWCNTs into PBO has been shown to improve both stiffness  
and especially strength (by 50%), demonstrating that nanotubes do  
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have the potential to extend the ultimate mechanical performance of 
materials [167]. 

Some of the other most promising improvements in mechanical 
properties have appeared in solution-processed PVA nanocomposite 
fibres [185,186] which contain high loading fractions of SWCNTs, up to 
60 wt%. The strength and stiffness of these fibres, of around 1 GPa and 
100 GPa, respectively, are relatively high, although still modest 
compared to carbon fibres (and theoretical predictions); however, the 
strain to failure can be large, leading to a very high-energy absorption; 
Figure 14 shows that the combined strength and strain to failure of these 
fibres lies outside the envelope of conventional materials. Similar, basic 
fibre properties have been obtained from pure SWCNT fibres, either as-
grown [206] or spun from a lyotropic superacid solution [188]. There is 
still plenty of scope for improving the alignment and density of 
nanotubes within these fibres. The Layer-By-Layer assembly of SWCNT 
films produced a 2D tensile strength of 220 MPa, comparing favourably 
with engineering ceramics [189]. 
 

 
Fig. 14. Comparison of the strength and failure strain for carbon nanotube composite 
fibres for different degrees of initial pre-draw (red line) and the 3,000 materials of all 
types (grey field) in the Cambridge Materials Selector database. Taken from [186]. 
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3.3.3. Transport properties of thermoplastic nanotube/nanofibre 
composites 

As well as mechanical reinforcement, there is considerable interest in 
functional nanocomposites in order to exploit the unique physical 
properties, such as high thermal or electrical conductivity, of the 
constituents. Electrically conductive polymer composites, for example, 
are used in anti-static packaging applications, as well as in specialised 
components in the electronics, automotive, and aerospace sector. The 
incorporation of conductive filler particles into an insulating polymer 
host leads to bulk conductivities at least exceeding the anti-static limit  
of 10-6 S/m. Common conductive fillers are metallic or graphitic particles 
in any shape (spherical, platelet-like or fibrous) and size. However,  
the incorporation of CNTs allows for a low percolation threshold, a  
high quality surface finish, a robust network, and good mechanical 
properties – a combination not obtained with any other filler. The use of 
CNTs/CNFs as a conductive filler in thermoplastics is their biggest 
current application, and is widespread across the automotive and 
electronic sectors. 

 

 
 
Fig. 15. Schematic representation of the electrical resistivity in a carbon black-filled 
functional polymer composite with increasing filler loading fraction (according to [207]). 
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In general, the electrical conductivity of a particulate composite 
reveals a non-linear increase with the filler concentration, passing 
through a percolation threshold, as shown in Figure 15. At low filler 
concentrations, the conductive particles are separated from each other 
and the electrical properties of the composite are dominated by the 
matrix. With increasing filler concentration local clusters of particles are 
formed. At the percolation threshold, φc, these clusters form a connected 
three-dimensional network through the component, resulting in a jump in 
the electrical conductivity. 

Close to the percolation threshold, the electrical conductivity follows 
a power-law of the form 
 
 ( )0 ,t

V c V cσ φ φ φ φ∝ − >  (2) 
 
where φV is the volume fraction of the filler [208]. The exponent t in this 
equation was found to be surprisingly uniform for systems of the same 
dimensionality. For three-dimensional percolating systems t varies 
between 1.6 and 2, in simulations [209,210]. The percolation threshold is 
reduced on increasing the aspect ratio [211], but the maximum 
conductivity is limited by the contact resistance between neighbouring 
particles [212]. A related percolation behaviour is observed in the 
rheological properties, at the point when the filler particles begin to 
interact. In many cases, the electrical percolation threshold of bulk 
composites corresponds to the rheological threshold [139,141]. 

