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6.1 Introduction

Nanotechnology is the design, production (synthesis) and application of
nanomaterials and nanostructures in advanced macro- and micro-systems,
through an understanding of the fundamental relationships between physical
properties and materials. This innovative science deals with materials and
structures at the nanometer scale, typically from subnanometer to several
micrometer (hundred nanometers). Similar to quantum mechanics, in this
case, the properties and characterization of a material or structure can
significantly differ from the macro-scale conditions. Some nanomaterial
properties, for example, tuning semiconductor band gaps by varying the
material dimensions, are already known. Ultra-strong and ultra-light
multifunctional materials (e.g. carbon nanotubes) can be produced through
enhanced nanotechnology. Furthermore, super-conductivity and superior
magnetic properties provided by nanomaterials can be valuable in improving
the properties of electromagnetic devices (biomedical sensors, thermal
management, health monitoring, etc.). An important advantage is component
miniaturization made possible by nanotechnology, which has a strong impact
on systems performance. To date, it is possible to develop very powerful
computers able to simulate some functions of the human brain, smart molecular
biosensors (nuclear, bacteriological and chemical (NBC) applications and
environment monitoring), micro- and nano-electromechanical systems (MENS/
NEMS) or nanorobots that can repair internal damage and remove toxins
from human bodies.

Nanotechnology has a very broad range of potential applications in many
scientific fields. Therefore, its development requires multidisciplinary teams
(engineers, chemists, materials scientists, biologists and others) working
together on:

• nanomaterial and nanostructure fabrication;
• nanomaterial and nanostructure characterization, evaluating their properties

and possible applications;
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• understanding the relationship between physical properties and nanoscale
structure;

• designing the nano-device and its integration into a macro-system;
• evaluating the human impact of the nanotechnology.

For each step it is necessary to develop specific and innovative procedures
and tools able to satisfy a range of requirements.

The synthesis of nanomaterials and nanostructures is an essential aspect
of nanotechnology. A real application is possible only when the nanostructured
materials are available with the specific properties desired (size, chemical
composition, morphology, physical behaviour). The fabrication of nano-
materials started a long time ago, but it is only in the past ten years that
nanotechnology has been a specific scientific sector. Owing to its rapid
expansion, it is very difficult to cover all sectors of this innovative science.
However, it is important to observe that in nanotechnology many scientific
sectors, such as engineering and biology, typically very ‘distant’ from each
other, can work together in the development of nanosystems and devices.

The final target of nanotechnology is the control of materials and apparatus
on nanoscale dimensions. A ‘nano’ material or device can improve the properties
and characteristics of many systems. In several sectors, current technologies
(e.g. the use of silica in a computer’s microchip) have reached their physical
limit. Nonetheless, using the bottom-up or the top-down approach, further
improvement is possible.

Time and cost are two other important aspects in nanotechnology. As an
innovative scientific sector, nanotechnology requires meaningful schedules
and costs to be established. Nanosystems and devices must be economically
competitive with respect to other traditional and established methodologies.
This is a critical issue, since industry requires greater economic competitiveness
for nanotechnology products, with tighter schedules and costs compared
with those requested by R&D scientific programs. Consequently, there is a
need for a double approach (industrial and scientific) to realize competitive
nanotechnology systems and devices, which requires the following:

• synthesis of nanomaterials;
• purification (post-synthesis, useful to obtain a high degree of purification

of the nanomaterial);
• characterization (using electronic microscopy, and other techniques of

observation);
• functionalization (necessary to ‘prepare’ the nanomaterial for the next step);
• integration of the nanomaterial, or device, in a macro-advanced system.

In the above phases, control of parameters and reproducibility of results are
essential. Therefore, it is clear that nanotechnology activities are very complex
and characterized by different specialized scientific sectors, requiring:
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• significant time and economic investments;
• ‘multidisciplinarity’;
• interaction between technicians and researchers of different scientific sectors;
• use of complex and advanced instruments and apparatus.

The possible applications of the nanotechnologies to aerospace engineering
are:

• composites (metallic and/or polymeric) with nanoparticles (e.g. carbon
nanotubes) embedded in the matrix, for structural applications;

• flat panels for aerospace electronics devices;
• special nanostructured coatings for high-temperature conditions (re-entry

space mission phase);
• nanosensors (thermal, electromagnetic, biological, etc.);
• MEMS/NEMS;
• solid nanostructured propellants;
• frequency selective surfaces (FSS) with electromagnetic compatibility;
• thermal management;
• nanodevices (nano-cantilever, -diode, -memories for personal computer,

-transistor, etc.);
• astronaut health monitoring;
• biological and biomedical applications;
• development of nanosystems in zero gravity conditions.

These aspects will be illustrated in the following sections.

6.2 The development and structure of carbon

nanotubes1–64

The first carbon filament possessing a very small diameter (less than 10 nm)
was produced in the 1970s by the decomposition of hydrocarbon at high
temperature using transition metal catalysts. The 1985 discovery of the third
allotropy form of ordered carbon (after the graphite and diamond forms,
respectively hybridized sp2 and sp3), commonly known as fullerene, spurred
the subsequent discovery of a number of related forms of carbon. Among
these the most famous are nanotubes (Fig. 6.1), observed for the first time in
1991 by Iijima of the NEC Laboratory in Tsukuba, Japan, using HRTEM
(High-Resolution Transmission Electron Microscopy). During the same period,
Russian researchers also reported the observation of carbon nanotubes and
other forms of carbon nanostructures.

The discovery of these nano-elements and nanostructures offered the
opportunity to understand how carbon atoms bond with other carbon atoms,
and how carbon reacts with other elements under specific conditions of
temperature and pressure. With the benefit of theoretical models and
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experimental data, it is now possible to use fullerenes to significantly improve
the properties and characteristics of many advanced technologies and
systems.

The studies of Kroto, Smalley and coworkers (at Rice University) showed
that carbon nanotubes constitute a particular case of the fullerene family.
The most famous and most stable of the fullerene molecules is C60, with a
computer-simulated image very similar in appearance to a soccer ball. This
molecule consists of 20 hexagonal and 12 pentagonal faces, with the carbon
atoms at each corner of the individual polygons. C60 stability has been
attributed to the ‘pentagon rule’ and the satisfaction of all valences when the
pentagon faces lead to the closure of individual C60 molecules.

The connection between carbon nanotubes and other fullerenes has been
defined by the observation that the nanotubes were closed by fullerene-like
caps or hemispheres. It is interesting to observe that the smallest reported
carbon nanotube diameter is the same as the diameter of C60. This is important
in evaluating the minimum dimension of carbon nanostructures. It is necessary
to identify all types of nanoparticles and nanostructures of the fullerene
family (multiwall and/or single-wall nanotubes, carbon-encapsulated metal
nanoparticles, fullerene black and soot, carbon onion, nanowhiskers, etc.).
For each nanostructure it is possible to define a set of physical and chemical
properties and subsequent applications. It is also interesting to explore the
interrelationships between the various nanostructured carbon forms, as well
as their relation to the traditional forms of ordered carbon atoms such as
diamond and graphite. Carbon is a unique material and can be a good metallic

6.1 SEM micrograph of carbon nanotube bundles deposited on the
cathode electrode surface.56
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conductor in the form of graphite, a wide band gap semiconductor in the
form of diamond, and a polymer when reacted with hydrogen. As discussed
above, carbon provides a significant example of a material showing the
entire range of intrinsic nanometer-scaled structures ranging from fullerene,
one-dimensional nanoparticles, carbon nanotubes, one-dimensional nanowires,
graphite, two-dimensional layered anisotropic materials, fullerene solids,
and three-dimensional bulk materials with the fullerene molecules as the
fundamental building block of the crystalline phase.

Iijima’s discovery of multiwalled carbon nanotubes enabled many scientists
to explore the field of nanotechnology, and in particular the world of carbon
nanostructures, stimulated initially by the significant one-dimensional quantum
effects predicted for their electronic properties, and subsequently by the
possibility that the remarkable structure and properties of carbon nanotubes
might provide significant improvements in many scientific and technological
sectors. Two years after the HRTEM observation of the multiwalled carbon
nanotubes, Iijima and his group, in collaboration with the IBM Almaden
Laboratory, discovered single-wall carbon nanotubes. This was a very important
discovery, because the single-wall configuration represents the fundamental
form of carbon nanotubes. It has proved possible to study the fundamental
structure by both numerical simulations and experimental tests. The goal is
to correlate carbon nanotube properties (mechanical, thermal, electromagnetic,
chemical and physical behaviour) to the geometrical characteristics (diameter,
length, chirality, hexagon orientation in respect to the nanotubes axis, defects,
etc.). It has proved possible to successfully synthesize bundles of carbon
nanotubes with very good alignment and a high purity. Control of the parameters
used (pressure, temperature, power supply, inert environment condition) is
crucial in obtaining a consistent product.

Theoretical and experimental work has focused on the correlation between
carbon nanotube morphology and properties. It gives the opportunity to
investigate the potential applications in macro-, micro- and nanoscience
and technologies. Nanotubes can be utilized, individually or as an assembly,
to build functional device prototypes in many scientific sectors, with
improved properties and characteristics. The full potential of carbon nanotubes
will be reached when growth and synthesis mechanisms are well defined
and controlled. Its real application requires the availability of large quantities
of material of high quality at low cost. In hydrogen storage, for example,
it is necessary to obtain high-quality carbon nanotubes in kilogram quantities
using a simple, efficient and cheaper synthesis method. In electronics
applications the quantities needed are significantly smaller. The challenge
is to produce carbon nanotubes efficiently, obtaining defect-free nano-
structures with high length, in large scale with complete dimensional control
(length, diameter, chiralities, etc.) provided by a well-defined synthesis
process.
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6.2.1 The structure of carbon nanotubes65–91

The structure of carbon nanotubes is conveniently explained in terms of a
seamless array of one or more coaxial cylindrical sheets of graphite with an
aspect ratio typically greater than 100 and with outer diameter measuring
tens of nanometers, and closed at the end with two semi-domes. The creation
of carbon nanotubes can be traced back to the discovery of the fullerene
structure C60 (buckyball) in 1985 by Richard Smalley and Harold Kroto.
When the buckyball is elongated to form a long and narrow tube with a
diameter of approximately 1 nm (10–9 m), it provides the basic form of a
carbon nanotube (Fig. 6.2). The basic element is graphite, constituted by a
series of planes one above the other, held together by van der Waals forces.
Each plane has a bidimensional covalent structure. Through a series of processes
to fold up these planes of graphite, it is possible to create a tubular seamless
structure that does not exist in nature. This structure takes the name of
carbon nanotube. Essentially, two families of carbon nanotubes exist (Fig.
6.3):

• SWNT or single-wall nanotubes, that are made up of only one straight
tubular unit;

• MWNT or multiwall nanotubes, that are made up of a series of coaxial
tubes about 0.34 nm apart (same distance among the various planes of the
graphite).

Carbon nanotubes can thus be visualized as a sheet of graphite that has been
rolled into a tube. Unlike the diamond (sp2 hybridization), where the 3D
diamond cubic crystal structure is formed with each carbon atom having four

Diamond Buckyball C60

Graphic Armchair nanotube
(10,10)

6.2 The carbon family: graphite, diamond, fullerenes and carbon
nanotubes.92
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nearest neighbours arranged in a tetrahedron, graphite (sp3 hybridization) is
formed as a 2D sheet of carbon atoms arranged in a hexagonal array. In this
case, each carbon atom has three nearest neighbours. ‘Rolling’ the sheet of
graphite into cylinders forms carbon nanotubes. The properties of carbon
nanotubes depend on atomic arrangement (how the sheet of graphite is
‘rolled’), the diameter and length of the tubes, and the morphology or
nanostructure. Using different synthesis methods and specific process
parameters, it is possible to obtain different carbon nanotube morphologies
and properties, with the potential for multipurpose applications in many
scientific fields.

It is possible to define the geometric parameters of carbon nanotubes. The
diameter is expressed in terms of the chiral vector (Ch) which connects two
crystallographically equivalent sites on a 2D graphite sheet (Fig. 6.4):

Ch na ma =  + 1 2 [6.1]

where

a a x a y1 = 3
2

 + 
2

[6.2]

and a a x a y2  = 3
2

 – 
2

[6.3]

6.3 TEM micrographs of the two principal carbon nanotube
typologies: SWNT – single-wall nanotubes (in the center), and MWNT
–multiwall nanotubes (on the left and right).92
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with a = 2.46 ⇒ Å in an (x, y) coordinate system.
The chiral angle (θ) is defined as (Fig. 6.4):

cos( ) = 2  + 
2  +  + 2 2

θ n m

n m nm
[6.4]
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873215
(7, 7)(6, 7)(6, 6)

241731
(11,0) (12, 0)(10,0)(9, 0)(8, 0)(7, 0)(6, 0)(5, 0)(4, 0)(3, 0)(2, 0)(1, 0)(0, 0)

203
(10,1) (11,1)(9, 1)(8, 1)(7, 1)(6, 1)(5, 1)(4, 1)(3, 1)(2, 1)(1, 1)

19 5610
(10,2) (11,2)(9, 2)(8, 2)(7, 2)(6, 2)(5, 2)(4, 2)(3, 2)(2, 2)

18 487
(8, 3) (9, 3)(8, 3)(7, 3)(6, 3)(5, 3)(4, 3)(3, 3)

43 92175
(9, 4) (10, 4)(8, 4)(7, 4)(6, 4)(5, 4)(4, 4)

80371311
(8, 5) (9, 5)(7, 5)(6, 5)(5, 5)

6.4 Geometry construction rule for different carbon nanotube
typologies (θ = chiral angle, ψ = length of vector a1, τ indicates
direction (dotted line) given by the vector a1).65
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where n and m are two integer numbers. The chiral vector is perpendicular
to the tube axis, while the chiral angle is the angle between Ch and the so-
called zigzag direction (θ = 0°). The carbon nanotube diameter (d) is calculated
by the following formula:

d
Ch a n m nm

 = 
| |

 = 
3(  +  + )cc

2 2

π π
[6.5]

with:

1.41Å ≤ acc ≤ 1.44Å [6.6]

where the inferior extreme corresponds to the graphite, while the superior
extreme corresponds to the buckyball C60.

Since Ch, d and θ are expressed as a function of the integers n and m,
there is enough to represent any carbon nanotube typology using the following
notation:

(n, m) [6.7]

(n, m) = (5,5)

(n, m) = (9,0)

(n, m) = (10,5)

6.5 Carbon nanotube typologies: armchair, zigzag and chiral.92
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Then, changing the chiral angle (θ), three carbon nanotube families can be
distinguished (Fig. 6.5):

1. θ = 0° → zigzag carbon nanotubes with (n, 0) or (0, m).
2. θ = 30° → armchair carbon nanotubes with n = m.
3. 0° < θ < 30° → chiral carbon nanotubes with n ≠ m.

If n ≠ m ≠ 0, there is chiral symmetry, while if n = 0 or n = m there is
achirality. Each carbon nanotube typology can be characterized in various ways:

• morphological;
• mechanical;
• thermal;
• electromagnetic;
• chemical and physical stability and/or reactivity, etc.

Figure 6.4 indicates the carbon nanotubes that are semiconducting and those
that are metallic. It shows the number of distinct fullerene caps that can be
used to close the end of (n, m) the nanotubes. The electrical behavior of
carbon nanotubes can be determined, using the following simple rule:

n m q

n m q

q

 –   = 3  = metallic

 –    3  = semiconducting

 = integer

≠





[6.8]

Table 6.1 summarizes the principal carbon nanotube parameters and Table
6.2 shows their principal properties (mechanics, electrics, thermal, etc.).

Since 1991, great progress has been made in understanding the morphology
and properties of carbon nanotubes. There has been a constant fruitful interplay
between theoretical models and experimental activity which has enhanced
researchers’ knowledge in this field. Although there are still many fundamental
studies to be done, it is possible to define applications of carbon nanotubes
in many sectors. These are mostly related to three unique features of the
nanotubes: small dimensions, electronic and mechanical properties. They
can be used for example as nanomolds and templates for making small
structures of other materials; they can be modified for catalytic purposes and
used for gas storage. Conductive carbon nanotubes are excellent for field
emissions owing to the high curvature at the tips, while in bulk form they
might make good wires. In this case the technological problem is to be able
to manipulate the carbon nanotubes individually in a practical way to find
use in nanoelectronics devices. In general, bulk applications are most promising
at present. Among these, nanotube reinforced materials (polymeric, ceramic,
metallic) are excellent candidates. Their exceptionally high strength combined
with their light weight makes them ideal for this structural purpose. Nanotubes
are the ultimate carbon fibers in terms of strength to weight ratio so it would
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Table 6.1 Characteristic parameters of carbon nanotubes

Symbol Description Formula Value

aC–C Carbon–carbon – 1.42 ⇒ Å
atom distance

a Length of     3 C–Ca 2.46 ⇒ Å
unit vector

a1, a2 Unit vectors
    

3
2

, 1
2

, 
3

2
, – 1

2













a a in (x, y)

coordinate system

Ch Chiral vector Ch = na1 + ma2 ≡ (n, m) (n, m): integer

L Circumference
    
L Ch a n m nm = | | =  +  + 2 2 0° ≤ |m| ≤ 30°

of nanotube

d Nanotube
    
d L n m nm

a =  = 
 +  + 2 2

π πdiameters

θ Chiral angle

    

sin  = 
3

2  +  + 2 2
ϑ m

n m nm
0° ≤ |ϑ | ≤ 30°

    

cos  = 2  + 

2  +  + 2 2
ϑ n m

n m nm

    
tan  = 

3
2  + 

ϑ m
n m

Table 6.2 Principal properties of carbon nanotubes

Parameter Value

Diameter O (nanometers)

Length Several micrometers

Density 1.33–1.40g/cm3

Tensile strength 45GPa

Young’s modulus ∼1–4TPa

Electrical properties Metal or semiconductor

Current density 1 × 109 A/cm2 (estimated)

Field emission Activation of phosphorus compounds at ∼1–3V with 1µm
spacing electrodes

Thermal conductivity 6000 W/mK

Thermal stability Stable up to 2800 °C in vacuum and 750 °C in
atmosphere
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be surprising if they could not find a niche in this engineering sector. Other
possible applications are: health monitoring, biomedical sensors, propulsion
and thermal managements.

The critical aspect is their production costs. Until this is brought down to
a level competitive with existing fibers, large-scale use of carbon nanotubes
will not take place. But, with the right theoretical models and with experimental
confirmation of their unique qualities and properties, there will be a greater
incentive to develop industrial scale production. In the meantime, the increased
know-how brought about by the study of nanotubes is having a strong impact
on traditional carbon research and development and on many other fields.

6.3 Synthesis of carbon nanotubes

The first step in the development of advanced nanotechnology systems is the
synthesis of the nanomaterial. Regarding carbon nanotubes, three principal
methods are available:

• arc discharge (on inert environment, water immersed, plasma arc);
• laser ablation (CO2, Nd-Yag);
• chemical vapor deposition (CVD; thermal, hot filament, plasma enhanced).

The target is to produce a large quantity of carbon nanotubes (or nanomaterials
in general) with a high degree of purity and alignment levels, uniform property
distributions and low costs. Producing carbon nanotubes with the above
qualities is necessary for current potential applications to become marketable.
This requires solving some scientific and technological problems that can be
more or less complex depending on each specific synthesis method. One
example is the chirality control of carbon nanotubes, with production capability
adapted to each specific application (composite material, electronics devices,
heat management, etc.). One requirement would be to understand perfectly
the mechanism of nanotube nucleation and growth, which remains a key
area of research. This problem is partially explained by the complex physical
aspects of the synthesis process such as the control of parameters and the
reproducibility of results. Thanks to the large number of experimental
parameters involved in the synthesis process, and considering the large range
of conditions influencing each process, it is legitimate to suppose that many
physical and chemical mechanisms affect the synthesis process.

Using the above methods, typical synthesis products are:

• nanoparticles, carbon nanocapsules, nanofibers and whiskers;
• graphite structures;
• carbon nanotubes.

These products use graphite as the base material. In fact, using different
precursors (e.g. aluminium, ceramics), with the same technological methods,
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it is possible to produce other kinds of nanomaterials (e.g. aluminium nanotubes,
ceramic nanoparticles). The principal parameters employed during the synthesis
process are:

• temperature;
• pressure;
• gas (inert or not);
• time of synthesis;
• voltage and amperage (and the consequent power provided to the synthesis

apparatus);
• base materials (graphite);
• catalysts (yttrium, cobalt, nickel, molybdenum, etc.), used for optimizing

the synthesis capability thanks to the improvement of chemical and physical
phenomena occurring during the process.

Each parameter is fundamental in order to obtain the specific carbon nanotube
typology. In particular, temperature and electrical parameters (voltage,
amperage) represent the energy provided to the graphite necessary for the
growth of carbon nanotubes. One of the advantages of these different synthesis
techniques is the possibility of varying a large number of parameters (described
above), allowing the characterization of the optimal conditions for the control of
carbon nanotube formation. The major drawback of these techniques is that the
carbon nanotubes are never pure, i.e. they are associated with other carbon
phases and catalysts, therefore requiring a post-synthesis purification step.

The full application potential of carbon nanotubes will not be realized
until the growth mechanisms can be optimized and well controlled. Real-
world applications of this innovative material (sometimes called the material
of the 21st century) require either large quantities of bulk materials or device
integration in scaled-up form. For applications such as structural composites
and hydrogen storage, it is necessary to obtain high-quality nanotubes at the
kilogram or tonne level (industrialization of the process) using growth methods
that are simple, efficient and inexpensive. For devices such as nanotube-
based electronics, scale-up will unavoidably rely on self-assembly or controlled
growth strategies on surfaces combined with microfabrication techniques.
Significant work has been carried out in recent years to tackle these issues.
Nevertheless, many challenges remain in the nanotube growth area. First, an
efficient growth approach to structurally perfect nanotubes on a large scale
is still lacking. Second, growing defect-free nanotubes continuously to
macroscopic lengths has been difficult. Third, control is needed over nanotube
growth on the surface in order to obtain large-scale ordered nanowire and
nanofiber structures. Finally, there is the seemingly formidable task of
controlling nanotube chirality by any existing growth method.

Before describing the synthesis methods, it is useful to outline their
characteristics.
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• Arc discharge in inert environment:
• The simplest and oldest technique.
• Gives high quantities of carbon nanotubes.
• Requires a specific control of the environment using inert gases (helium

and/or argon).
• It is necessary to provide an electrode cooling system.
• The purity and alignment level cannot be optimized without specific

parameter control (use of the plasma arc discharge makes it possible to
solve these problems).

• It is very fast.
• Arc discharge water immersed method:
• The use of inert gases is not needed.
• Thanks to the deionized water, cooling systems are not necessary.
• The partial evaporation of deionized water may provide arc instability

during the synthesis.
• CVD:
• Provides an intrinsic good alignment level of the carbon nanotubes

produced.
• Only small quantities of carbon nanotubes can be produced.
• High level of purity.
• Many crystallographic defects in carbon nanotubes produced may be

found.
• It is slow.

• Laser ablation:
• High quantity of carbon nanotubes produced.
• Better control and repeatability of the process parameters compared to

the arc methods.
• Cost reduction.
• Complex facilities (lasers, ovens) required.

For realistic use of the carbon nanotubes in advanced applications using the
above methods, it is necessary to achieve:

• improved synthesized quantity;
• better parameter control and consistency of product;
• significant cost reduction;
• an industrial scale process, i.e. it is necessary to transform the prototype

synthesis facilities into industrial apparatus.

6.3.1 Arc discharge1–14

In 1991 Iijima discovered carbon nanotubes in the cathode deposit of an
electrode used in the arc discharge. This method is the oldest technique used
in nanomaterial synthesis processes. To understand the phenomenon of
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nanotube growth in the arc discharge method it is relevant to consider the
optimization of other techniques employed (laser ablation, CVD) and, that in
general, arc technology is widely employed in several industrial applications.
It is also necessary to evaluate the macroscopic phenomena, as per electrode
spot, material flow and atomics behavior during the arc process. Typical
experimental apparatus used to perform synthesis by the arc method is shown
in Fig. 6.6.

The arc was generated between two electrodes with the following parameters:

• Voltage: 20–30V.
• Current: 60–120 A (there are two possible arc discharge configurations:

DC (direct current) and AC (alternating current).
• Pure or doped graphite electrodes.
• Distance between the electrode surface exposed to the arc: 1–3 mm.
• Inert gas: helium and/or argon (the pressure in the synthesis chamber is

controlled, and after the process a vacuum is obtained to avoid oxidation
of electrodes).

• Discharge time: 10–60 s.

The electrode configuration is an important aspect of this method. Typically,
a homo-electrode configuration is employed in which the cathode electrode
is made of graphite (pure or doped, diameter: 10–15 mm), and the anode
electrode is also made of graphite (pure or doped, diameter: 3–5mm). Another
configuration is the so-called hetero-electrode in which over the graphitic

6.6 Arc discharge apparatus in inert environment conditions,
consisting of a synthesis chamber, electrode alignment and cooling
system, observation window, inert gas ignition and exhausting
points, electrode gag control system.53
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cathode, a metallic anode is used (e.g. molybdenum). The catalysts used to
dope the electrodes are: yttrium, cobalt, nickel. They improve the quantity
and quality of carbon nanotubes synthesized.

During the process, arc stability is needed (using the methodology of the
arc plasma discharge it is possible to obtain a self-sustained arc with an
improvement in the synthesis of carbon nanotubes). This can be obtained by
accurate control of the electrode gaps (usually an electronic controller is
used), and also by using a specific shape of the electrode surfaces exposed
to the arc (typically flat or cupped for the cathode, and conical for the
anode).

After the process the cathode electrode surface shows several consecutive
craters created by the random movement of the generated arc. The areas
surrounding the craters appeared shiny gray or silver on visual observation.
As shown in Fig. 6.7, on the cathode electrode surface it is possible to
distinguish four typical regions, A, B, C and D.

• In A, the crater spot generated by the arc is visible, and in this region no
carbon nanotubes are present, only micro-spheres deposited during the
process.

• In B, many carbon nanotubes are observed (Fig. 6.8) with a good purity
level (some residual catalysts are present), and the alignment depends on

6.7 Cathode electrode surface morphology after the exposure to the
arc discharge. Four characteristic regions (A, B, C and D) are
present: A no carbon nanotubes, B high quantities of carbon
nanotubes (purity and alignment level depends on the parameters
employed and by process control), C small carbon nanotube
quantities and more impurities deposited on the surface, D without
nanostructured materials (this region is not affected by arc
phenomena).51
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the parameter control used (an intrinsic alignment of the nanotubes is
typically provided by the CVD method).

• C (Fig. 6.9) is characterized by the presence of carbon nanotubes with
major quantities of impurities (catalysts, amorphous carbon, other carbon

6.8 SEM micrograph with carbon nanotubes produced by the arc
discharge method, in the region B of Figure 6.7.55

6.9 SEM micrograph with carbon nanotubes produced by the arc
discharge method, in the region C of Figure 6.7 with residual
catalysts and amorphous micro- and nano-carbon particles.55
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micro- and nano-structures) compared with B. Usually after the arc process
a purification step for the produced nanomaterials is required.

• In D, no change caused by the arcing process was observed in the original
graphite surface.

The aim of the arc method is to improve the quantity of carbon nanotubes
produced (industrialization), maximize region B and reduce catalysts and
amorphous residuals.

Varying the parameters changes the synthesis results. For example, as
shown in Fig. 6.10, changing the electrode gap and increasing the inert gas
flow make it possible to modify the geometry and the dimensions of the
above four regions. In particular, it is possible to observe an extension of the
crater. Naturally, if other parameters are modified (voltage, amperage, discharge
time, etc.), further different results are obtainable.

The configuration most often used, the homo-electrode system, consists
of both graphitic anode and cathode (C-anode and C-cathode). The cathode
deposit is cylindrically composed of two macroscopic parts (in which the
above four regions are contained): the outer glossy gray hard shell, and inner
dark black soft core. In the homo-electrode system the anode spot is larger
than the cathode spot and the mass erosion of the anode is much greater than
that of the cathode. This explains the large quantity of carbon nanotubes
present in the C-cathode in respect to the C-anode in the DC arc discharge.
In the AC arc discharge method, theoretically, it is possible to find the same

6.10 Using different synthesis parameters (gas flux, pressure,
temperature, etc.) makes it possible to change the morphology of the
cathode electrode surface.56
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carbon nanotube quantities in both electrodes, but in this case it is more
difficult to control the arc stability, due to the electrical polarity inversion.

In the homo-electrode systems (DC arc discharge), during the arc, carbon
atoms, evaporated, due to the high temperature developed from the anode,
are deposited on the cathode surface (B and C). These are then reheated and
re-evaporated by the arc, with consequent carbon nanotube growth. In fact,
in the central part of the cathode surface involved in the process, nanotubes
are synthesized by the random movement of the arc, while on the external
region (D), materials transferred from the anode are deposited without the
reheating and re-evaporation phase. This explains the absence of carbon
nanotubes in D.

This explanation of the phenomena occurring during arc discharge is just
macroscopic; in fact, several theories describe carbon nanotube growth during
arc discharge with atomic models. It is necessary to distinguish between
models (mainly semi-empirical) useful for an engineering implementation
of carbon nanotube synthesis, and theoretical models indispensable for
acquiring the know-how on physical and chemical phenomena characterizing
carbon nanotube formation. From a technological point of view, the synthesis
results depend strongly on a large number of parameters. Complex parametric
analysis and scientific investigations are required for a microscopic
understanding of carbon nanotube growth mechanism.

Optimizing the arc process produces very interesting results. Figure 6.11a
shows the cathode electrode surface in which the four regions (A, B, C, D)
are well controlled, i.e. with a clean transition from one region to another,
with the maximum extension of B, thanks to the reduction of the other three
regions (A, C and D). Figure 6.11b shows an SEM micrograph of the carbon
nanotubes present in B, with a very high purity level. The alignment is
not excellent, but this is an intrinsic characteristic of the arc discharge
method.

Another method is the so-called arc discharge water immersed (using
deionized water) method. As shown in Fig. 6.12, vacuum and inert gas
systems are not required. In this case the carbon nanotubes on the electrode
surfaces, are present in the water suspension. This ‘water method’ presents
some problems:

• the control of the arc stability is very complex;
• the quantity of carbon nanotubes produced is less than that obtained by

‘inert environment arc discharge’;
• the industrialization of the method seems more complex.

Owing to the many possible configurations applicable and several
modifiable parameters, the arc method, which can be considered the traditional
carbon nanotube synthesis method, has a greater possibility of being
improved.
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6.3.2 Laser ablation15–24

This technique is an upgrade of the arc discharge method. Two typical laser
methodologies are employed:

• Nd-Yag: laser ablation of a carbon rod (graphite pure or doped) at a
temperature of 1200 °C in an argon inert flow. A two pulse sequence at
10  Hz from an Nd-Yag laser (wavelength: green at 532nm; energy: ∼50mJ

(a)

(b)

6.11 Optimization of the arc discharge process parameters makes it
possible to improve the carbon nanotubes produced by specifically
controlling the four characteristic regions and the purity level (as
shown by the SEM micrograph in panel b) of the nanomaterials.56

© 2007, Woodhead Publishing Limited



Carbon nanotubes in aerospace engineering 133

per pulse, 6–7 ns) followed by 50 ns delayed second laser pulse at a
wavelength of 1064 nm (IR, energy: ∼50 mJ per pulse, 4–6ns) was directed
to the above carbon target, with the growth of carbon nanotubes.

• CO2: laser ablation of a carbon rod (graphite pure or doped) at room
temperature (no oven is needed) in an argon inert flow. A single continuous
CO2 laser (wavelength: 1064 nm; power: 400–900 W) was directed to the
above carbon target with the growth of carbon nanotubes.

The typical laser experimental set-up used to produce carbon nanotubes is
shown in Fig. 6.13. It consists of a quartz tube inside a furnace (not needed
in the case of the CO2 ablation). The tube is sealed and connected to a
vacuum system and an inert gas reservoir. The laser beam enters the quartz
tube through a special window mounted in a vacuum flange. The carbon
target is placed in the center of the quartz tube and is aligned to the laser
beam. The distance between the laser and the carbon target is changeable
due to a small quartz tube coaxial to the water-cooled metallic collector
mounted at the other end of the external tube. During the synthesis process
the temperature profile is measured by thermocouples collocated into the
tube.

Briefly, the laser ablation process can be summarized as follows:

• The laser beam (double pulsed or continuous) shoots at the carbon target.
• An atomic carbon plume is produced and carried, by the inert gas flow, to

the water-cooled metallic (typically aluminum or copper) collector.

6.12 Water immersed arc discharge prototype apparatus, used to
perform a base experimental test of innovative synthesis
methods.55
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• The nanostructures (carbon nanotubes, fullerenes and other carbon elements)
are deposited to the collector surface.

The laser ablation method has been proven to be the most efficient technique
for high-purity carbon nanotube production. Many papers focus on studying
the effects of processing parameters, i.e. the synthesis optimization (as a
function of the catalyst’s concentration, furnace temperature, gas flow, pressure,
energy provided, etc.). For instance, the experimental tests demonstrate that
the bimetallic catalyst mixture (e.g. Ni/Co) is more efficient than the use of
a single metal. Moreover, the furnace temperature and gas conditions (flow
and pressure) directly influence the production yield of the carbon nanotubes
and, in particular, their diameter distribution. The increase in the laser intensity
favors the growth of large nanotube diameters. Also the temperature has an
important role in the synthesis. In particular, for values less than 800–900 °C
the yield of the produced nanostructures decreases, improving the amorphous
carbon element deposited on the collector. It is important to observe that
the temperature value is proportional to the energy provided to the carbon
target.

In general, it is found that the tendency to favor the growth of high carbon
nanotube yield is a function of the temperature and the laser intensity. Thus,
each optimized laser intensity corresponds with an ‘optimal heating’ of the
carbon target that gives better synthesis results. This is also consistent with
the fact that the double pulse configuration, with respect to the continuous
laser spot, provides a maximization of the energy absorption by the target
surface, leading to a higher carbon nanotube yield.

6.13 Laser ablation CO2 apparatus for carbon nanotube synthesis.55
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As for the arc discharge, the phenomena occurring during the laser ablation
process are very complex. By in situ imaging and spectroscopic diagnostic
investigation, it is possible to analyse the carbon nanotube growth mechanism,
corresponding to a single laser pulse. Initially the laser pulse produces atomic
molecular vapor (plume) containing ∼5 × 1016 carbon atoms and ∼1014 catalyst
atoms (this value has been estimated by weighing the target before and after
ablation). The evaporated materials remain in the vapor phase until
approximately 100µs after the ablation. Then, laser plasma, which is initially
very hot, cools rapidly, increasing the population of the atomic and molecular
species. The analysis shows that carbon atoms condense and form clusters
after 200µs from the initial ablation, while the metallic catalyst atoms (typically
Ni/Co) condense much later. The atomic catalyst population is maximum at
t = 0.8 ms and then condenses by t = 2 ms. At this time all atoms and
molecules have converted into clusters and nanoparticles, as evidenced by
the vortex ring structures of the plume; with a temperature of ∼1400 °C, just
above the Ni/C and Co/C eutectic temperatures. By t = 4 ms, the plume has
reached the furnace temperature, with the initial formation of carbon nanotubes.
Continuing the process, the length of the nanostructures increases. In fact, if
for example the process is stopped at ∼t = 25 ms, only short carbon nanotubes
are obtained, indicating that the majority of the growth takes place after the
ablation provided by the laser pulse.

In any case, the laser ablation samples, observed with SEM and HRTEM,
exhibit numerous bundles containing a high quantity of carbon nanotubes of
excellent purity (carbon nanoparticles and residual catalysts are minimized
in respect to the non-optimized arc discharge results). Both the carbon nanotubes
and the bundle diameters depend strongly on the process parameters
(temperature, pressure, gas flow) and in particular on the laser configuration
(single or pulsed, intensity, etc.). For each method (Nd-Yd, CO2), owing to
the experimental activities, it is possible to determine the set of parameters
that optimize carbon nanotube synthesis (growth rate, quantity, purity, chirality,
single wall or multiwall, metallic or semiconductor).

6.3.3 Chemical vapor deposition25–39

CVD is the third method employed in the synthesis of carbon nanotubes. The
growth process involves heating a catalyst material to high temperature in a
tube furnace and flowing a hydrocarbon gas through the tube reactor for a
specific period of time. The key parameters in carbon nanotube CVD growth
are:

• hydrocarbons (gas flow and rate);
• catalysts;
• temperature (thermal cycles, described below).
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The typical active catalyst species used are transition metal nanoparticles
formed on the support (substrate) such as silica (Si) or other materials. Using
different CVD typologies (e.g. thermal CVD (TCVD) or plasma enhanced
CVD (PHCVD)) the substrate and the catalyst employed can be changed: Si
substrate for TCVD, plastic materials for PHCVD.

General nanotube growth in the CVD method is characterized by the
dissociation of the hydrocarbon molecules, forming a region rich in carbon
atoms reacting with the metallic particles of the substrate, with subsequent
carbon nanotube formation (base and tip growth criteria). The CVD method
is characterized by four fundamental aspects:

1. The possibility of performing a free-standing or well-aligned carbon
nanotube growth (in the first case the nanostructures on the substrate
surface are randomly distributed, while in the second case very good
alignment is obtained. This aspect is relevant for the electronics application
as nanodevices or MEMS/NEMS).

2. The carbon nanotubes produced have high defect densities (the nature of
these defects remains to be thoroughly understood, but is most probably
due to the relatively low growth temperature, which does not provide
sufficient thermal energy to anneal the nanotubes into perfect crystalline
structures. Growing perfect carbon nanotubes with the CVD process
remains a challenge because the presence of the above defects strongly
influences the carbon nanotube behavior in many applications such as
composite nanostructure materials, electronics, thermal management).

3. It is possible to choose a specific pattern of carbon nanotube growth,
creating specific distribution of the nanostructures on the substrate thanks
to chemical inhibition and/or activation. (This provides the possibility
of realizing nanoelectronics circuits or specific paths useful to the controlled
thermal dissipation of advanced apparatus and devices).

4. The time scale is not fast (each synthesis requires at least one hour and
the quantities of carbon nanotubes produced are much less than by the
laser ablation and arc discharge processes, which are, in addition, faster
than CVD. In this case the industrialization of the method involves different
aspects regarding, principally, the alignment and density defects).

Many CVD configurations have been developed:

• TCVD: thermal CVD;
• HFCVD: hot filament CVD;
• PHCVD: plasma enhanced CVD;
• CCVD: catalytic CVD.

In particular, through using PHCVD it is possible to deposit nanostructures
in a low-temperature synthesis condition. This is particularly important in
the case of a substrate with a low melting point (plastic materials, for example).
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Other methods (TCVD, HFCVD) are normally used with high melting point
materials (e.g. Si(100) doped substrate).

The substrate is usually made up of an Si(100) film thermally oxidized and
coated with a thin layer (100–200 nm) of metal catalyst.

A typical TCVD facility is shown in Fig. 6.14. The apparatus consists of
a quartz tube inside a furnace, with the gas (inert and hydrocarbons) and the
vacuum systems. Figure 6.15 illustrates the typical thermal cycles employed
in TCVD carbon nanotube synthesis. In particular:

• phase 1: heating the system using an inert gas (argon);
• phase 2: chemical etching (by hydrogen) of the metallic catalyst deposited

T2

T1

Tamb

T [°C]

t1 t2 t2b t3 t4 t [sec]
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4

3

2

1

0

6.15 Typical thermal CVD cycle used in carbon nanotube synthesis: 1,
heating phase (inert condition); 2, chemical substrate etching for
producing on the surface catalytic nanoparticles useful for the
growth of carbon nanotubes; 2 bis, heating phase (inert condition); 3,
carbon nanotube growth; 4, final cooling phase (inert condition).64

6.14 Thermal CVD apparatus.64
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on the Si substrate (T1 = 500–700 °C, t2 = 10–20 min). The aim is to
create, on the substrate surface, a deposit of high-density metallic
nanoparticles (derived from the metal coating) that act as nucleation seeds
for carbon nanotube growth (base and tip growth model);

• phase 3: second heating of the system using inert gas (argon);
• phase 4: carbon nanotube growth (T2 = 800–1200 °C, t3 = 10–60 min)

using hydrocarbon gases (hydrogen, methane, etc.)
• phase 5: cooling the system (t4 = 30–60 min) with inert gas (argon),

to avoid oxidation of the nanostructures synthesized in the previous
phase.