The electrical properties of nanofibre-thermoplastic composites 
exhibit characteristic percolation behaviour [145,213,214]. In the case of 
untreated CNFs, the critical volume fraction is between 5 and 10 vol%, 
but depends on the processing technique and resulting degree of CNF 
dispersion and alignment. At a higher filler content of 15 vol%, even 
drawing of nanofibre-filled PP composite fibres does not destroy the 
conductive network [gordeyev01]. However, a comparative study of bulk 
injection-moulded nanofibre and PAN-based short carbon fibre-PP 
composites showed a lower percolation threshold and a higher maximum 
bulk conductivity for the macroscopic filler [175]. 
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The electrical properties of CNF-composites are influenced by 
surface and thermal treatments [214]. Oxidation increased the 
percolation threshold and decreased the maximum bulk conductivity, 
whereas high-temperature graphitisation produced the opposite trends. 
These results verify that the electrical performance of the composite 
depends on the intrinsic conductivity as well as the dispersion and 
alignment of the filler. Oxidation encourages interaction with the 
polymer, increasing the contact resistance, whereas graphitisation both 
reduces polymer interactions and improves the intrinsic conductivity. As 
an alternative to graphitisation, electro-deposition of copper on nanofibre 
surfaces has been shown to improve the maximum bulk composite 
conductivity [148]. 

Similarly, the electrical percolation threshold of thin MWCNT-
thermoplastic films also depends on the type of nanotube and surface 
treatment. Threshold values from around 5 wt% for oxidised catalytic 
MWCNTs in PVA [106] to around 0.06 wt% and 0.5 wt% for arc-
discharge MWCNTs in PVA [215] and PMMA [216], respectively, have 
been reported. Interestingly, the optical transparency of such conductive 
thin film composites for anti-static applications can be significantly 
improved by using SWCNTs [169], even in bundled form. As discussed 
previously for epoxy systems, these very low percolation thresholds are 
far below the expected values for randomly distributed fibres, and are the 
result of active aggregation processes. 

A significant reduction in the critical nanotube volume fraction for 
electrical percolation can be achieved by exploiting the concept of 
double percolation through the formation of a co-continuous morphology 
in nanotube-filled polymer blends [141,217,218]. This concept of double 
percolation was introduced by Sumita et al. [219] who achieved 
percolation of carbon black in the continuous phase of a polymer blend. 
Similar success has been demonstrated for nanofibres in a PE/PMMA 
blend [220].  

As in the case of the thermosetting systems, the thermal conductivity 
of nanofibre-thermoplastic composites does not show a percolation 
transition, even at higher filler volume fractions [112,144,213]. A linear 
increase in thermal conductivity is observed, although the magnitude 
depends to some extent on the alignment of the filler [144], in agreement 
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with data for short carbon fibre composites [221]. The overall 
performance increase for nanofibres was similar to that observed for 
short carbon fibres in a similar system [213]. 

4.  Conclusions 

Although commercial nanotube-polymer composites exist today, they 
almost exclusively employ relatively low loadings (3–5 wt%) within 
thermoplastic matrices for the purposes of anti-static dissipation, 
particularly in the automotive and electronics industries [222]. Such 
applications exploit bulk quantities of relatively defective catalytically-
grown materials. On the other hand, individual perfect nanotubes appear 
to have axial stiffnesses towards that of diamond, and strengths ten times 
that of any other available material. There are, therefore, considerable 
efforts underway to exploit these properties in macroscopic structural 
composites. In addition to these remarkable headline mechanical 
properties, there is interest in thermal conductivity, thermal stability, 
flame retardance, wear resistance, and so on. However, the successful 
exploitation of the promising mechanical and other properties of CNTs 
and CNFs in polymer composites is as yet hindered by a number of 
fundamental issues. 

It has become clear that issues of dispersion, alignment, and stress 
transfer are crucial, and often problematic at this size scale. Dispersion is 
often obtained by using unentangled nanotubes, high viscosities, and 
high shear rates. However, a more subtle approach uses surface 
modifications or coatings on the nanofiller to stabilise individual 
particles. Surface modification has the added advantage of improving 
stress transfer to the matrix (although it tends to increase contact 
resistance). The drawback with the direct modification of the filler 
surface is that it will damage the properties of SWCNTs and the outer 
shell(s) of MWCNTs. The area of surface chemistry of nanotubes is 
therefore an important area for future development. A degree of 
alignment has been successfully obtained using shear and elongation, as 
well as, to a lesser extent, magnetic and electrical fields. However, as 
with the development of high-performance polymers, producing 
materials that approach perfect orientation will be challenging. 
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One major uncertainty is the type and quality of nanotubes that 
should be used. A wide variety of synthesis methods have been 
employed, yielding nanotubes of different size, aspect ratio, crystallinity, 
crystalline orientation, purity, entanglement, and straightness. All these 
factors affect the processing and properties of the resulting composites 
but it has not yet emerged what the ‘ideal’ carbon nanotube would be; 
the answer may vary with the matrix and application. As an example, 
consider even the question of the ideal nanotube diameter. Very small 
diameters, particularly single-wall nanotubes, are relatively flexible, 
potentially leading to lower viscosities and greater robustness during 
processing, but also to potentially persistent entanglements. The higher 
the surface area, the greater the impact of the nanotubes on matrix 
conformation and crystallinity; the nature and significance of such 
effects are not yet clear but depend on the polymer used. For the smallest 
nanotube sizes, where the diameters of the nanotubes and polymer 
molecules are similar, particulate concepts from composite or nucleation 
theory may no longer be helpful. The composite is essentially a polymer-
polymer blend, although one with rather unusual characteristics which 
may give rise to new behaviours.  