Figure 6.16 shows the typical Si(100) doped substrate employed. With CVD
it is possible to produce nanostructures and also to realize special nanocoatings,
i.e. to deposit materials (nanostructures or simple nanoparticles) on different
surfaces (carbon–carbon composites, metallic plates, fibres, multilayer
composites, etc). Figure 6.17 shows the nacelle (inserted in the quartz tube)
with a carbon–carbon, metallic plate, carbon fiber sample used to perform
a TCVD nanocoating test. The results are reported in Figs 6.18–6.21
respectively:

• SEM micrograph of the free-standing carbon nanotubes produced (Fig.
6.18).

• Nanoparticles deposited on the metallic plates (this is a possible alternative

6.16 Silicon, with relative Miller index of 100, doped substrate coated
with (ex. nickel) catalyst.64
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method to plasma spray and traditional technologies used for the coating)
(Fig. 6.19).

• Nanoparticles on the carbon fibers (this can represent a fundamental step
for chemical bonding between the fibers and the polymeric, or other
typology, matrix and for the subsequent mechanical behavior of composite
materials) (Fig 6.20).

• Carbon–carbon coating (depositing ceramic materials is possible in order
to manufacture a nanostructured thermal barrier useful for aerospace vehicles
during the atmosphere re-entry phase of a mission) (Fig. 6.21).

Si Carbon fibers

Metal

C-C

6.17 Different materials used in TCVD.63

6.18 Bundles of free-standing carbon nanotubes produced by TCVD
on the Si(100) doped substrate.63
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CVD provides the possibility of developing innovative and advanced
technological methods useful to improve traditional techniques employed in
many scientific sectors.

6.4 Characterization techniques1, 50–64, 68–73

In each step in the development of an advanced nanotechnology system/
apparatus the characterization of the nanomaterials and nanostructures

6.19 Carbon coating deposited on the metal plate surface using the
TCVD method.63

6.20 Carbon coating deposited on the carbon fibers using the TCVD
method.63
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employed (synthesized, purified, etc.) is a critical phase. In fact, it is necessary
to perform a specific evaluation of the fundamental properties and
characteristics of the ‘nano-elements’ integrated in the above advanced system.
To observe and to analyse structures of micro- and nanometric dimensions is
not simple but it is necessary to develop a specific standard protocol for
every single step, i.e.:

• sample preparation methods;
• analysis criteria;
• evaluation and interpretation of results;
• analysis reliability and repeatability;
• storage procedure for samples.

Several analytical characterization tools have been used successfully in past
to determine the principal properties of nanostructures and nanomaterials,
but a lack of standard methodologies makes it difficult to compare these
measurements. The development of a protocol in which standardized analysis
methods and procedures are defined is needed. Typical characterization analyses
used in the nanotechnology science are:

• optical microscopy;
• optical laser microscopy;
• SEM (scanning electron microscopy);

6.21 Carbon coating deposited on the carbon–carbon composite
using the TCVD method. Using ceramic materials, with the same
technology, it is possible to produce a coating with high mechanical,
thermal and chemical characteristics useful for hybrid composite
materials employed in space vehicles (for the re-entry phase mission
in which the thermal and oxidation conditions are extreme).63
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• TEM (transmission electron microscopy);
• EDX (energy dispersion X-ray);
• AFM (atomic force microscopy);
• STM (scanning tunneling microscopy);
• Raman spectroscopy.

It is clear that the numerous nanomaterials/structures, available due to the
different nanotechnologies developed and modified by different processes
(synthesis, purification, integration, etc.), demand close examination when
they are used for each application. It is fundamental to have a well-characterized
material in order to access the variability of the numerous steps required in
the design and development of the previously mentioned applications. For
example, the nanocomposite material’s preparation and evaluation require
measurements that can follow the matrix before and after the addition of
nanostructures (e.g. carbon nanotubes). There is a strong need for standard
methods to characterize the nanomaterials in order to improve the capability
of comparing different samples employed as raw materials. The requested
protocol must be characterized by a standard procedure useful for performing
a short ‘nano-elements’ characterization, with high reliability levels.

This section illustrates the techniques available and the typical uses:

• Optical microscopy: used to characterize the micromorphologies of the
sample surface (e.g. electrode cathode surface after the arc discharge) or
micro-powders.

• Optical laser microscopy: used for the same purpose as optical microscopy,
but with better resolution and the ability to perform 3D surface morphology
digital reconstructions.

• SEM: used to determine the nature of the nanomaterials obtained (e.g. to
define whether the synthesis products are carbon nanotubes or simple
amorphous graphite) and to acquire an idea about the material’s quality
and morphology.

• TEM: provides specific characterization. In high-resolution modality, for
example, it is possible to determine if the carbon nanotubes analysed are
single or multi wall.

• EDX: gives a spectra from which the chemical elements present in the
studied nanomaterials can be separated and identified.

• AFM: allows 3D nanotopography and morphology profiling of the micro-
and nanomaterial/structures. In addition, with the cantilever tip of this
instrument, it is possible to determine the principal mechanical (Young’s
modulus) and electrical (V–I characteristic) nanostructure properties.

• STM: provides 3D real images with subatomic spatial resolution of
electrically conductive samples.

• Raman spectroscopy: for the specific applications in carbon nanotube
science, provides an express, non-destructive and preparation-free estimation
of the carbon content in a sample.
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The techniques listed enable the following characterization of nanomaterials:

• Morphology: evaluation of nanometric geometry and characteristics of
the observed nanostructures. For example, to determine the typology (single
or multiwall), the chiral angle, the twisted angle, etc. of carbon nanotubes.

• Homogeneity: to determine the statistical distribution of the various
nanomaterials/structures present in a sample or, for example, dispersed
into a matrix or in any device.

• Dispersability: to determine the capability of nanostructures to form a
stable suspension at specific concentration values in bundles or single
elements; or to evaluate the dispersion level of the same materials, into a
matrix or in a micro-/macro-system. In particular, three different levels
have been defined: macro-, micro- and nano-dispersion.

• Reactivity: for each nanomaterial and nanostructure determining the
chemical, physical and thermal reactivity is necessary. These are important
parameters in each step (synthesis, purification, integration and operative
conditions of the ‘nano-elements’).

• Purity: in each phase of their development (synthesis, purification,
integration, etc.) the nanomaterials are constituted by nanostructures and
amorphous residuals. It is always necessary to evaluate the exact percentage
of the each element’s typology contained in a sample (powders, massive
elements, apparatus, etc.). Clearly, the target is the greatest reduction of
impurities.

Each analysis typically requires a specific sample preparation procedure. In
the case of massive samples, if requested, it is only necessary to deposit a
carbon (or gold) coating on the observed surface to improve the electron
microscopy contrast and resolution. In contrast, for the micro- and nano-
powders, the preparation procedure is more complex. In fact, generally, the
following steps are needed:

• The mechanical removal of powder from the sample surface (for example
from the cathode electrodes after the arc discharge synthesis).

• To sonicate the powders in order to separate the single nanostructures,
avoiding formation of agglomerates.

• To deposit powder in a holder (characteristic for each microscopy typology:
aluminum holders with carbon tape for the SEM, metallic grid with a
specific mesh size in the TEM analysis, etc.).

• To perform, when requested, the above-mentioned carbon or gold coating
of the sample surface (this is specific for SEM, TEM and EDX).

Some analysis typologies require vacuum conditions (SEM, TEM, EDX), or
the electrical conductivity of the sample. Other techniques are more simple
and rapid (no sample preparation, no vacuum) and the analysis quality is not
reduced, as in AFM.
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For each technique, the calibration phase and the comparison of preliminary
results with standard measurements are fundamental. They ensure that
subsequent analyses can be performed with a high reliability level. The
evaluation of results is very difficult in nanotechnological microscopic analysis.
In fact, the reduced size of samples, together with the complexity of the
instruments and physical and chemical phenomena occurring in nanoscale
dimensions (e.g. relativistic effects), introduces numerous stochastic variables,
making measurement and relative analysis very complex, with complicated
evaluation and interpretation of results.

6.4.1 Optical microscopy

With optical microscopy it is possible to perform an accurate macro-morphology
analysis of various sample typologies. Obviously, it is not possible to observe
nanostructures, but, for example, one can see the surface of the cathode
electrodes before and after the arc discharge, identifying the characteristic
four regions (A, B, C and D) previously described. In addition, it is possible
to characterize the surface (with and without electrical conductivity) and
determine the morphologies of the fracture section of composite samples
after mechanical (static and dynamic), thermal and corrosion tests. Figures
6.7 and 6.11a show optical images of the cathode electrode surfaces after arc
discharge corresponding to different synthesis parameters. As shown, the
four regions (A–D) are immediately observable, leading to preliminary studies
of process results. The target is to realize an SEM analysis and associate to
each region a specific characterization of the nanostructures contained on it.
Using the same synthesis parameters it is possible to determine, for comparison,
on numerous electrodes, the nanodeposit characterization using only
optical microscopy – a cheap and easy analysis method. Figure 6.22 illustrates
the fracture section of polymeric nanostructured composite materials
after dynamic testing. Much information can be gained from studying these
images.

6.4.2 Optical laser microscopy

Optical laser microscopy represents an innovative analysis typology. In fact,
in the co-focal no contact mode (using laser light with wavelength (λ) in the
order of nanometers – O (nm)), it is possible to build a micrometric 3D
topography of the surface. As shown in Fig. 6.23, the cathode electrode
surface (treated by arc discharge) is analyzed, permitting the detection of the
four characteristic zones with a very high detailed reconstruction of their
morphologies. The image acquisition is extremely rapid, and no vacuum and
electrical conductivities are required.
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6.22 Fracture section of nanostructured polymeric composite sample
used to perform a mechanical test.53

6.23 Optical laser micrographs showing the 3D morphologies of the
four characteristic regions present on the cathode surface after the
arc discharge process.60
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6.4.3 Scanning Electron Microscopy (SEM)

SEM micrographs are used to determine the nature of the deposit produced
by the synthesis and to acquire a rough idea of the material quality (e.g.
purity level). As illustrated, for example, in Figs 6.1 and 6.8, the information
acquired by SEM is preliminary; in fact, it is not possible to say whether the
observed filaments are bundles of carbon nanotubes or micro-carbon fibers.
In addition, in the case of carbon nanotubes data relative to the presence of
single walls or multiwalls are not provided. The same applies for other
parameters such as chirality, twisted angle, etc.

The micro-mechanics studies of the nanostructured composite are realizable.
Figure 6.24(a) shows the micro-fracture line’s deviation and interruption due
to cavities inside the tested sample. Figure 6.24(b) illustrates the cross-
section of a polymeric thin film with carbon nanotubes. By integrating specific
software in the SEM it is possible to perform a statistical analysis of
nanostructure size. Figure 6.25 shows an SEM picture representation of the
carbon particles with different dimensions. From this micrograph the software
calculates: area, diameter (max, min and mean) and perimeter of each particle.
This is a very important characterization, because in many nanotechnology
applications the size of the ‘nano-elements’ influences strongly the behaviour
of apparatus and devices.

6.4.4 Transmission Electron Microscopy (TEM)

Scanning or high-resolution TEM configurations allow the real characteristics
of the observed nano-elements to be determined. As mentioned above with
SEM, the characterization is incomplete. Only with nanoscale observations
is it possible to determine, for example, if a carbon nanotube is single or
multiwall. Figure 6.26 gives example of multiwall carbon nanotubes, in
which the morphologies and, in particular, their bamboo-like cap end are
clearly visible. Typically nanotube extremities contain the catalyst particles
useful to the growth process.

6.4.5 Energy Dispersion X-ray (EDX)

Many catalysts are employed to improve the kinetics of nanostructure growth,
and quantities and quality (purity level) of synthesized materials, such as
cobalt, nickel and yttrium. It is necessary to determine the presence of these
elements in order to establish, for each synthesis result, the influence of a
specific typology and quantity of catalyst, or a particular mixture. Moreover,
an evaluation of the after-purification residual elements (catalysts, amorphous
elements) is fundamental for understanding phenomena and subsequent
behavior of devices.

© 2007, Woodhead Publishing Limited



Carbon nanotubes in aerospace engineering 147

These data are obtained by EXD, as illustrated by Fig. 6.27, in which it is
possible to evaluate the catalysts used and the relative percentage (in this
case for nano-powders containing carbon nanotubes and produced by laser

(a)

(b)

6.24 (a) SEM analysis of the fracture line on the transverse section of
a nanostructured composite material after dynamic testing.50 (b)
Cross-section SEM micrograph of polymeric nanostructured thin
film.50
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6.25 SEM showing statistical analysis of micro-carbon particles. The
software is integrated in the SEM, and through the use of different
colors, determines the dimensional ranges of the particles.64

6.26 High-resolution TEM micrograph of a multiwall carbon nanotube
synthesized by TCVD.64
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ablation). EDX systems are integrated both in SEM and TEM microscopes,
but as described in many protocols reported in the literature, the EDX realized
by SEM is more accurate and reliable than that performed by TEM, in
which the minor dimension of the analyzed zone can provide unreliable
results (with reference to the effective chemical composition of samples,
principally due to the interaction between the holders and the measured
region).

6.4.6 Atomic Force Microscopy (AFM)

With atomic force microscopy it is possible to realize a 3D nanoscale
topography of nanostructures, and define ‘nanowrinkledness’ profiles. The
principal parameters (e.g. Young’s modulus) and properties (e.g. V–I
characteristic) of carbon nanotubes have been determined by the tip of the
AFM cantilever. Figure 6.28 illustrates an example of carbon nanotubes
deposited on a Si substrate and analysed by AFM. The lines marked as red
and green show nanometric sample profiles. The relative statistical
characterization is reported in the table.

6.4.7 Raman spectroscopy

Raman spectroscopy is used to corroborate SEM and TEM examinations.
All carbon allotropic species (fullerene, graphite, carbon nanotubes and
diamonds) are Raman active. All carbon forms contribute to the Raman
spectra in the range of 1000–1700 cm–1 with two characteristic peaks at
1300cm–1 (D-band) and 1600cm–1 (G-band). The position, width and relative
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6.27 A typical EDX spectrum used to determine the chemical
composition of the nanomaterials produced and purified using
different methodologies.64
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6.28 AFM analysis of carbon nanotubes. The graphics and table report the nanotopography analysis useful to
characterize nanostructures. In addition, AFM microscopy is used to perform mechanical and electrical characterization
of carbon nanotubes.64
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intensity of peaks vary with carbon allotropes and thus can be used to evaluate
the typologies of the ‘nano-elements’ analyzed. In particular:

• G-Band (∼1590 cm–1) is assigned to the tangential radial mode of the
graphite. The Breit–Wigner–Fano (BWF) line shape in this band indicates
the metallic catalysts in the carbon nanotubes;

• D-Band (∼1370cm–1) is associated with the Raman mode of the amorphous
carbon – the G/D ratio provides the purity level of the analyzed carbon
nanotubes;

• RBM (radial breathing mode at ∼130–300 cm–1) represents, in the low-
frequency region of the Raman spectra, the radial breathing mode
of carbon nanotubes. The peak position of the RBM (ω cm–1) is related
to the single-wall carbon nanotube diameter (d) by the following
relation:

d = 248
ω [6.9]

in the range of 0.8–1.5 nm.

Raman spectroscopy is very useful for a correct carbon nanotube
characterization, when SEM and TEM analyses do not provide univocal
results. Figure 6.29 shows an example of the carbon nanotube Raman
analysis.
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6.29 Raman spectroscopy of nano-powders containing carbon
nanotubes. For each band it is possible to associate a specific
nanomaterial property.26
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6.5 Purification techniques40–49

After a synthesis process, the produced nanostructures contain some residuals.
In particular:

• graphite = base materials not transformed in nanostructures (e.g. carbon
nanotubes);

• metallic micro- and nanoparticles = employed as catalysts to improve the
chemical kinetics of the synthesis process and then increasing the quantities
of the produced nanostructures;

• fullerene = besides carbon nanotubes, the produced deposit can contain
other nanostructure typologies (e.g. nanowhiskers, ‘buckyballs’,
buckyonions, etc).

Using different synthesis methods, the quantities of the unwanted residuals
can vary. Using laser ablation and CVD facilities the purification level of
produced nanomaterials is typically high. Arc discharge, if it is not optimized,
may be characterized by a significant presence of residuals, but, as mentioned
with specific control of the process parameters this method can provide high
quantities of nanomaterials with a significant purification level.

The availability of carbon nanotubes, or in general of nanostructures, of
high purification level enables the optimization of the exceptional theoretical
properties of these innovative ‘nano-elements’. In fact, when developing a
nanotechnology system, the effective properties of nanostructures will be
inferior to the theoretical predicted values. This depends, principally, on the
insufficient purification level of nanostructures, giving a ‘nanosystem’ that
embraces less effective properties than those predicted theoretically. It is
important to underline the economic aspect. The high cost of a poorly optimized
nanotechnology system (or apparatus) is not justified in respect to a traditional
apparatus that provides the requested performance with minor costs. Realistic
large-scale use of nanotechnologies will depend, strongly, on a real economic
cost reduction with respect to the actual competitive economic level
characteristic of nano prototypes and demonstrators.

With devoted purification methodologies it is possible to obtain
nanostructures with high purification levels (>80% with respect to the
post-synthesis materials employed). The principal purification techniques
are:

• sonication;
• chemical etching;
• selective oxidation;
• electrophoresis.

Each method is characteristic of a different synthesis process.
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6.5.1 Sonication

Sonication is employed in the sample preparation procedures for microscopy
characterization (SEM, TEX, EDX, etc.). It is useful to separate nanostructures
from residuals using the following procedures:

• mechanical removal of the nano-powders from the synthesis deposit (e.g.
in the case of the arc discharge from the cathode electrode surface);

• dispersion of the removed materials in ethylic alcohol;
• sonication of the liquid solution;
• drying of the above solution and SEM analysis of the just-treated

nanomaterials.

By this method it is possible to:

• separate nano-elements from the residual;
• open the edges of carbon nanotubes, removing the caps (this is a typical

functionalization, useful for preparing nanotubes for their integration in
composite materials or in electronic devices. In fact, the external caps are
substituted by other chemical functional groups devoted to the chemical
and physical interactions between the nanostructures and the system in
which they are dispersed);

• cut the nanostructures, etc.

The principal parameters of this method are time and ultrasound frequency.
During the SEM and TEM sample preparations, the materials are sonicated
for 3–5 min. In the case of purification (removing of the residual and/or of
the cap ends), the time increases. This is a critical aspect. In fact, as shown
by Fig. 6.30, after an ultrasound treatment of over 60 min, the carbon nanotube
morphologies are very degraded (Fig. 6.30b), with respect to the pre-treatment
conditions (Fig. 6.30a). Decreasing the time (Fig. 6.31) reduces post-processing
carbon nanotube morphology degradation.

6.5.2 Chemical etching

With chemical etching, using a specific acid solution, it is possible to reduce
residuals as a result of the different chemical reactivity of the nanostructures,
amorphous particles and catalysts. An example is oxidation with potassium
permanganate (KMnO4) in an acidic solution (sulfuric acid H2SO4). The
chemical reaction useful to remove the undesired residual containing carbon
nanotubes proceeds as follows:

3C + 4KMnO4 + 4H+ → 4MnO2 + 3CO2 + 4K+ + 2H2O

After reaction, the mixture is washed in water and dried at ∼150 °C for 12 h.
Figure 6.32a shows carbon nanotube morphologies before (a) and after (b)
chemical treatment.
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Naturally, it is possible to use a different chemical reaction process depending
on the specific nanomaterials employed. The chemical reaction with potassium
permanganate, for example, is employed for carbon nanotubes produced by
laser ablation rather than for those obtained by arc discharge, owing to the
different chemical reactivity caused by the different morphologies.

6.5.3 Selective oxidation

Selective oxidation represents the third methodology exploitable to purify
nanomaterials and in particular carbon nanotubes. It consists of a selective
chemical reaction among carbon nanotubes and residual elements (graphite,

(a)

(b)

6.30 (a) SEM micrograph of carbon nanotube deposition before the
ultrasound purification treatment.54 (b) SEM micrograph of the same
deposit after the treatment. It is not possible to observe good results
due to an evident degradation of the carbon nanotube
morphology.54
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amorphous structures, catalysts, etc.) in the presence of an oxidating hot
environment. In theory, nanostructures (carbon nanotubes or, more generally,
fullerenes) possess a chemical activity less than that of other elements (e.g.
amorphous carbon). Using DTA (Differential Thermal Analysis) and TGA
(Thermogrametric Analysis), under particular operative conditions, it is possible
to obtain a deposit containing carbon nanotubes of high purification.

Figure 6.33 shows a typical DTA–TGA profile employed to purify carbon
nanotubes. The line marked ‘Temp’ indicates the temperature profile
characterized by two steps:

• heating phase;
• static thermal operative condition (the optimized temperature value is

obtained from repeated testing, useful for determining the condition at
which the highest purification level is obtained).

Both phases are carried out in an oxidative environment. Usually, the gases
employed are nitrogen (N2) and oxygen (O2) with percentages defined by the
oxidation ‘intensity’ required (e.g. 90% N2 and 10% O2). The aim is to obtain
powders containing the largest quantity of carbon nanotubes, thus minimizing
residuals.

The ‘TG’ line in Fig. 6.33 indicates the mass (m) loss percentage (∆m/∆t).
This curve indicates that, during the process, the materials are oxidized. It is
necessary to evaluate whether these consist only of residuals or also of

6.31 Reducing the ultrasound treatment time makes it possible to
obtain an improvement in the carbon nanotube morphology, as
shown by SEM.54
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carbon nanotubes. The second hypothesis is more realistic. In fact, by this
purification methodology, the real target is to find two simultaneous conditions:
the maximum residuals oxidation and minimum carbon nanotube ‘destruction’.
It is fundamental to observe that all characterizations (SEM, TEM, etc.) and
purification methods can modify, in some cases strongly, the morphology
and the properties of nanostructures.

The ‘DTA’ curre in Fig. 6.33 represents the DTA analysis, which indicates
the carbon nanotubes mass reduction with respect to an inert mass (e.g.
alumina Al2O3) used as reference. Figure 6.34 shows a deposit, containing
carbon nanotubes, before (a) and after (b) selective oxidation experiments.
The reduction of residuals with a deposit prevalently consisting of bundles
of carbon nanotubes is shown.

(a)

(b)

6.32 (a) SEM micrograph of carbon nanotubes before the purification
by oxidation with potassium permanganate (KMnO4) in acid
solution.56 (b) Carbon nanotube morphology after the oxidation
treatment.56
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6.5.4 Electrophoresis

Good carbon nanotube alignment and purification levels are obtainable with
electrophoresis. The electrophoresis (DC or AC) technique consists of
dispersing nanomaterials (carbon nanotubes and residuals) in isopropyl alcohol
dropped onto a coplanar metallic electrode (e.g. Al) with a gap of glass
materials. An AC electric field is applied with a specific frequency at room
temperature The results consist of well-aligned purified carbon nanotubes.
However, carbon particles, contained as impurities, become harder to move
(on the electrode surfaces) with increasing frequency, and the degree of
nanotube orientation is higher when the frequency is higher and nanotubes
are longer. Also in this case parameter optimization is required to obtain
carbon nanotubes that are usable in advanced nanotechnology systems.

6.6 The use of carbon nanotubes in aerospace

engineering50–66, 92, 93

The properties of nanomaterials (mechanical, electrical, thermal, etc.), and
in particular those of carbon nanotubes, are considered as key factors for
future improvement of technical characteristics of many engineering macro-
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6.33 Typical DTA–TG profile used in the purification of carbon
nanotubes using the selective oxidation method.52
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and nanosystems. The synthesis, purification and characterization of
nanomaterials are primary requirements for their realistic use in many
engineering sectors. Characterization and functionalization are required steps
to prepare nanomaterials for the next phase of the composite manufacturing
process or other nanotechnology systems and devices.

Control of the synthesis parameters (voltage, current, laser power, raw
materials typology, catalysts used, gas pressure, etc.) is the major hurdlle to
obtaining the following requirements:

• producing nanomaterials in high quantity;
• obtaining nanomaterials of high purity and degree of alignment;
• controlling the typology of nanomaterials produced and the relative

morphology.

The purified materials (e.g. carbon nanotubes with high or lower degree of

(a)

(b)

6.34 (a) SEM micrograph of carbon nanotubes before selective
oxidation in nitrogen and oxygen.53 (b) SEM micrographs of the
same deposit after the selective oxidation. A significant purification
level of the nanomaterials has been obtained.53
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alignment) must be functionalized. This means preparing (for example, with
a specific chemical treatment) carbon nanotubes for integration in other
systems (a matrix for the composite applications, into a MEMS/NEMS, into
a field emission system, sensors, etc). This is a critical phase: in fact, with
non-optimized functionalization it is not possible to utilize the properties of
carbon nanotubes. To date, the integration of carbon nanotubes in a polymeric
matrix with poor chemical functionalization gives poor transmission loads
between the matrix and nanomaterials. In addition, the integration of
nanomaterials in the matrix (polymeric, metallic and ceramic) is an important
step in the realization of innovative nanostructured materials (carbon nanotubes
reinforced).

Possible fields of application of these innovative advanced materials are
represented by the following aerospace applications:

• nanocomposite materials for structural applications;
• special coatings;
• frequency selective surfaces (FSS);
• thermal barrier for multilayer composite materials (unmanned space

vehicles);
• thermal management;
• health monitoring;
• MEMS/NEMS;
• nanosensors and nanodevices.

This new generation of materials has real and interesting applications in
aerospace technologies, and the typical research activities are:

• theoretical study of the nanostructured material (e.g. carbon nanotubes
reinforced);

• study of nanomaterial synthesis, characterization (optical, SEM, TEM, X-
ray and chemical) and its relative functionalization;

• manufacturing process definition;
• sample manufacturing;
• the characterization of materials for specific application (nanocomposite

polymeric materials for structural applications, special coatings, FSS, thermal
barrier for multilayer composite materials, thermal management).

The properties of these new advanced materials will be calculated with
specific tests (considering the probability of the presence of uncertainty
within results, a large number of tests will be performed: minimum 10
specimens for each test).

Nanocomposite materials with revolutionary new capabilities constitute
an essential element in the design of advanced systems. In particular, carbon
nanotube composite materials were identified as those with the highest
expectation in terms of performance benefit for many applications and in
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particular in the aerospace sector. The general field of nanoscience and
technology offers potential as the next great technological revolution. In the
field of materials science, we may see a paradigm shift away from the
traditional materials role of developing metals, polymers, ceramics and
composites to a revolutionary role of developing nanostructured, functionalized,
self-assembling materials. Looking to the future, the theoretical potential of
these revolutionary new materials will enable technological developments
that are barely imaginable today.

Material systems based on carbon nanotubes are a particularly attractive
new class of materials. On the basis of computer simulations and limited
experimental data, some specific forms of carbon nanotubes appear to possess
extraordinary mechanical, thermal and electrical properties. If the properties
of carbon nanotubes observed at the molecular level can be translated into
useful macro-scale materials, the potential benefits to the aerospace industry
include applications to vehicle structures, propulsion systems, thermal
management, energy storage, electronic and computing, sensors and devices,
and biological and medical applications.

The computer simulation results and limited experimental studies have
shown that small diameter, single-wall carbon nanotubes may possess elastic
modulus in excess of 1TPa, and strengths approaching 200GPa. For example,
if small diameter, single-wall tubes can be produced in large quantities, and
embedded into a supporting polymeric matrix to form structural materials,
the resulting structures could be considerably lighter and stronger than current
aluminum alloys and carbon fiber reinforced polymer composites used in
conventional aerospace structures.

The mechanical properties of carbon nanotubes give opportunities to develop
new advanced materials. It is possible to use different kinds of matrix such
as:

• metallic;
• ceramic;
• polymeric.

The composite manufacture requires the following steps:

• selection of materials (matrix, curing agent, nanometric particles);
• studying the sample production methodologies;
• obtaining a uniform distribution of the nanometric particles (with carbon

nanotubes of opportune percentage) in the matrix;
• achieving mechanical testing (dynamic and static);
• performing morphological testing;
• studying the mechanical fracture of the composite;
• improving the characteristics of the composite;
• applying the advanced composites in the aerospace systems;
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• performing theoretical and numerical analysis of the composite behavior.

With polymeric, metallic and ceramic matrices, it is possible to develop new
applications in aerospace engineering:

• lighter structures;
• thermal barriers;
• thermal cooling systems;
• pins;
• special nanostructured coatings, etc.

Sample manufacture is necessary to evaluate the properties of these new
materials. In particular:

• studying the theoretical and numerical models;
• synthesizing carbon nanotubes with high quality (enough to produce a

sufficient number of samples), high purification and degree of alignment
with a perfect control of the typology of nanomaterials synthesized. Price
is important in project development;

• performing the characterization and functionalization of carbon nanotubes
for their successful integration into a nanosystem/device;

• determining the sample’s manufacture procedures and the correlated
methodologies of analysis;

• acquiring all the capabilities essential to develop prototypes.

Considering the possible aerospace applications of nanotechnology, the
International Space Agencies (e.g. NASA, ESA) have identified the following
long-term goals:

• providing safe and affordable orbital transfer and interplanetary
transportation capabilities to enable scientific research;

• human and robotic exploration;
• the commercial development of space;
• cost reduction and high reliability.

Numerous scientific and engineering breakthroughs will be required to develop
the technology needed to achieve these targets. Critical technologies include
advanced vehicle primary and secondary structure, radiation protection,
propulsion and power systems, fuel storage, electronics and devices, sensors
and science instruments, and medical diagnostics and treatment. Advanced
materials with revolutionary new capabilities are an essential element of
each of these technologies. Based on a survey of emerging materials with
applications to aerospace systems (e.g. vehicle structures and propulsion
systems), nanostructured materials have been identified as those with the
highest expectation in terms of performance benefit for many applications.

The principal aerospace applications of the nanotechnologies are described
below.
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6.7 Nanostructured composite materials for

aerospace applications50–64, 92–127

In aerospace applications, the use of nanostructured materials is finalized to
a significant improvement of the mechanical properties, Young’s modulus,
ultimate strength, Poisson coefficient, etc. and reliability. In other sectors
(e.g. electronics) the principal requirements are concentrated on the morphology
characteristics of employed nanomaterials. In fact, the required quantities
are always limited, and concurrent with their availability. Instead, for composites
and structures, considering the large size of aerospace systems, the quantity
and the relative costs represent a critical step.

For realistic use of nanostructured composite materials it is fundamental
to reduce the costs of developing industrial methodologies (synthesis,
purification, integration, etc.) to provide the required quantities while respecting
the imposed requirements relative to morphology, typology and purification
level. The manufacturing of nanostructured composite samples requires the
following specific steps:

• definition of the matrix typology: polymeric (thermoplastic or thermo-
setting), metallic, ceramic;

• selection of the specific curing agent, curing process and conditions
(temperature, pressure, vacuum, etc.);

• determination of the typology necessary to obtain the properties required;
• definition of the manufacturing and test procedures – for traditional materials

numerous standard procedures are available, but in the case of nano-
technologies, often, the development of specific non-standard procedures
is necessary;

• Analysis of results using: mathematical/theoretical and numerical models,
electronic microscopy, fracture mechanics and non-destructive testing.

Comparing theoretical and experimental results allows us to understand the
realistic behavior of these innovative materials. In particular, considering
the cost of these materials, traditional composite materials are more
competitive in terms of economic value and properties. This is a critical
aspect with reference to the large dimensions of aerospace components and
structures.

During sample manufacturing processes, particular attention is required
in the following steps:

• Matrix de-gassing period, this is needed to reduce the micro-void embedded
in the composite. This represents an important condition not only in the
composite sector, but in nanotechnology application areas.

• Mixing procedure. During this phase it is essential to obtain uniform
distribution of the nanomaterials in the matrix, without void and avoiding
random chemical concentrations.
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• Use of the correct curing agent quantities. In fact, including nanoparticles
in the matrix means the ratio of the matrix/curing agent concentrations
can vary.

• Sample characterization and storage. In this case it is necessary to adapt
specific standard procedures of traditional composite materials, to
nanostructured composites.

Considering the mechanical aspect, the load transfer properties are the main
problem in ensuring high performance of the nanocomposite. This depends
strongly on nanostructured functionalization and the interfacial stress between
the matrix and embedded nanoparticles. There are three typical load transfer
mechanisms:

• micro-mechanical interlock;
• chemical bonding;
• van der Waals interaction forces.

The first mechanism is not influenced by the nanocomposite, since the
nanostructured surface typically appears atomically smooth. Some studies
demonstrate that the interfacial chemical bonding, between the matrix and
nano-elements, could be very high, and the sliding friction between carbon
nanotubes and matrix is much greater than that among graphite sheets. With
HRTEM analysis of carbon nanotube composite materials, after mechanical
testing no fracture has been observed on the carbon nanotube surfaces. Another
fundamental result is that if the carbon nanotubes can restore their original
undeformed shape when the matrix has been heated, the compressive stress
due to the shrinkage (produced by the curing) could be released. It has been
observed that using a small percentage of carbon nanotubes embedded in the
matrix results in a significant improvement in mechanical properties. This is
very interesting carbon nanotube behavior, in respect to problems of bridging,
pull out and delaminating (in this case on a nanoscale dimension). In addition,
by a random carbon nanotube distribution into a polymeric matrix it is possible
to obtain specific electrical properties in order to avoid electrostatic charge,
provide sufficient matrix conductivity, etc.

An example of the manufacturing and characterization of a nanostructured
composite material is now reported. A complex step is the definition of a
procedure aimed at the realization of a homogeneous dispersion of a nanometric
powder in epoxy resin. Moreover, adhesion problems related to the interfacial
activity of the resin, the powder and the nanotubes must be solved. The
materials employed to manufacture the samples were:

• epoxy resin;
• commercial curing agent;
• nanometric graphite powder (granulometria: 20 µm) with a carbon nanotube

addition.
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The total concentration of the dispersed powder was 10% and 20% in wt.
The sample was 10 mm × 10 mm × 120 mm3 in dimension (Fig. 6.35). The
curing process adopted was:

• room temperature for 24 h;
• furnace curing 80 °C for 3 h.

Impact tests were performed, during which the following considerations
were relevant:

• the reduction of powder granulometria increased the impact resistance
properties;

• good surface finishing improved the mechanical properties.

Figure 6.22 shows the fracture surface appearance of a sample containing
20% of powder. The pre-crack length was 2 mm and the brittle behavior of
crack propagation was seen. To understand the fracture-mechanic behavior
of the composite, SEM characterization of the fracture surface is necessary.
Figure 6.36 shows an SEM image of the sample containing 10% nanocarbon
powders. In areas A (crack initiation) and B (propagation) there is no presence
of preferential directions for crack propagation. In contrast, in the sample
containing 20% powder, preferential directions of crack propagation are
observed (Fig. 6.37 areas A, B, C and D). The presence of preferential
direction is due to the non-uniformity of powder dispersion in the matrix. A
further observation made was that the fracture lines change direction
corresponding to cavities (or voids). In Fig. 6.38 two fracture lines (A and B)

6.35 Nanostructured polymeric composite specimen for mechanical
tests.58
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are diverted by the presence of a void (see points C and D), and are stopped
at point E.

The static test shows that using nanometric particles (graphite and carbon
nanotubes) the Young’s modulus is 12% more than the sample with only
resin and curing agent. In theory using only carbon nanotubes (with theoretical
Young’s modulus: 1 TPa) the mechanical properties of the composite become
very interesting. This represents only a preliminary example of nanostructured
composite materials. In addition, using the same procedure, it is possible to
produce a thin film (Fig. 6.39) that has important applications in electronics,
providing devices with specific electromagnetic properties, but also with
high mechanical performance. Typically, with traditional technologies, it is
very difficult to integrate, in the same material or element, mechanical and
electrical properties (or other specific requirements).

Nanostructured composite materials are employed to design and manufacture
aerospace structures with high performance, reliability and lightness. An
important example is that of the multigrid lattice structures (Fig. 6.40) used
for launchers, fuselages and structural elements. Traditional composite
technologies can be used to produce such structures, with different shapes
and dimensions. The design is carried out using the Vasiliev model, which
allows the dimensions of the resistance elements to be determined with
respect to the following three conditions:

• minimum mass;

6.36 SEM analysis of the fracture surface of nanostructured
composite specimen with 10 wt% carbon nano-powder
addition.55
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6.37 SEM analysis of fracture surface of nanostructured composite
specimen with 20 wt% carbon nano-powder addition, indicating the
preferential direction of the fracture line propagation.55

6.38 SEM analysis of fracture surface of nanostructured composite
specimen with 20 wt% carbon nano-powders addition, showing the
fracture line behavior corresponding to the micro-voids embedded in
the matrix.55
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6.39 Nanostructured thin film (polymeric matrix reinforced with
carbon nanotubes).64

6.40 A 3D CAD (computer-aided design) drawing of a conic anisogrid
lattice structure for aerospace application.59
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• static resistance (the maximum applied load is equal to the ultimate strength
of the material employed);

• stability (unitary eigenvalue).

By introducing nanotechnologies, and, in particular, the polymeric composite
reinforced with carbon nanotubes, significant improvements in mechanical
properties can be obtained. Using the Vasiliev model it is possible to observe
that, using a low percentage of carbon nanotubes embedded in a traditional
composite, the structures mass reduction, corresponding to the same mechanical
behavior, is significant (∼20% using only 5 wt% of carbon nanotubes).

The composites are:

• polymeric or metallic matrix reinforced with fibers or particles;
• polymeric or metallic matrix reinforced with nanoparticles or nanostructures;
• hybrid configuration.

Embedding nanoparticles in a matrix changes the manufacturing procedure.
In this case, for nanostructured composite materials manufacturing, RTM
(Resin Transfer Molding) is the better technology. The following steps for a
future industrial and automatic production are used:

• structure design;
• 3D CAD of the positive simulacra of the structure is useful to produce, by

rapid prototyping, the positive mold;
• silicone negative mold is produced by using the positive mold. The use of

silicone reduces the cost, allows the manufacturing of the complex shape
and is reusable. A better dimensional stability is also obtainable.

An example of a flat anisogrid structure is shown in Fig. 6.41.
When using only nanoparticles, RTM technology is the best method.

Figure 6.42a illustrates a typical RTM facility used to manufacture a plate of
a polymeric composite reinforced with carbon nanoparticles (Fig. 6.42b).
The samples have a very smooth surface without macro- and microscopic
defects. This structural typology offers, simultaneously, different properties:
mechanical, thermal, electrical and magnetic. Using nondestructive testing
(NDT) techniques (X-ray and ultrasound systems) it is possible to control
the internal morphology. Each specific application aims to obtain an isotropic,
continuous and homogeneous material (on macro- and micro-scale): the
NDT allows the sample characteristics to be evaluated and then the
manufacturing technologies and processes adopted to be validated.