One major difficulty with small diameter nanotubes is that they 
become increasingly difficult to wet. By trivial estimation, even a 1 vol% 
loading of single-wall nanotubes ensures that all of the polymer 
molecules are within one radius of gyration (say 5 nm) of a nanotube. 
This result implies that a complete wetting of high loading fractions of 
single-wall nanotubes will be difficult, at least by conventional means, 
and that even more modest concentrations may be brittle and hard to 
process due to the constraint of the matrix. Alternative approaches, based 
on layer-by-layer assembly and possibly lyotropic spinning of single-
wall nanotube solutions have already been explored and proven to be 
interesting routes to thin films and fibres. However, for the purpose of 
simple, bulk composites, intrinsically straight, highly crystalline, multi-
wall nanotubes might be expected to yield the best mechanical 
properties, as long as internal shear failures can be minimised. It remains 
to be seen whether there is an optimal defect concentration that prevents 
internal sliding without harming the intrinsic properties excessively. 
Strain arguments would suggest that smaller multi-wall nanotubes will 
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be less prone to shear failure than their larger relatives. When taken 
together with the supposed greater perfection of higher curvature 
nanotubes due to self-selection during growth, it might be hypothesised 
that small diameter multi-wall nanotubes, with say 2–4 shells, should be 
preferred.  

5.  Outlook 

Whichever type of nanotube is selected, it will be necessary to develop 
new synthesis routes. At present, catalytic MWCNTs and CNFs appear 
as the optimum choice, given that such materials can be most readily 
obtained in large quantities with a high purity. However, these materials 
are intrinsically defective and wavy, both of which are expected to be 
highly detrimental to the mechanical performance [223]. Somehow 
nanotubes with a crystalline quality closer to arc-grown nanotubes need 
to be obtained at a cost similar, or indeed below, current CVD-grown 
products. 

As the absolute size of the reinforcement decreases towards the size 
of the polymer molecules, interactions between filler and matrix become 
more important, both during processing as well as in the solid-state. 
Significant progress has been made in under-standing the interactions 
between polymers and flat surfaces, but the interactions of polymers with 
highly curved surfaces at the molecular scale, are still largely unknown. 
Variations in crystallinity are important but the effects of constraint and 
other changes in polymer morphology in the vicinity of highly curved 
surfaces may also have significant effects on the deformation behaviour 
of the composite. As in biological nanocomposites, a high strength might 
not be exclusively linked to the intrinsic strength of the filler but might 
reflect increased yield stresses in the vicinity of the filler, as recently 
observed during pull-out experiments [224]. Given these issues and the 
change in scale towards molecular dimensions, it is not surprising that 
concepts of traditional fibre-reinforced composites are often not 
applicable to nanocomposites. Further work is required to provide a 
sound theoretical basis which will allow the successful prediction of the 
resulting mechanical and physical properties of nanotube/nanofibre-
based polymer composites.  
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Carbon nanotubes and nanofibres may not produce practical 
replacements for existing high-performance materials in the near future. 
However, there is continuing market for electrically conducting polymer 
compounds, and immediate potential to develop the reinforcement of 
delicate composite structures such as thin films, fibres, and the matrices 
of conventional fibre composites. Indeed, market projections for polymer 
nanocomposite technology show a 160 million lb market for carbon 
nanotube-filled products by 2009 [225]. Although the full potential of 
nanotube composites remains to be realised, much progress has been 
made, and these nanocomposite systems have a bright future once the 
fundamental questions are resolved. 
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