Figure 6.43 shows the NDT tests of the plate reported in Fig. 6.42b. The
features of the nanostructured polymeric composite materials have been
broadly investigated. Some observations are useful to the metallic and ceramic
matrices. Metal matrix nanostructured composites have been little investigated.
These materials are generally produced using metallurgical methodologies
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but the nanoparticles, and in particular carbon nanotubes, are not optimized
(quantities, morphologies, etc.). SEM and TEM observations show that the
carbon nanotubes embedded in the matrix are not damaged after manufacturing
and are well distributed (the alignment degree depends on the manufacturing
method adopted). The mechanical test shows that the use of the carbon
nanotubes (dispersed for example in a Ti matrix) provide significant improve-
ment of the Young’s modulus, hardness, and wear loss and friction coefficient.
The nanostructured metallic composites are a significant development of
MMC (metal matrix composites).

The ceramic nanoreinforced composites are typically prepared by a
mechanical mixing technique using specific precursors and a hot pressing
sintering procedure (a sol gel or CVD is also employed). A homogeneous
dispersion is observed without no significant damage to the carbon nanotubes
embedded in the matrix. The use of carbon nanotubes allows refinement of
composite microstructures, a strong reduction of the relative density and an
improvement of the toughness and the friction coefficient. In addition, their
presence when well-dispersed confers an electrical conductivity to the otherwise
insulating ceramic matrix composites. Besides, thermal management using
partially stabilized zirconia (PSZ) mixed with carbon nanotubes is important
in aerospace applications.

6.41 Flat anisogrid lattice structures produced in a silicone mold with
a polymeric composite material reinforced with nanoparticles of
graphite and carbon nanotubes.51
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6.8 Nanostructured solid propellants for

rockets61, 76–79

Propulsion by means of solid propellant is one of the advanced aerospace
and missile fields of research. The remarkable performance, with a
technologically more simple system than the liquid propellant jet, put this
type of propellant at the heart of many advanced applications. Solid propellant
engines find their application in all the ‘propelled mission phases’ where the
reference parameters (Trust Vectoring Control (TVC), time of ignition,

(a)

(b)

6.42 (a) The RTM facility used to manufacture a plate constituted by
nanostructured polymeric composite material.64 (b) An example of a
prototype obtained by RTM.64
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(a)

(b)

6.43 (a) Ultrasound spectra produced to analyze the morphology of
the nanostructured plate produced with the RTM facility (see Fig.
6.42(b)).64 (b) The analysis of the negative image (obtained from
X-ray) of the demonstrator similar to that reported in Fig. 6.42(b). In
this case internal defects are observed. This indicates that the RTM
process has not been performed correctly.64
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predefined throw/trajectory and orbital corrections) are defined. Applications
such as the orbital corrections of a satellite to avoid ambiguous gravitational
perturbations, need liquid propulsion systems that provide a more flexible
system. However, such systems are more complex, and have a different
intrinsic reliability than a solid propulsion system.

The main reference parameters for the propellant performances are:

• combustion velocity;
• specific impulse;
• stability of the flame front.

The propellant is characterized by an appropriate mixture of a fuel and a
comburent (more additives and eventual catalysts).

Apart from the physical effects related to the geometrical/dimensional
characterization of the propellant reservoir, all the intrinsic performances of
the solid grain depend on the physical /mechanical properties of the fuel–
comburent mixture.

The rocket thrust (T) is defined as:

T mV = e˙ [6.10]

where: T = thrust
ṁ  = mass flow
Ve = exhaust gas velocity

and, in particular:

ṁ rA = ρ [6.11]

where: ρ = propellant density
A = the nozzle exhaust section
r = burning rate

the burning rate (r) is a fundamental parameter and it is defined by the Vielle
law:

r = αPn [6.12]

where: α and n = ballistic coefficients
P = combustion chamber pressure.

A solution typically used to increase the performance (r and then T) consists
of charging the propellant with metallic micro-particles that are extremely
energetic, such as aluminium. During combustion this allows further energy
to be supplied that improves the specific impulse.

There are substantial problems associated with this technique such as:

• homogeneous distribution of the powder is necessary in the solid mixture
of the grain, in order to avoid localised conglomerates;
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• incomplete combustion of the micro-charge, that gives:
� mechanical degradation of the inner exhaust nozzles,
� toxicity of the exhausted gas,
� reduced improvement of the grain performances,
� thermo-fluid dynamics problems associated with the burned gas, due

to the presence of bi-phase flow,
� in the case of missiles, there is greater intercept opportunity, for the

detection of a hot trace due to unburnt solid particulate;
• environmental compatibility of the exhausted gases;
• difficulties in reducing the micro-charge dimensions (to increase the thermal

exchange surface) on a nanometric scale;
• energetic limits of the charge itself;
• high costs.

The utilization of different techniques for powder production (Electrical
Explosion Wire (EEW), plasma condensation, mechanical shattering) and
their coating may lead to significant variations in grain performance. In
addition, formulations including not only one, but two, oxides, ammonium
perclorate and ammonium nitrate, criteria are under study, with the aim of
reducing costs without heavy impact on the performance. Grain characteriza-
tion, is necessary for any chemical formulation through the following:

• Determination of the combustion velocity as a function of the pressure,
the measurement of the ignition delay, the study of the combustion of the
propellant under laser radiation (for a stability analysis), the analysis of
the combustion residuals. For applications where the engine will be subject
to high acceleration, it will be necessary to analyze the eventual effects of
the acceleration towards the combustion velocity.

• Dimensional, morphological and chemical characterization of the
ingredients, with particular attention to the metallic nano-powders and the
combustion residuals, by means of electron microscopy (SEM, TEM,
HRTEM), XPS (X-ray photoelectron spectroscopy) and XRD (X-ray
diffraction).

• Study of the powder agglomeration at the combustion surface level, by
means of high-speed cameras.

• Theoretical–numerical study of the simulation of the combustion processes,
needed for a basic understanding of the complex phenomena involved,
the development of parametric studies and to address experimental research
activities.

With the nanotechnology, using nanoparticles or nanostructures, it is possible
to obtain further improvement of the rocket performance. In particular, the
combustion of nano-sized elements gives a significant increase of the thermal
spatial gradient in the combustion chamber, with a consequent increase of
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the burning rate (r) and then of the thrust (T). The possible use of carbon
nanotubes has entered the frame of innovative formulation studies, in addition
to other materials with nanometric granulometria. Thanks to their covalent
unidirectional configuration, the carbon nanotubes may:

• improve the mechanical characteristics of the propellant;
• improve the thermal energy released during the combustion, so improving

the specific impulse and the relevant exhaust;
• reduce the environmental pollution problems;
• reduce the mass fraction of the unburnt residuals.

The use of simple graphite with nanometric granulometria, whose plane
crystal characterization sp2 is the same as that of the carbon nanotubes, may
give the same performances at macroscopic levels, with a significant cost
reduction and a remarkable simplification of the technological processes. To
increase rocket performance (burning rate, thrust, combustion stability, etc.)
it is possible to decrease the propellant quantities required, with a consequent
improvement of the payloads transportable.

The principal objectives of the research programs in nanotechnology
propulsion are:

• to implement the manufacturing technologies of the propellants with
nanometric metallic particles;

• to test bi-oxidizing solutions (ammonium perclorate and nitrate);
• to study (theoretically and experimentally) carbon-based (graphite, carbon

nanotubes) nanometric charges (nanostructured and non-nanostructured);
• to characterize the new solid propellant and evaluate its performances;
• to foresee the eventual use of a metallic charge, associated to a carbon

base.

Experimental activity is relevant for the manufacturing of solid propellant
that, typically, includes the use of the following base materials:

• commercial aluminum powder charge (micrometric granulometria, typically
30–50µm);

• nanometric aluminum powder charge (granulometria less than 1µm);
• micrometric graphite powder charge (<20µm);
• micrometric graphite powder charge (<20µm) with the addition of

aluminum;
• carbon nanotubes charge;
• carbon nanotubes charge and the addition of aluminum;
• aluminum nitrure nanotubes charge (with and without nanometric aluminum

and carbon-based powders).

Figure 6.44 shows a combustion example of the nanostructured solid propellant
sample.
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The new formulation propellants must be compared with those actually in
use. The final goal is to lead to new, innovative formulations to reach the
following targets:

• the development of lighter propulsion systems, with improved performances;
• an increased payload mass;
• a cost reduction;
• an environmental pollution reduction;
• improved thermo-mechanical characteristics.

6.9 Frequency selective surfaces for aerospace

applications64, 128–137

Frequency selective surfaces (FSS) are an important application in many
engineering sectors. In particular, it is useful for radomes, filters and radar
communications. Traditional FSSs are constituted by two possible configurations:
periodically perforated metallic screens, or arrays of metallic patches printed
on dielectric substrates. Aeronautic, military and naval applications are the
typical technological fields involved in the FSS developments.

The requirements of an FSS are:

• pass-band filter behavior;
• to hide the surface from the external observer.

6.44 Experimental combustion test of a nanostructured solid
propellant sample for rockets employed in aerospace systems.61
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With a specific design of the traditional FSS, as a result of the Floquet
theorem, it is possible to select a unique frequency value for the filter. By
solving Maxwell equations, it is possible to determine the theoretical
electromagnetic FSS behavior. However, considering the complexity of the
phenomena involved, it is only possible to perform a realistic characterization
of the FSS with an experimental test.

New kinds of FSS have been introduced that incorporate nanotechnology.
In fact, using particular matrices (thermoplastic and thermosetting polymeric
resins, silicones, etc.) with homogeneously dispersed, nanoparticles (structured
and non-structured) it is possible to produce a material necessary for the
electromagnetic, structural and mechanical requirements. In contrast, traditional
FSSs provide only electromagnetic properties.

For a nanostructured FSS a particular technological manufacturing process
is required to obtain the following micro- and macro-properties: homogeneity,
continuity and isotropic characterization (necessary to the imposed
requirements). Moreover, these innovative FSSs provide a continuous
monolithic structure with a significant improvement in the reliability of the
systems in which they are integrated. Traditional FSSs are periodic structures
with filtering properties, traditionally manufactured either as periodically
perforated metallic screens or as arrays of metallic patches printed on dielectric
substrates.

A novel approach is proposed, whereby narrowband filtering properties
are created from random composite structures based on the physical resonant
properties of the constituents and the geometry of micro- and nano-inclusions.
In this manner, a bulk continuous material rather than a lattice formation is
used to manipulate and shape the electromagnetic propagation. The novel
artificial dielectrics constitute conformal FSSs to be applied by means of a
uniform coating process to simple planar or complex curvilinear shapes. The
approach is guided by a theoretical design for a random mixture with frequency-
selective properties, characterized by a concentric geometry for the inclusions.
The frequency dispersion of the proposed composite is driven by the use of
a Lorentzian resonant dielectric as one of the constituent media.

The novel complex medium is an amorphous ensemble of micro- and
nanospheres composed of a lossy core, coated with a highly resonant dielectric
layer and embedded in a dielectric host (a polymeric matrix). This is an
innovative application of nanotechnologies in the electronic field.
With these innovative nanostructured FSSs, it is necessary to develop
appropriate software useful for evaluating the electromagnetic and mechanical
behavior.

The nanostructured FSS consists of a dielectric matrix (polymeric or
silicone resin) with micro- and nanoparticles embedded into it. For this
composite nanostructured material, it is required to have isotropy, homogeneity
and continuity properties. In fact, when the nano-FSS works at high frequency,
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all possible material defects can significantly modify the electromagnetic
behavior of the element. This is the reason why it is necessary to define a
specific sample-manufacturing procedure required to obtain samples with
the above characteristics.

Another problem is relevant to the choice of materials. First, a matrix
with a specific electromagnetic property is required. It is necessary to study
different aspects such as the thermal, mechanical, physical and chemical
characterization of the matrix. In fact, the design of an innovative nano-FSS
is not limited only to the electromagnetic analysis, but also to its integration
in a real operative system with specific requirements, relevant to all the
operative aspects and conditions. For example, the resistance to flames and
salty water are only two conditions of the possible specific required
characterizations to certificate the nano-FSS produced. The surface of the
sample must be very smooth to guarantee well-defined control of the
electromagnetic behavior. The static and dynamic resistance of the materials
are important parameters concerning the mechanical properties. Using a
polymeric matrix, it is possible to ensure enough mechanical resistance both
for specific electromagnetic instruments (advanced devices) and for naval/
aeronautics applications (e.g. nano-FSS panel integrated on a boat and aircraft
as an electromagnetic shield). It is possible to think also of a flexible nano-
FSS to produce devices with very complex geometries. In this case it is
necessary to choose a specific matrix (e.g. silicone materials).

A further aspect is relevant to the nanoparticles employed. The morphological
characterization gives the opportunity to evaluate the possible use of a specific
kind of micro- and/or nanoparticle that has particular properties
(electromagnetic, mechanical, chemical, etc). In this case it is possible to use
simple particles (non-nanostructured) or particular elements (carbon nanotubes,
for example). The manufacturing procedures for the sample preparation can
be very different, with significant changes in the relevant behavior of the
nano-FSS. For example, embedding carbon nanotubes on the matrix with
different alignments and degrees of purification can provide very different
behaviors of the FSS. This gives an idea of the technological problems
involved in manufacturing a nano-FSS with characteristics defined by the
theoretical and numerical models. The manufacturing procedure is much
simpler with the use of simple nanoparticles.

Cost and availability of a suitable quantity of nanostructured materials are
two fundamental parameters in the development on these innovative elements.
The nano-elements embedded in the matrix can provide other properties. For
example, carbon nanotubes are studied for the development of structural
composites for aerospace applications, thermal management, electrical systems,
etc. In this case it is possible to think of advanced materials with manifold
properties (mechanical, thermal, chemical, and mainly electromagnetic). The
materials typically employed in nano-FSS manufacture are:
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• matrix: polymeric and silicones;
• commercial or specific curing agents;
• particles: micro-powder of non-nanostructured graphite, carbon nanotubes

and metal oxides.

It is possible to produce two kinds of nanostructured sample: continuous and
multilayer. In each case the uniformity of the sample thickness is fundamental
to provide a homogeneous electromagnetic behavior in the studied band (for
example the X-band).

The preliminary activities in the nano-FSS design are devoted to defining
the sample manufacturing procedures, useful for obtaining materials with
specific parameters (dimensions, geometry, porosity, roughness, etc.). With
these samples (Fig. 6.35) it is possible to perform a static and dynamic
mechanical tests that provide important results on the structural behaviour of
this material that will be employed for electromagnetic applications. Using
SEM, a fracture-section characterization is also possible (Fig. 6.38). This
allows the internal morphology of materials and the micromechanics composite
behavior to be investigated.

Also in this case by using specific software integrated in the SEM, a
statistical analysis of the particle dimension can be performed. It is necessary
to identify a region in which numerous micro- and/or nanoparticles are present,
and then to define the range dimensions to study. In this case, the software,
using different colors, determines particle groups, each with a specific
dimension range. Figure 6.25 shows an SEM micrograph of microparticles
with different dimensions and shapes. It is interesting to produce nanostructured
thin films that can be used in hybrid multilayer composites dedicated to
mechanical and FSS applications (Fig. 6.39).

After the preliminary base material characterizations it is possible to produce
nanostructured FSS samples. For example, the materials employed are:

• graphite (0%, 50%, 65% in wt with respect to the resin + curing agent);
• epoxy and polyester resin and silicone;
• curing agent.

For each material a specific curing cycle has been adopted, as specified by
the material’s datasheet and by the curing test previously performed. It is
important to note that the curing process of the matrices can vary in significant
ways when the particles are embedded in it. Figure 6.45 shows the various
methodologies and phases of the sample manufacturing.

To evaluate the selectivity of the developed nanostructured materials it is
necessary to measure (in magnitude and phase) the scattering parameters
(Sij). An accurate calibration of the instrument is required, so as to eliminate
the effects of the various transitions on the performances of the Device
Under Test (DUT).
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Considering an analyzer experimental facility (Fig. 6.46) with two ports
(1 and 2), the magnitude of the scattering parameter S21 (that is, the response
at port 2 when port 1 is excited), is defined as:

S
P
P21 10
out

in
(dB) = 101g [6.13]

where: Pout = electromagnetic power measured at port 2
Pin = electromagnetic power measured at port 1

In particular, Pin indicates the power acting on the nanostructured materials
(deposited in the waveguide; see Fig. 6.45), and Pout the transmitted power
through the nanomaterials themselves.
In a simplified way:

if Pout = Pin → dB = 0

if Pout < Pin → dB < 0 (in this case the material absorbs the
electromagnetic power acting on it).

In the study of FSSs, two other important physical parameters are:

• electrical permittivity (ε): providing the electrical behavior of the material
= Re(ε) + j Im(ε) ⇒ εc = ε – j (σ/ω), with σ = power loss due to Joule
effect, ω = 2πf (f = frequency) with Re(ε) always > 0 (capacitive effect =
electric energy absorption); by Poynting Theorem: Im(ε) > 0 (active
material); Im(ε) < 0 (electrical power loss).

6.45 Nanostructured FSS samples (before the final mechanical
removal of the residual material on the waveguide surfaces) and the
relative manufacturing procedures.64
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• magnetic permeability (µ): providing the magnetic behavior of the material
= Re(µ) + j Im(µ) with Re(µ) always > 0 (inductive effect = magnetic
energy absorption); by Poynting theorem: Im(µ) > 0 (active material);
Im(µ) < 0 (magnetic power loss).

In the case of FSSs, it is necessary to obtain the following general results:
[Im(ε), Im(µ)] < 0 (the specific values will depend on the materials employed).
In the case of a ‘metamaterial’ it may be: [Re(ε), Re(µ)] < 0.

Figure 6.47 illustrates an example of the S21 measure in the X-band. It is
possible to evaluate (in dB):

• mean electromagnetic power loss;
• minimum electromagnetic power loss;
• maximum electromagnetic power loss.

In addition, it is possible to observe that the electromagnetic power absorbed
by materials (dielectric + graphite) is increased with respect to the host (only
dielectric). This indicates that the micro- and nano-inclusions, embedded on
the polymeric matrix, allow the transmitted power to be reduced.

With experimental measures, it is possible to observe that by increasing
the quantity of carbon nanoparticles embedded in the polymeric matrix, the
electromagnetic power absorption increases and Pout decreases (with respect
to the same value of Pin). In addition, analogous results are obtainable measuring
the electrical permittivity (ε) and the magnetic permeability (µ). In fact, if
the percentage of the micro- and carbon nanoparticles embedded in the
polymeric matrix increases, the following results are obtained:

6.46 Agilent portable network analyzer (PNA) E8363B – experimental
set-up.64
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| Im(ε) | ↑ with Im(ε) < 0 and |Re(ε) | ↑ with Re(ε) > 0

| Im(µ) | ↑ with Im(µ) < 0 and | Re(µ) | ↑ with Re(µ) > 0

The use of the silicone materials is indicated due to the possibility of
producing flexible FSSs, with the important implication of making FSS
elements with a complex shape. Then, the principal characterizations of
these innovative materials are:

• to obtain a specific electromagnetic behavior;
• to provide mechanical and thermal properties;
• to select a definite frequency in which S21 ∼ 100% and S12 ∼ 0% (expressed

in terms of the percentage of the external power excitation acting on the
FSS surface).

After experimental investigations, it is necessary to analyze, for each sample
typology, the selectivity behavior. In particular, for each percentage of the
particles embedded in the matrix, it is necessary to determine the specific
frequency value at which materials provide the requested selectivity. This is
an important goal, with a broad relevance to many scientific sectors and
engineering applications.

The principal activities are focused on the technological methods necessary
to manufacture the nano-FSS. Particular attention is dedicated to
characterization of the base materials (polymeric matrix, curing agent,

dB-S21

Ch9: Start 8.00000 GHz

–1.00

–0.50

–1.50

–2.00

–2.50

–3.00

–3.50

–4.00

–4.50

–5.00

0.00

Stop 12.0000 GHz

6.47 Frequency response (magnitude in dB) of the sample with
nanoparticles of graphite embedded in the matrix.64
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nanoparticles) using electron microscopy (SEM, HRTEM and EDX). The
degassing phase (used also for the nanostructured composite) is essential to
obtain the three following micro- and macro-properties: homogeneity,
continuity and isotropic characteristics. Also, the curing phase (temperature,
pressure, inert conditions) characterizes the final properties of the produced
FSS. Non-destructive testing allows us to verify if the above properties are
obtained and then to qualify the technological process employed. The
experimental electromagnetic test provides interesting results. In particular,
using different quantities of the nanoparticles embedded on the polymeric
matrix it is possible to obtain various electromagnetic behaviors. In fact, by
increasing the percentage of the particles embedded in the matrix, the sample
presents a considerable improvement of the electromagnetic radiation absorbed
by the material. For each percentage it is necessary to determine the specific
frequency of selectivity.

The future applications of these innovative nanomaterials include the
development of multifunctional hybrid nanostructured composite materials
able to provide, simultaneously, mechanical, thermal and electromagnetic
specific behaviours for aerospace, military, navy and communication
applications.

6.10 Other aerospace applications of carbon

nanotubes65, 66, 138

Nanotechnology can be applied in many other scientific sectors of aerospace
engineering.

• 3D NonoTopography: the good mechanical properties of carbon nanotubes
make them an ideal force sensor in scanning probe microscopy with high
durability, reliability and capability to reconstruct 3D Images surface with
high resolution, resolving the typical limitations of conventional force
sensors (typically ceramics)

• Chemical force microscopy: nanostructures and in a special way
functionalized carbon nanotubes allows selective micrographs to be created
based on chemical discrimination (chemical force microscopy). With
functionalized nanostructures it is possible to improve the special resolution
of the micrographs produced by increasing the chemical reactivity of the
samples. The chemical interaction between nanotubes and chemical species
present on the observed surface, allows a chemical mapping of the analyzed
sample to be performed.

• Field emission: carbon nanotubes have been demonstrated to be very
efficient field emitters. Using this fundamental property new innovative
electronic devices may be developed, including flat panel, computers, X-
ray facilities, etc. For example, replacing the traditional glass support of
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TV and PC screens with nanostructured polymeric materials would make
it possible to produce a flexible screen. In addition, the use of carbon
nanotubes gives the possibility of developing devices with high electronic
emission stability, mechanical resistance and longer lifetimes.

• Chemical sensors: the electrical properties of carbon nanotubes (single
wall or multiwall) were recently demonstrated to be very sensitive to
chemical composition variations of the surrounding atmosphere at room
temperature. This very interesting property would allow an innovative
chemical sensor to be designed with high sensibility and capability to
detect various chemical substances.

• Catalyst support: due to their ability to be tailored to specific needs,
carbon nanotubes are candidate supports in heterogeneous catalytic
processes. Carbon nanotubes are also employed as catalytic support due
to their high surface area, chemical and thermal stability (in a non oxidative
environments). Carbon nanofibres, soot and graphite are used in these
applications.

• Adsorption: significant adsorption and interaction phenomena occur between
carbon nanotubes and gases. There are two possible applications for this
sector. The first is characterized by the molecular adsorption, which is
related to carbon nanotube electrical properties and, then, with the possibility
of developing chemical sensors. The second includes gas storage and
separation due to the high surface area of carbon nanotubes.

• Storage: It is fundamental to develop lightweight and safe hydrogen storage
systems in the automotive industry. Due to results obtained with hydrogen
storage studies several researchers, using carbon nanotubes, have tried to
develop innovative gas storage facilities (oxygen, nitrogen, inert and noble
gases, hydrocarbon, etc).

• Gas separation: this aspect is a consequence of the above storage application.
Due to nanostructure properties, it is possible to control the sorption
phenomena with specific conditions (pressure, temperature, nanostructure
morphology)

• Absorbtion: experimental activities demonstrate that carbon nanotubes
are able to absorb toxic gases (e.g. dioxin, fluoride or alcohols). This
application is fundamental for military applications (NBC).

• Biosensors: attaching molecules to a carbon nanotube surface is a very
interesting way to realize nano-biosensors. The use of the internal cavity
of carbon nanotubes for drug delivery is another amazing possible application
for many sectors (propulsion, health monitoring, medicine, etc.). For
example, introducing carbon nanotubes holding specific sensors or chemical
elements into the human body, would make it possible to monitor heath.
This is a possible application for long-term aerospace missions. Two basic
aspects must be investigated: the toxicity and reliability of these systems
in respect to traditional medical apparatus.
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In each application described above, the functionalization of carbon nanotubes,
or of nanostructures in general, represents the fundamental step.

6.11 Conclusions

As described in this chapter nanotechnology offers numerous opportunities
for significant improvement in many sectors of the aerospace engineering
(structures, composite radar shield, propulsion, etc.). In fact, by introducing
nanostructures and nano-elements, it is possible to design devices and apparatus
with properties and characteristics that cannot be obtained by traditional
technology. Development cost will be the key to realistic use of nanotechnology
in aerospace engineering. The possibility of translating base research activities
to the industrial scale, with competitive costs, represents the principal challenge
of this new branch of science.

Nanotechnologies are characterized by a strong interdisciplinary character,
which allows scientific sectors, typically very different from one another, to
work jointly to design advanced systems. However, it should be considered
that, for each application, a specific set of requirements must be satisfied,
employing different specific ‘nano-methodologies’. Aerospace engineering
is characterized by large dimension systems (launchers, for example) with
high performance. For this reason nanotechnology should overcome the
limitations of traditional technologies.

Some researchers consider ‘nano-elements’ to be the materials and structures
of the 21st century. The economic, scientific and technological efforts necessary
are significant, but with strong collaboration among universities, industries,
researchers and scientists the application of nanotechnology science to human
life will become a reality.
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7.1 Introduction

Carbon nanotubes (CNTs) can be seen as a bridge between traditional carbon
fibres and the fullerene family;1 this intermediate position between the
molecular and continuum domains is the classic signature of a nanomaterial.
Research on these structures blossomed only recently, following the electric-
arc synthesis of multiwalled nanotubes by Iijima, in 1991;2 since then, in
excess of 10 000 papers have appeared discussing the science of CNTs,
including a large fraction on polymer composites. This interest was initially
stimulated by the recognition of the relationship with the closed, curved,
carbon shells of the fullerene family that had been discovered a few years
previously, in 1985.3 However, 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,4 as well as earlier in the catalysis literature of the 1950s, and
possibly even the late 19th century.5 In fact, nanotubes are now known to
occur naturally, having been observed in 10 000-year-old ice cores6 and
metallic swords.7 The investigation of nanotubes today is driven by their
elegant and diverse structures, and their emerging remarkable intrinsic
properties.

CNTs have typical diameters in the range of ~1–50 nm and lengths of
many micrometres (even centimetres in special cases).8 They can consist of
one or more concentric graphitic cylinders. In contrast, commercial
(polyacrylonitrile (PAN) and pitch) carbon fibres are typically in the
7–20 µm diameter range, while vapour-grown carbon fibres (VGCFs) have a
broad range of possible diameters (see Fig. 7.1). Compared with carbon
fibres, the best nanotubes can have almost atomistically perfect structures;
indeed, there is a general question as to whether the smallest CNTs should be
regarded as very small fibres or heavy molecules, especially as the diameters
of the smallest nanotubes are similar to those of common polymer molecules.

7
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Consequently, it is not yet clear to what extent conventional fibre composite
understanding can be extended to CNT composites.

Structurally, CNTs are very diverse depending on their origins.
Fundamentally, a single wall carbon nanotube (SWCNT) consists of a single
layer of graphite rolled into a seamless cylinder; the orientation of the graphite
lattice to the cylinder axis defines the chirality or helicity of the nanotube.9

Nanotube shells have large surface areas and prefer to gain van der Waals
stabilisation10 either by forming parallel bundles of SWCNTs11–14 or by
nesting concentrically to form a multiwalled carbon nanotube (MWCNT).
The outer diameter of such MWCNTs can vary between 2 and a somewhat
arbitrary upper limit of about 50 nm; the inner diameter is often (though not
necessarily) quite large, about half that of the whole tube. As-grown, each
nanotube is closed by a hemispherical, fullerenic cap associated with pentagonal
rather than hexagonal rings in the graphitic structure. In addition, a wide
range of defects can exist including vacancies, extraneous non-hexagonal
rings, edge dislocations, local sp3 hybridisation, and non-carbon functional
group defects which can give rise to longer range morphological changes in
the structure, such as kinks/bends, and changes in diameter. The formation
of kinks during synthesis is particularly significant as it encourages the
development of an entangled network of nanotubes that is difficult to disperse.15

Straight nanotubes, on the other hand, are less likely to be entangled, can be
aligned more easily, and are likely to have better performance in composites.16

Figure 7.2 shows a comparison of aligned and entangled MWCNTs. In addition
to variations in the structure of the nanotubes, other contaminating materials
can be present, including, for example, amorphous carbon, graphitic
nanoparticles and catalyst metals, which can be difficult to remove.

7.1 Comparison of diameters of various fibrous carbon-based
materials.
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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

(a)

100 nm

(b)

7.2 Scanning electron micrographs of (a) aligned and (b) commercial
entangled MWCNTs produced by chemical vapour deposition (CVD)
methods.
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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 ~5nm, although 50–100nm 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. An
example of the complicated structure of a commercial CNF material is shown
in Fig. 7.3.

7.2 Synthesis and properties of carbon nanotubes

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-discharge11, 12, 17–19 or laser ablation,13, 20 and various
chemical vapour deposition (CVD) or catalytic growth processes.14, 21–23 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. The products of the 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

250 nm Inner core

5 nm
+/-15° Parallel segments

7.3 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, while 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.
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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;24 a number of companies have scaled up such
processes to 100 tonnes per year or more. 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 Fig. 7.4.

7.2.1 Mechanical properties

The interest in carbon nanotubes, particularly their application in composites,
has been driven by their remarkable intrinsic properties; however, these
properties depend critically on the structural characteristics mentioned above,
with crystalline quality and orientation being especially important. The
fundamental mechanical properties of nanotubes are quite difficult to determine,
but a number of attempts have been made, based on transmission electron
microscopy (TEM) studies of thermal vibrations,25,  26 bending measurements
using atomic force microscopy (AFM),27, 28 direct nano-tensile tests,29–31

fragmentation/deformation under load in a composite,32–34 and experiments
on macroscopic aligned bundles,35, 36 as well as various computational
approaches.37–41 The errors in such measurements are often large because of
sample variability and the challenging experimental environment; in addition,
the calculations generally assume a classical mechanical behaviour, and usually
use the van der Waals thickness of the graphitic sheet(s) to calculate the
appropriate normalising cross-sectional area (in fact, the presence of the
hollow core reduces the real effective modulus, which, in any case, is hard

7.4 Transmission electron micrographs of commercial MWCNTs
grown by CVD methods, with the beam perpendicular (left) and
parallel (right) to the axis.

4 nm 2.5 nm
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to define in bending).42 Despite these difficulties, there is a reasonably clear
picture emerging that highly crystalline SWCNTs or individual shells of
MWCNTs, grown at high temperatures, have axial stiffnesses similar to the
in-plane properties of graphite (1.1 TPa), and strengths of around 50 GPa,
implying high strains to failure (~10%). Under bending deformation, nanotubes
are highly resilient, undergoing reversible kinking.43–46 These values match
or exceed all other materials (specific properties are even more impressive
given the low density) and have stimulated significant efforts to exploit the
performance at the macroscopic scale,47 as discussed in a later section. One
problem is that CVD-grown material, which is otherwise highly suitable for
composites applications, has a high defect concentration. These defects
dramatically degrade the intrinsic properties of the nanotubes. Although
point defects can be significant,48 deviations from a perfectly parallel alignment
of the graphitic layers to the axis is particularly detrimental owing to the
high anisotropy of graphite. Reductions in strength and stiffness of up to one
to two orders of magnitude have been measured,49–51 with typical values
around 2 GPa, and 50–100 GPa, respectively.

The high anisotropy of graphite has a further consequence; namely, that
individual MWCNTs and SWCNT bundles can suffer internal failures due to
the low shear strength parallel to the graphene layers. The result is that only
the outer layer(s) of an MWCNT or SWCNT bundle actually carries the
tensile load when embedded in a polymer matrix. Whether end effects, high
aspect ratios or modest defect concentrations can alleviate this problem remains
to be seen. Shear failures have been observed in nano-tensile tests29–31 and
scanning tunneling microscope (STM) observations52 of neat nanotubes and
in some composite experiments.33, 53 For these reasons, some have suggested
that individually dispersed SWCNTs should be the ideal reinforcement;
however, other problems with flexibility, processing and large interfacial
areas may be worse.

7.2.2 Transport properties

Theoretical studies of the electronic properties of SWCNTs indicate that
nanotube shells are one-dimensional conductors with characteristic Van Hove
singularities in their density of states. Depending critically on helicity, they
can be either metallic or semiconducting,54–56 with a small or moderate band
gap (for semiconducting tubes) inversely proportional to the tube radius.57, 58

On average, approximately one-third of SWCNTs are metallic and two-
thirds semiconductors.54 Since MWCNTs have larger diameters, confinement
effects disappear, and the transport properties approach those of turbostratic
graphite.59 Interlayer interactions which might be important in small diameter
MWCNTs are thought to be weak.60, 61 However, structural defects as well
as bends or twists again have a strong effect on the transport properties.62
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Experimental electronic transport measurements on individual CNTs using
bottom63–65 or top66 contacts, or scanning tunnelling spectroscopy (STS),67, 68

have broadly confirmed these theoretical predictions. The predicted Van Hove
singularities have been observed in STS experiments and a wide range of
visible/near IR, fluorescence and Raman spectroscopy studies.69, 70 Typical
room temperature conductivity is in the range 105–106 S/m and 10 S/m for
metallic and semiconducting nanotubes, respectively. The conductivity of
SWCNT bundles, which is influenced by the significant semiconductor content,71

has been found to be between 1 × 104 and 3 × 106 S/m72, 73, 74 at room temperature,
depending on sample type. Metallic nanotubes thus approach the in-plane
conductivity of graphite (2.5 × 106S/m).75 Conductivities of individual MWCNTs
have been reported to range66 between 20 and 2 × 107S/m, depending on the
helicities of the outermost shells76 or the presence of defects.77 The electronic
properties of larger diameter MWCNTs approach those of graphite. Smaller
MWCNTs exhibit ballistic conductivity over micrometre lengths, with scattering
occurring only at the contacts.78

Lastly, the axial thermal conductivity of individual, perfect CNTs is expected
to be very high,79 greater than that of diamond. Experimental values for
individual MWCNTs have reached 3300W/mK,80 and aligned SWCNT arrays
have been shown to be highly anisotropic.81

7.2.3 Physical properties

Carbon nanotubes burn in air at temperatures in the range of 450–750°C
depending on the crystallinity, size, purity and surface chemistry of the
sample. In inert atmospheres, MWCNTs are essentially stable up to 3000 °C
or more, although graphitisation may occur;82 SWCNTs begin to reform into
MWCNTs from around 1500 °C. The density of CNTs relates to that of
graphite (2200 kg/m3), but is effectively reduced, as long as the central hole
remains empty, by an amount that depends on the ratio of the internal and
external diameters. Typical values for MWCNTs and CNFs are in the range
of 1600–2000kg/m3. The density of SWCNTs varies systematically with
diameter in the approximate range 1300–1600 kg/m3 and has been used to
separate them by centrifugation.83 The surface areas generally follow the
classical geometric expectation, although it can be increased by surface
activation of MWCNTs.84 Typical values for MWCNTs are hundreds of
m2/g, with closed SWCNTs reaching 1340 m2/g in theory, although the
experimental value is generally reduced by bundling.85 The value for SWCNTs
is particularly high as every atom lies on the surface; if the inner surface is
accessible to the probe, the total area is even higher, with every atom present
on two surfaces.
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7.3 Developing nanotube/nanofibre–polymer

composites

There are at least three general experimental methods to produce bulk 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. Although various mixing methodologies are
commonly used, final sample fabrication usually is by injection-moulding or
hot pressing.

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.
The focus on CVD synthesis techniques has opened the door to the manufacture
of large-scale polymer nanocomposites.

7.3.1 Nanotube dispersion

A high-quality nanotube dispersion in any polymer matrix is a crucial
prerequisite for good mechanical composite performance, and is often difficult
to achieve. Each nanotube should be loaded separately and equally; if the
filler is agglomerated, some nanotubes will be shielded from the mechanical
load. In addition, the agglomerates will act as defects, leading to stress
concentration and premature failure. Good dispersion becomes harder to
achieve as the particle size shrinks into the nanoscale; as surface areas increase,
particles become more mobile, the distances between them decrease and
shear forces become harder to apply. Nanoparticles have a strong tendency
to agglomerate, and the high aspect ratio of nanotubes only makes matters
worse as they sweep out large hydrodynamic volumes and can easily become
entangled (see the rheology discussion in Section 7.5). High loading fractions
favour agglomeration not only because the particles come into contact more
often, but also because there can be a shortage of polymer matrix to ‘wet out’
the surface of the filler. The problem of debundling SWCNTs is particularly
acute, as the van der Waals forces between the deformable nanotubes are
strong, and the amount of polymer required to wet the surface is large. A
trivial estimate suggests that in a 1 vol% composite containing individual
SWCNTs, all the polymer chains are touching a nanotube surface (assuming
a 5 nm radius of gyration); it is then easy to understand why it might be hard
to add additional SWCNTs. Indeed, it is quite a common result for
nanocomposites in general that properties increase at low loading fractions
but cannot be increased further due to agglomeration above a few volume
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percent. The situation is more ambiguous when addressing transport properties,
especially electrical conductivity, as a network of touching nanotubes is
desired. However, even in this case, best results may be obtained by generating
a good dispersion initially, and then allowing the network to form.16

A particular practical problem is that dispersion is very hard to quantify.
In fact, no good objective measures are available. Characterisation typically
consists of a qualitative assessment of a freeze–fracture surface studied under
an SEM. This approach is quite successful for discovering dense aggregates
(typical of CNTs synthesised in the electric arc) or looser agglomerates in
low volume fraction systems. However, it is less useful at high loading
fractions where the filler is necessarily densely packed; here it is hard to
distinguish between closely packed but isolated CNTs and an agglomerated
network, since any contacts may not lie in the fracture plane. Optical microscopy
or even optical clarity is another useful guide, again chiefly for low loading
fractions. Since nanotubes are usually at least micrometres long, agglomerates
are generally visible. Optical clarity is, therefore, a necessary though not
sufficient condition for well-isolated CNTs, although at higher loadings,
samples simply become very dark. Rheological measurements can also provide
an indication of dispersion, particularly as data can be collected during the
dispersion process; as discussed further in Section 7.5.

The primary method of dispersion is usually physical. Substantial shear
forces appear to be necessary during the initial composite processing steps,
in order to disperse either CNTs or CNFs in the (pre)polymer melt or polymer
solution, especially when using the filler in the as-produced state or at high-
volume fractions. For high-viscosity systems, particularly thermoplastic melts,
twin-screw extrusion has been frequently applied and found to be effective
for up to 60 wt% CNFs86 and about 30 wt% MWCNTs.87 The high intrinsic
viscosity of thermoplastic matrices in general has the dual advantage of
increasing the shear applied to the aggregates (even breaking the individual
CNTs/CNFs) and minimising the opportunity for reaggregation. In the case
of nanotubes especially, the degree of dispersion depends strongly on the
entanglement state of the as-received material, since even extensive twin-
screw extrusion does not lead to a complete break-up of the entanglements
in commercially available catalytically grown MWCNTs,88–90 although some
materials seem to be more easily processed,87–91 particularly those based on
aligned CNTs.92 CNFs tend to break more easily during processing, leading
to the removal of entanglements;93 SWCNT bundles are not generally broken
up by thermoplastic processing. Other high-shear processes can be applied,
for example, the use of ball milling of the raw filler material prior to
processing;94 however, this approach degrades the aspect ratio of individual
particles significantly more than shear-intensive melt processing.95

Solvent processing is popular as an alternative to melt processing, or as a
preliminary step. Dispersion in low-viscosity solutions is typically achieved
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using ultrasound; the high intensity used separates CNT aggregates and even
SWCNT bundles, but can also cause damage.96 Reagglomeration may be
prevented by the presence of the polymer in solution which can adsorb onto
the exposed CNT surfaces or even become grafted due to chain scission.97

Amphiphilic polymers dissolved in water,98 such as poly(hydroxyaminoether)
(PHAE),99, 100 poly(vinyl alcohol) (PVA),101, 102 and PVA/poly(vinyl
pyrrolidone) (PVP)103 have proved particularly effective, although organic
systems have also been explored, based on polystyrene (PS),104–106 ultra-
high molecular weight polyethylene (UHMWPE)107 and polypropylene (PP).108

In addition, surfactants,103, 109 polymer-functionalised nanotubes110, 111 and
other chemical treatments of the constituents112–114 are often employed. Some
of the most successful nanotube–polymer composites have been created by
in-situ polymerisation, such that the nanotubes become grafted to or ensnared
in the growing polymer.115–119 In all low-viscosity systems, the individual
nanotubes should form an inherently electrostatically or sterically stabilised
dispersion, with a long lifetime relative to the subsequent processing. Once
the solvent is removed, thermoplastic processing can be applied without
necessarily losing the good dispersion.87, 91, 95, 114, 120, 121 The chemical methods
of providing stabilisation, particularly those that encourage a strong, or even
covalent interaction with the polymer, tend to have a positive impact on
subsequent composite properties through improved load transfer.

7.3.2 Mechanical properties of nanotube/nanofibre–
polymer composites

Although many nanotube/nanofibre composite systems have been prepared,
the mechanical enhancements have been significant but somewhat limited
compared with theoretical predictions. The main challenges lie in obtaining
a good dispersion, optimising the interface between polymer and filler, and
obtaining high-quality structures in sufficient quantities (as discussed above,
CVD-grown nanotubes are used commonly in composites but have relatively
poor properties). As in any fibre reinforced composite system, the interfacial
shear strength is an important parameter, although difficult to assess. A
growing body of computational work122–124 as well as some initial experimental
work33, 125–127 has addressed this issue. Both approaches have shown significant
spread in the data, yet the overlap seems to suggest values in the range of
50–100 MPa for non-covalently bonded composites47 although much higher
values are anticipated for covalently bonded nanotubes.122

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
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be more prominent in semicrystalline rather than amorphous thermoplastics,
possibly due to nucleation effects commonly observed in such
nanocomposites.108, 128–130

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 decreasing nanofiller alignment or increasing void content with
increasing weight fraction,95, 106, 131 although alignment variations of the
polymer matrix often have not properly been taken into account. In
semicrystalline matrices the (often unanalysed) variations in crystallinity
can also be a source of non-linearity. Furthermore, in most cases, there are
likely to be changes in dispersion, 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.132

However, even in the presence of nanotube clusters, enhancements in composite
stiffness can be observed.133

A concise overview of reported mechanical nanocomposite properties is
presented by Coleman et al.47 Composites based on chemically-treated
nanotubes show the best results on average. This conclusion is not surprising,
given that nanotube functionalisation should significantly improve both the
dispersion as well as the stress transfer. In comparison to solution-based
composites, the average reinforcement effect seen in melt-processed systems
is somewhat disappointing, most likely reflecting alignment issues in bulk
samples. Yet, the best individual results reported134, 135 have shown stiffness
improvements approaching the maximum predicted by conventional composite
theories, while strength improvements are generally low. Lastly, it is interesting
to note that MWCNTs appear to outperform SWCNTs in many cases, most
likely reflecting the difficulties in obtaining straight, debundled SWCNTs.
Compared to stiffening, enhancements in composite yield stress, strength
and toughness generally appear more difficult to achieve, especially for
filler loading fractions exceeding about 10 wt%. These properties depend
more on the homogeneity of specimens achieved during processing, as well
as on interfacial issues relating to the specific filler types and matrices. For
example, the impact properties of nanofibre– polycarbonate (PC) composites
are 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.136 The most prominent strength
enhancements of bulk nanocomposites have been achieved for well-dispersed
and aligned nanofibres in poly(ether ether ketone) (PEEK),137 up to filler
loading fractions of 10 vol%, and in PP,95 at nanofibre loading fractions as
low as 5 vol%. CNTs and CNFs are also interesting additives for tribological
applications;138, 139 they can significantly reduce the wear rate of polymers,
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apparently without much dependence on the degree of dispersion achieved
during compounding. Benefits are obtained even when compounded with
established tribological aids, but are potentially accessible in components
(such as fibres) in which conventional additives cannot be incorporated.

7.3.3 Physical properties of nanotube/nanofibre–polymer
composites

As well as mechanical reinforcement, there is considerable interest in the
exploitation of other physical properties of nanotubes, particularly the high
thermal and electrical conductivities. Electrically conductive polymer
composites, for example, are used in antistatic packaging applications, as
well as in highly specialised components in the electronics, automotive and
aerospace sectors. The incorporation of conductive filler particles into an
insulating polymer host can lead to sufficient bulk conductivities to exceed
the antistatic 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 is their biggest current application, and is widespread
across the automotive and electronic sectors.

The electrical properties of nanofibre–thermoplastic composites exhibit
a characteristic percolation behaviour,140–142 with a rapid increase in
conductivity as the loading fraction passes through the critical threshold. In
the case of untreated CNFs, the threshold is around 5–10 vol% and depends
on aspect ratio, surface chemistry, dispersion and alignment. Similarly, the
electrical percolation threshold of thin MWCNT–thermoplastic films also
depends on the type of nanotube and the processing route. Threshold values
range from around 5 wt% for oxidised catalytic MWCNTs in PVA101 to
around 0.06 wt% and 0.5 wt% for arc-discharge MWCNTs in PVA143 and
PMMA144, respectively. In bulk, thermosetting systems,145–150 CNT-based
composites tend to have higher conductivities and lower percolation thresholds
than either carbon black or CNF-based ones. Indeed, a CNT-based
epoxy system currently shows the lowest percolation threshold observed in
any system, at around 0.0025 wt%.146 It is tempting to attribute this and
other low thresholds simply to the high aspect ratio of the conductive
filler. However, these low values can be explained only 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.151 This network formation behaviour can be manipulated not
only by temperature and shear rate, but also by the application of external
electrical fields.152 Interestingly, low loading fractions of nanotubes in thin
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films may allow a useful level of conductivity while retaining optical
transparency.118

Effects to increase thermal conductivity have been less successful.
Increases have been modest and linear; percolation does not play a major
role due to the less dramatic difference in conductivity between filler and
matrix.95, 131, 141 Results are similar to those observed for short carbon fibres
in similar systems.141, 153

7.4 Adding nanotubes and nanofibres to polymer

fibres

The fundamental motivation for adding nanotubes to polymer fibres is similar
to those outlined above for other composite systems: namely, that there is an
opportunity to improve the mechanical and functional properties of the matrix
by drawing on the unique properties of the nanotubes. However, there are
some additional attractions. At the current stage of development, bulk nanotube
composites appear to offer only comparable properties to systems reinforced
with conventional chopped fibres. However, unlike the nanotubes, such
conventional fillers cannot be accommodated within fine polymer fibres.
Thus, CNTs/CNFs offer a new route to nano-reinforced polymer fibres, and
can provide unique improvements in performance. These improvements can
be significant even at the current level of development of nanotube composites,
using existing commercial CVD materials, because no other established filler
can compete in the confined environment of the polymer fibre.

In addition to acting as a reinforcing agent, such nanoscale fillers can also
act as critical processing aids by modifying the polymer rheology; in particular,
the elongational flow properties that are relevant at the high extension rates
typically encountered during fibre-spinning operations.154 Last but not least,
initial work on such fibre systems requires only small quantities of nanotubes,
allowing a wide range of scarce, experimental nanotube materials or
modifications to be tested in composite form.92 Polymer fibre systems thus
also provide a useful test-bed for developing our understanding of nanotube
composites in general and moving towards the full exploitation of their
fundamental properties.

This type of basic development is additionally helped by the fact that the
nanotubes tend to become aligned to the fibre axis during processing, naturally
providing the optimal orientation. Perhaps most significant of all, this uniaxial
orientation is almost certainly the most plausible arrangement for fully
exploiting the anisotropic, intrinsic properties of the nanotubes. The aligned
arrangement not only provides the optimal loading geometry, but also
maximises the volume content of nanotubes, since rods pack more efficiently
when aligned;155 the ultimate (possibly unobtainable) goal of many researchers
is a perfectly aligned infinite crystal of nanotubes.156
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There are, therefore, two strands to nanotube–polymer fibre composites.
On the one hand, there is interest in improving the properties of existing
polymer fibre systems either by improving critical properties of high-
performance fibres (see, for example, the discussion of PEEK below), or by
upgrading the performance of commodity polymers to an ‘engineering’ standard
(e.g. PP). On the other hand, there are ongoing attempts to generate fibres
with an absolutely higher level of mechanical performance than any existing
system, based either on improving the current top performers (such as poly(p-
phenylenebenzobisoxazole), PBO) or by developing new, high CNT content
fibres. Finally, there are interesting attempts to exploit the potential of nanotubes
to produce functional fibres that can, for example, act as electronic devices.

Processing is, of course, crucially important in determining nanotube
dispersion and orientation, as well as the more traditional but equally important
factors associated with polymer morphology. Polymer nanocomposite fibres
may be spun from solution or from the melt, often following an initial
dispersion step, as discussed in Section 7.3.1 above. Much of the initial work
has been exploratory in nature, and there remains considerable scope for
applying the wider understanding of fibre spinning to these systems.

7.4.1 Solution spinning

Solution spinning is a widespread and attractive route for the production of
polymer fibres, and has been applied to a variety of CNT systems. A particularly
interesting possibility is the use of a lyotropic nematic nanotube solution as
a route to a highly aligned fibre. Much of this work is directed at high
loadings of nanotubes and examples include the use of surfactant-stabilised
dispersions of CNTs injected into a PVA157, 158 or poly(ether imide) (PEI)159

bath, to form a fibre that can be handled and drawn, and the use of pure
SWCNT dispersions in ‘superacid’.160, 161

A number of other, lower-volume fraction systems have also been spun
from nanotube/polymer solutions, although the ‘spinning’ process is often a
relatively rudimentary small-scale demonstration. Solvent routes are particularly
attractive for SWCNTs as pure melt-mixing does not lead to adequate
exfoliation of the bundles; matrix/solvent (maximum CNT content) examples
include polyaniline/dichloroacetic acid (0.3%),162 chitosan/water (4.8%),163

polyacrylonitrile/N, N-dimethylformamide (DMF) (1%)164 and PVOH/DMSO/
H2O (polyvinyl alcohol/dimethylsulphoxide/water) (3%),165 although the
highest content system163 was poorly dispersed. An interesting variant is
based on the use of caprolactam as both solvent and monomer for an in-situ
ring opening polymerisation of nylon-6 to produce nanocomposite fibres
(1.5%).166 More straightforwardly, the in situ polymerisation can be carried
out in the presence of the solvent before spinning, as in the case of SWCNTs
added to the rigid rod polymer PBO.116 Lastly, both MWCNTs and CNFs
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have also been processed into polyetherketone (PEK) fibres following an in
situ polymer grafting reaction (10%).167

It is also possible to produce nano-reinforced polymer fibres by
electrospinning nanotube polymer solutions;168 however, this topic will not
be discussed further as it is covered at length elsewhere in this book (see
Chapters 1–5)

7.4.2 Melt spinning

The majority of nanotube/nanofibre-filled thermoplastic fibres are made by
variants of melt spinning, or approximations based on sample collection
from rheometers and the like, representing an optimisation of previous
alignment approaches based on die designs95 and simple melt strand or film
stretching.91 While conventional melt processing of the nanocomposite dope
is desirable for economical reasons, initial solution-blending is often performed
in the case of SWCNT-filled polymers,120, 121 yet the effectiveness of this
approach remains debatable.

Although the amount of nanocomposite material is often limited, the
principal applicability of traditional fibre processing technology for the
manufacture of nanotube/nanofibre-filled systems has been demonstrated.
As such, most studies have focused on low to medium draw ratios and a
whole range of fibre diameters ranging from a few to hundreds of micrometres.
In addition, experimental efforts aimed at maximising alignment of both
filler and matrix are still at early stages; initial cold- and hot-drawing approaches
following spinning have not yet been optimised. It can be anticipated that
production techniques will improve as a more fundamental understanding of
nanocomposite rheology and thermal properties emerges and more
nanocomposite material is prepared.

7.5 Analysing the rheological properties of

nanotube/nanofibre–polymer composites

The addition of a nanofiller to a polymer melt can significantly affect the
rheological properties; in certain cases, both processing and final composite
properties can be enhanced with the same filler. To date, rheological studies
of nanotube/nanofibre-filled systems have focused mainly on the shear
behaviour;88, 136, 140, 169–171 however, shear tests alone cannot characterise the
melt elongation properties that are important for foaming, film-blowing or
fibre-spinning processes. There are as yet limited data available on the
elongational viscosity of nanocomposite melts at low extension rates
related to foaming processes172, 173 and very little174 at the high extension
rates typically encountered during fibre-spinning operations. In addition,
interactions between filler and melt occurring during processing can also
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have pronounced impacts on the resulting matrix morphology129, 154 (see
Section 7.6.1).

7.5.1 Shear properties

For particle-filled thermoplastic melt systems, oscillatory shear experiments
are common and avoid issues with time-dependent alignment effects. As
expected, the shear viscosity of such nanocomposites generally increases
with loading fraction, to an extent that depends on the nature of the filler and
matrix. Percolation effects have been observed, generally at low shear, although
even low nanotube concentrations can lead to significant viscosity increases;170

at high shear rates, thinning associated with the polymer dominates, particularly
if the filler can fragment. For example, CNF loadings up to 10 wt% had no
significant influence on the shear viscosity of PP140 and PEEK154 composites
in the shear rate regime typically encountered during thermoplastic processing.
In case of a PC matrix, the shear viscosity was even reduced with increasing
nanofibre content up to 10 wt%,136 most likely as a result of pronounced
shear alignment of the filler, a well-known behaviour for short fibre-filled
polymers.175

With increasing strain amplitude, nanotubes and nanofibres gradually align
parallel to the flow direction, thus reducing the tube–tube or fibre–fibre
interactions, as it has been observed in nanoclay systems.176 The formation
or presence of filler network structures and/or aggregates at elevated contents
is reflected by a pronounced increase in shear viscosity, especially at low
shear rates (Fig. 7.5 shows the behaviour of nanofibre reinforced PEEK as
an example.154 Such behaviour is typical for highly filled nanoparticulate
systems, independent of filler type and geometry140, 170, 171 and is associated
with a transition to an elastic pseudo solid-like response. This rheological
percolation 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. Often (for example the PEEK
system shown in Fig. 7.5), strong shear thinning is observed;154 the effect
can be attributed to the alignment of the nanofibres which, given their large
size and rigidity, will experience a larger torque and have longer relaxation
times than the polymer molecules. It is also interesting to note that melt-
compounded nanocomposites tend to have similar rheological and electrical
thresholds,154 although nanocomposites prepared by the coagulation
method177, 178 have shown relatively lower rheological thresholds; an effect
that is attributed to the fact that denser nanotube networks are required to
achieve electrical conductivity than to restrict polymer motion.

The comparatively high rheological percolation threshold (between 10
and 15 wt%) observed for this particular PEEK/CNF system (Fig. 7.5) is in
agreement with studies on similar systems140, 169 but is much higher than that
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observed in many MWCNT-filled thermoplastics.170, 171, 179 The most likely
explanation is that the CNF aspect ratio is much more significantly degraded
during processing owing to their larger absolute dimensions and lower strength.
Comparison with the classic Guth equation180 suggests an aspect ratio of 15,
much lower than that of the as-grown CNFs. Yet, degradation of aspect ratio
during processing has also been reported by Kuriger et al.95 and Kharchenko
et al.,179 investigating both CNF- and MWCNT-filled PP, respectively, as
well as by Ma et al.181 evaluating melt-spun CNF/polyethylene terephthalate
(PET) fibres.

7.5.2 Elongational properties

Although-the shear rheology data do not indicate any particular degradation
of melt processability when adding such carbon nanofillers, they do not
explain variations in flow behaviour or microstructure arising from elongation
of the melt as it occurs during foaming,182 fibre-spinning,183 and film
blowing.184 Uniaxial extension at high strain rates relevant for fibre-spinning
can be explored using the Rheotens test:185 the force required to elongate a
melt strand is measured as a function of a linearly accelerated draw-down
velocity, under quasi-isothermal conditions.186 The force required to rupture

7.5 Complex shear viscosity of carbon nanofibre reinforced PEEK
composites as a function of frequency, at a temperature of 360 °C, in
the linear viscoelastic regime. The insert shows the resulting shear
thinning exponent as a function of nanofibre content.
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the strand is commonly defined as the ‘melt strength’ and the maximum
draw-down velocity or draw-down ratio is defined as the ‘elongation to
failure’ or ‘drawability’.

The experimental data shown in Fig. 7.6 clearly highlight a substantial
increase in PEEK melt strength and drawability with increasing nanofibre
content, effects that can be attributed to a ‘reinforcement’ of the melt.154 A
direct conversion of such Rheotens data into an elongational viscosity is
complex187, 188 but it is possible to compare the drawing behaviour of different
polymer nanocomposites at defined experimental conditions.189 For the PEEK–
CNF system, the calculated elongational viscosity (Fig. 7.7) indicates an
increase in initial elongational viscosity and an earlier onset of elongational
thinning with increasing CNF content. Thus, the processing window relevant
for operations such as foaming and fibre-spinning can be usefully adjusted.
Both the increasing melt strength as well as the higher drawability of the
PEEK nanocomposites explain the relatively good melt-spinnability of this
system.190 In general, such effects may also allow significantly finer filaments
to be spun, in the future, without early rupture of the melt strand. For example,
fine nanofibre-reinforced polyester PET fibres with diameters as low as
25 µm have been produced under stable conditions.181
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7.6 Experimental average Rheotens curves for PEEK–CNF
nanocomposites at 360 °C. The lines represent a Levenberg–
Marquardt fit of the data according to Wagner et al.187
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7.6 Analysing the microstructure of nanotube/

nanofibre–polymer composites

As outlined in Section 7.4, most experimental approaches towards
nanocomposite fibre spinning are still at early stages, operating on small-
scale material quantities. These initial attempts have, nevertheless, demonstrated
a significant potential of producing good-quality nanocomposite fibres.
Obviously, as in the case of bulk nanocomposites, both the general melt or
solution spinnability as well as the fibre surface finish are strongly related to
the quality of nanofiller dispersion achieved during processing prior to spinning.
Both the use of highly entangled raw nanotube materials, as well as insufficient
shear mixing or excessive post-shear reagglomeration, lead to clusters which
can prohibit melt-spinning completely191 or induce rather low-quality fibre
surfaces.92 Rather than reinforcing the melt and even enhancing its
drawability154 as highlighted in Section 7.5.2, nanofibre or nanotube
agglomerates induce significant stress concentrations leading to a severe
reduction of melt elongation. Intermediate levels of dispersion or the presence
of very small agglomerates induce voids, rough surface finishes and/or diameter
variations,92 as illustrated in Fig. 7.8.

7.7 Apparent elongational viscosity as a function of elongation rate
for carbon nanofibre reinforced PEEK at 360 °C, calculated using the
Wagner model.187
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The variations in fibre quality can be directly related to the nanotube/
nanofibre dispersion which, in turn, reflects the condition of the as-produced
materials. Arc-grown material often is fused together by contaminating graphite;
catalytically-grown MWCNTs separate well given sufficient shear forces
but often retain some entanglements, while straighter and unentangled CVD-
grown MWCNTs and most nanofibre types disperse most successfully.

Efforts aimed at spinning SWCNT-reinforced composite fibres face related
difficulties. At high loading fractions, exceeding a few weight percent, variations
in the rheological behaviour prevent uniform and stable melt-spinning
conditions.192 Furthermore, debundling of the SWCNTs remains a challenge;
even solvent-blending prior to melt-compounding and spinning did not lead
to individually dispersed nanotubes in polycarbonate fibres.121 Nevertheless,
some successful nanotube-filled fibres have been spun at lower loading
fractions.120, 193

(a) (b)

(c) (d)

7.8 Comparative SEM micrographs of melt-spun polyamide-12
nanocomposite fibres containing (a) 10 wt% CNFs, (b) 10 wt%
entangled catalytic MWCNTs, (c) 5 wt% aligned CVD MWCNTs, and
(d) 5 wt% arc-grown MWCNTs. Reproduced from Ref. 92.
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7.6.1 Matrix microstructure

As mentioned before, the addition of carbon nanotubes and nanofibres to a
polymer matrix can have significant implications on the resulting matrix
microstructure. In the case of semicrystalline thermoplastics especially,
crystallisation kinetics are often strongly affected by high surface area fillers,
altering the degree of crystallinity, the crystalline orientation, and even the
preferred crystal structure. The impact of CNTs and CNFs in highly oriented
systems such as nanocomposite fibres has not yet been fully established,
although related behaviour is known for conventional additives such as
colouring pigments.194 Such effects are critical to the understanding of
nanocomposite performance in general, but are too often ignored when
evaluating the observed improvements in fibre properties with regard to the
intrinsic properties of the filler. In the case of polyvinyl alcohal (PVOH), it
has been suggested that ordering of PVOH around CNTs is the dominant
determinant of the mechanical performance, rather than direct reinforcement.195

As for conventional polymer fibres, spectroscopy, diffraction196 and thermal
analysis are commonly used to evaluate the final matrix microstructure of
the nanocomposite fibre. As in the bulk case, significant variations in these
microstructural features have been observed in semicrystalline fibre systems,
depending on the filler type, treatment and content, as well as on the specific
processing conditions. An example for melt-spun PEEK–CNF fibres is shown
in Fig. 7.9; the differential scanning calorimetry (DSC) data indicate a
significant increase in matrix crystallinity with the addition of nanofibres,
although apparently independently of filler content. The two-chain
orthorhombic crystal I form of PEEK usually seen for melt-spun and annealed
monofilaments197 is maintained for the nanocomposites,190 yet the increased
glass transition temperature of the neat polymer fibre (Fig. 7.9) strongly
implies a significant variation in molecular alignment prior to quenching, in
agreement with the elongational rheology behaviour of this particular system
discussed in Section 7.5.2. In polyamide92 and polypropylene193 nanocomposite
fibres, nucleation effects of the additives were observed, although no changes
in the favoured crystal structure were reported.

Laser Raman spectroscopy as well as wide-angle X-ray diffraction are
commonly used for the characterisation of SWCNT and MWCNT/CNF
alignment, respectively; although quantitative interpretation of the data can
be challenging. For example, in the case of carbon nanofibres,92, 181, 190 an
apparent lower degree of alignment is often determined from 2D wide-angle
X-ray scattering (WAXS) patterns due to misalignment of the graphitic planes
relative to the nanofibre axis (Section 7.1). In polypropylene fibres for
example,198, 199 evaluation is further complicated by the superposition of
graphitic and polymer peaks. Raman spectroscopy yields a much stronger
signal when polarised parallel to the nanotube axis, and, once calibrated, can
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indicate degree of alignment; an example of the resulting data for SWCNTs121

is shown in Fig. 7.10.
As expected, overall, the data suggest a greater degree of both nanotube/

nanofibre and polymer alignment in fibre systems than in bulk nanocomposites.
Some discrepancies remain, reflecting the significant variations in materials,
experimental conditions and data analysis techniques. Filler alignment in
general appears to critically depend on the quality of the initial dispersion,
independently of processing technology; the lack of additional alignment of
multiwalled structures during cold-drawing92 suggests that the nanofillers
are fully aligned by the relatively low draw ratios applied during melt-
spinning; the remaining misorientation is likely to reflect both the misorientation
of the graphitic layers, and the intrinsic ‘waviness’ of the CNTs/CNFs. That
the nanofillers align easily is not suprising given their large size, long relaxation
times and rigidity compared to the matrix polymer, and is consistent with the
rheology data discussed above. The intrinsic ‘waviness’ that is characteristic
of CVD-grown material and that cannot apparently be removed, at least for
multiwalled structures, is likely to have a major, limiting effect on the maximum
performance that can be achieved.200 In principle, more flexible SWCNT
bundles may suffer from this effect to a lesser extent, but data so far seem to
suggest a similar behaviour both in solution and in the melt.
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7.9 Representative DSC traces of melt-spun PEEK–CNF fibres,
(a) after melt-spinning and (b) following subsequent annealing at
220 °C, obtained on composite fibre bundles heated at 10 °C/min.
Curves have been shifted for clarity.

© 2007, Woodhead Publishing Limited



Nanofibers and nanotechnology in textiles216

7.7 Mechanical, electrical and other properties of

nanocomposite fibres

As outlined above, well-dispersed nanotubes and nanofibres tend to align
with the molecular flow and can experience a significant load transfer in the
molten state during fibre spinning.154 Such reinforced melt systems show a
good spinnability, leading to high-quality fibres even at elevated draw ratios.
Similarly, the drawability and strain to failure of both as-prepared and treated
solid-state nanocomposite fibres also critically depend on the quality of the
filler dispersion, alignment and interfacial bonding. As an example, the stress–
strain behaviour of both as-prepared and annealed melt-spun PEEK–CNF
composite fibres is shown in Fig. 7.11.190 In most fibre systems, stiffness
and strength increase, but strain to failure decreases with increasing filler
entanglement and content. However, for some high loading fraction, solution-
spun fibres and significant improvements in fibre toughness have been
reported.157, 158

Overall, there is considerable variability in the published mechanical data
due to the largely different systems and experimental approaches. Nevertheless,
a tentative comparison of data for melt-spun fibres to the typical data for
bulk systems processed in the melt (see Section 7.5.2)47, 201 indicates a more

7.10 Raman intensity of the tangential mode at 1588cm–1 of SWCNTs
in melt-spun PC fibres, containing 5 wt% of SWCNTs, as a function of
the fibre angle. Reproduced from Ref121 The dashed line represents
the relationship between relative intensity and fibre angle for perfect
or unidirectional alignment of SWCNTs along the fibre axis. The label
‘SWNT-Soln’ refers to an initially solution-blended SWCNT/PC system
that was subsequently extruded and melt-spun in an identical
manner to the ‘SWCNT-Dry’ sample.
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pronounced reinforcement in fibrous nanocomposites. This observation can
be attributed to the improved alignment of the filler to the loading direction;
a conventional short fibre interpretation based on the Krenchel model suggests
that orientation efficiency of nanofibres may behave similarly137 although
issues of fibre waviness are also important.200

As in the case of bulk nanotube composites, absolute values of the
mechanical properties are mostly disappointing relative to the expectations
generated by the mechanical properties of perfect nanotubes; the reasons are
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7.11 Representative engineering stress–strain diagrams of (a) as-spun
and (b) heat-treated PEEK–CNF nanocomposite fibres as a function of
nanofibre content. (Tensile tests were based on a constant force
ramp.190)
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likely to be similar: the relative imperfection of the CVD nanotubes used,
difficulties with dispersion, and the need to optimise interfacial stress transfer
without chemically damaging the nanotubes. A detailed analysis of the literature
is complicated, as variations in the polymer microstructure, particularly of
semicrystalline matrices, have not always been considered. Yet there is evidence
that, all else being equal, the crystalline quality of the filler is important92

with dispersed MWCNTs outperforming CNFs; Fig. 7.12, for example,
summarises the fibre modulus and yield stress for melt-spun polyamide-12

7.12 Plots summarising the relationship between (a) tensile modulus
and (b) yield stress of melt-spun polyamide-12 nanocomposites and
nanoscale filler weight fraction for CNFs, arc-grown (aMWCNT)
entangled (eMWCNT) and aligned (aMWCNT) multiwall structures.
(Tensile tests were based on a constant force ramp.92)
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nanocomposite fibres containing different multiwalled fillers. It is not yet
clear what size of nanotube will prove to be ideal; small diameter MWCNTs
may be the best choice, as higher loading fractions of individual tubes can be
realised as compared to most SWCNT systems, while retaining a relatively
high degree of perfection and surface area.

The deformation micro-/nano-mechanics of such fibrous nanocomposites
are only slowly emerging; the picture is complicated by the quite pronounced
variations in matrix microstructure following nanocomposite spinning. Some
attempts have been made both to determine interfacial phenomena and to
define the laws that govern their properties, for instance, the nanoscale scaling
of flaw violations.202 However, the main focus remains on experimental
methodologies to study the evolution of the microstructure during deformation.
Laser Raman spectroscopy, for example, not only delivers static information
regarding the local dispersion and alignment of nanotubes within a fibre, but
also allows mapping of the local deformation in a composite by following
the molecular deformation of the reinforcement.203 These molecular
deformations are evidenced by a shift in Raman band position as a function
of stress or strain applied to the composite during in-situ deformation
experiments and sensitively highlight nanotube/matrix interactions and the
degree of load transfer.204, 205 Alternatively, synchrotron X-ray sources can
be used to study more explicitly the relationship of polymer and filler
deformation and orientation, using a combination of small- and wide-angle
studies.206, 207 For example, functionalised SWCNTs have been shown to
suppress the reconstruction of lamellae stacks in poly(ethylene-propylene)
fibres.114 Although individual polymer systems will need to be studied in
detail, such techniques will shed light on the filler/matrix interactions in
nanotube/nanofibre composite fibres and may lead to new micromechanical
concepts for polymer fibre deformation in general.

7.7.1 Electrical properties

A range of interesting properties beyond straightforward mechanical
reinforcement are expected.208 One interesting possibility is that nanotube-
filled fibres may provide convenient, robust, electrically conductive textiles
for a range of ‘intelligent’ applications, although the simplest advantage may
be in electrostatic dissipation. Static build-up in textiles is not only be
uncomfortable but can be dangerous in many industrial environments. Existing
alternative approaches include post-spinning coating with nanoparticles209

or intrinsically conductive polymers,210 but often lack cohesion and long-
term stability. As in the case of bulk nanocomposites, carbon nanotubes/
nanofibres are well suited to the formation of electrically conductive percolating
networks (see Section 7.3.3 above). In principle, a good dispersion of high
aspect ratio nanotubes can percolate at modest loadings, although the alignment
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of straight nanotubes is expected to increase the percolation threshold.155 In
reality, the intrinsic curvature and waviness of dispersed nanotubes, although
detrimental for mechanical reinforcement, is beneficial for percolation.
Nevertheless, the alignment induced by spinning has been shown to reduce
or remove the conductivity observed in the bulk nanocomposites for both
PC211 PP213.

An early study in 1999 highlighted a significant decrease in volume
resistivity of an isotropic pitch fibre containing 5 wt% of SWCNTs.192 Yet,
SWCNT loading fractions of up to 10 wt% did not induce a measurable
improvement in conductivity of rigid-rod PBO polymer fibres prepared by
solution-spinning, again taken as evidence for a high degree of filler
alignment.116 For comparison, solution-spun polyamide-11 fibres containing
intrinsically conductive polyaniline showed a percolation threshold at around
5 wt% due to phase separation and fibrillation.212 In this case, the fibre
conductivity even increased with increasing draw ratio, whereas nanofibre-
filled PP fibres showed the reverse trend,213 as highlighted by the normalised
current–voltage characteristics of such PP–CNF nanocomposite fibres shown
in Fig. 7.13. Yet, a promising compromise between electrical and mechanical
properties was attained at relatively low filler contents, verifying the potential
of using such carbon nanostructures to accomplish electrically conductive
thermoplastic fibres.

7.7.2 Other properties

An important feature of nanocomposite fibres is the reduced axial
shrinkage116, 214 during both spinning and post-treatments, although these
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7.13 Normalised current–voltage characteristics of melt-spun PP
fibres containing 10 and 15 vol% of carbon nanofibres drawn to
different draw ratios (DR). Reproduced from Ref. 213.
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effects may be particularly pronounced due to the preliminary nature of the
spinning studies. The ability of the nanofillers to constrain the polymer
matrix will strongly depend on the dispersion and polymer microstructure,215

as well as on the effective surface area and chemical interactions. One positive
example is the significantly improved axial creep behaviour of solution-spun
high-performance PBO fibres containing 10 wt% of SWCNTs at elevated
temperatures, shown in Fig. 7.14.116

Enhancements in other properties such as flame retardance,216 wear
resistance,138 and thermal conductivity95, 131, 141 have been observed in bulk
nanocomposite systems and are likely to be relevant to polymer fibres, although
they are, as yet, much less thoroughly investigated. Indeed, the wear
improvement observed in PEEK138 is already in a system that can be spun
into fibres.190

7.8 Future trends

The introduction of nanotubes and nanofibres into polymer fibres is an appealing
prospect, and a natural embodiment of this nanocomposite system. As discussed
in the motivation section (Section 7.4) above, there is scope to provide
immediate mechanical enhancements, using existing nanotube and nanofibre
materials, that cannot be obtained using other fillers. Nanocomposite fibres
may represent a useful and early mechanical application of carbon

7.14 Creep behaviour of neat PBO and PBO nanocomposite fibres
containing 10 wt% of SWCNTs at 400 °C and a stress of 250MPa.
Reproduced from Ref. 116.
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nanomaterials. In addition, the presence of the nanofiller, if well dispersed,
may aid the spinning process by increasing the melt strength and/or drawability
of the polymer. While developing these potentially useful systems, a number
of challenges associated with nanotube composites in general can be addressed.

The long-term goal must be to access the properties of individual perfect
nanotubes on a macroscopic scale. As in the case of bulk applications, the
performance of such fibrous nanocomposites critically depends on the quality
of nanostructure dispersion achieved prior to spinning and drawing. The
manufacture of nanocomposite fibres with uniform diameter and good surface
finish relies on well-dispersed filler particles, even at low draw ratios. Methods
to improve both dispersion and to optimise the interface between polymer
and filler are emerging, based particularly on chemical functionalisation of
the surfaces. Probably the most central remaining difficulty is to identify the
nature of the ideal nanotube for use in composites and then to synthesise
sufficiently large quantities at low enough cost for practical usage. Although
a variety of synthesis methods now exist to produce carbon nanotubes and
nanofibres, the products differ greatly in terms of 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. Further comparative studies are needed,
together with theoretical understanding of the nanomechanical mechanisms
at work and their interaction with the polymer microstructure. Many questions
remain outstanding but there are rich rewards to be gained, if the true potential
of carbon nanotubes can be harnessed.
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8.1 Introduction

The fabrication of advanced fibers for protective applications continues to
be of utmost interest. This chapter focuses on the mechanical and morphological
properties of polymer/carbon nanotubes composites via melt processing. In
particular, this chapter will focus on (1) melt processing optimization for
improved nanotube dispersion; (2) the effect of fiber draw ratio on morphology
and mechanical properties; (3) the effect of nanotube type and geometry on
morphology and mechanical properties; and (4) details on future trends for
the technology and potential applications as well as a section outlining further
resources for the interested reader.

Carbon nanotubes are graphitic sheets rolled into seamless tubes (i.e.
arrangements of carbon hexagons into tube-like fullerenes) and have diameters
ranging from about a nanometer to tens of nanometers with lengths up to
centimeters. Nanotubes have received much attention due to their interesting
properties (high modulus and electrical/thermal conductivity) since their
discovery by Iijima in 1991.1, 2 For example, theoretical calculations and
preliminary experimentation have shown that carbon nanotubes have excellent
mechanical properties, electrical conductivity (5.1 × 10–6 to 5.8 Ω cm),3 and
thermal conductivity (1750–5800 W/mK).4 Treacy et al.5 found the Young’s
modulus of individual nanotubes to be in the range of 1 TPa using intrinsic
thermal vibrations.

Although carbon nanotubes show exceptional properties on the nano-
scale, the difficulty lies in creating a material that exhibits carbon nanotube
properties on the macro-scale. Incorporating the nanotubes as filler into
polymer matrices is the most common method currently explored.6–15 Similar
to other composites made from chopped fiber in a polymer matrix, filler
dispersion and orientation are essential to achieve optimal property
improvements. Researchers have used many different techniques to attempt
to disperse nanotubes in polymer matrices including solution chemistry to
functionalize the nanotube surface,16–21 the use of polymers to coat the nanotube

8
Structure and properties of carbon

nanotube-polymer fibers using
melt spinning

R.  E.  G O R G A, North Carolina State University, USA
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surface,22 in situ polymerization of the nanocomposite,23, 24 ultrasonic dispersion
in solution,14, 25 melt processing,10, 26–30 the use of surfactants,21, 31

electrospinning,32 gelation/crystallization33 and electrode chemistry.34

Furthermore, research has shown improved mechanical properties via nanotube
orientation by melt drawing after melt compounding in a poly(methyl
methacrylate) (PMMA) matrix with low levels (~1 wt%) of multiwall carbon
nanotubes (MWNTs).27

Polypropylene (PP) has been a common matrix used for carbon nanotube
composites. Both single wall26, 35–38 and multiwall11, 39–41 nanotubes have
been used to study crystallization behavior in PP and polymer morphology
as well as mechanical properties. Results have been mixed, especially for
mechanical properties, where one study26 showed no significant improvement
in mechanical properties, and others have shown moderate improvements in
tensile strength, but decreased toughness.38

8.2 Producing carbon nanotube-polymer fibers

Exxon Mobil Type 3155 Polypropylene with a melt flow rate of 36 g/10 min,
density of 0.9 g/cm3, and molecular weight distribution of 2.8, was utilized
as the matrix. MWNTs were supplied by Nano-Lab (Newton, MA). These
nanotubes (with purity > 95%) were produced via plasma-enhanced chemical
vapor deposition (PE-CVD) using acetylene and ammonia with iron catalyst
particles on a mesoporous silica substrate.42 The diameter is specified as
20–50 nm with lengths ranging between 5 and 20 µm.

The PP pellets were ground into a powder using a SPEX® CertiPrep
Freezer Mill (Metuchen, NJ). The pellets were precooled for 5 min followed
by three 2 min grinding cycles at 10 Hz. Between each cycle the sample
was cooled for a 1 min interval. Nanocomposites were created by dry
blending the PP powder with a given ratio of MWNTs (0.25, 0.50, 1 and 3
wt%).

The preblend was then fed into a Haake Mini-Lab twin screw extruder
and processed for 10 min at 100 rpm and 200 °C (conditions previously
optimized via a controlled experiment). After 10 min, the composite was
extruded through a 1.75 mm cylindrical die. Oriented samples were created
using a specially designed winding apparatus with melt and solid drawing
capabilities. The winding apparatus consists of three PP rollers each driven
by variable speed motors. The center to center distance for the first and
second rollers is 15 in (380 mm), and for the second and third rollers is
24.75 in (630 mm). Each motor is capable of linear speeds on the outer roller
surface of 45–450 in/min (1.1–11 m/min). The rollers can all be controlled
independently. For melt drawing, the material is drawn using the first roller
and the sample is collected using the third roller. Using this procedure, melt-
drawn samples had a nominal draw ratio of 12:1. In coupled melt/solid
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drawing, the material is wound around the first roller at one speed, and then
wound around the second roller at a faster speed, and is collected by the third
roller at the same speed as that for the second roller. Using this procedure,
coupled melt/solid-drawn samples had nominal draw ratios of 23:1 and 24:1.
After extruding both oriented and unoriented samples (i.e. no drawing via
the winding apparatus), the mechanical and morphological properties were
characterized using the techniques described in the following sections.

8.3 Thermal characterization

A Perkin Elmer Pyris 1 Thermal Gravimetric Analyzer (TGA) was used to
determine the weight percent concentration of nanotubes in the composite
samples. Approximately 20 mg of each sample was heated from 25 to 950°C
at a rate of 20 °C/min in a nitrogen environment. As the sample is heated, the
mass is measured as function of temperature. The mass retained is calculated
by dividing the mass at the temperature of interest by the initial mass. Once
the polymer has degraded, the remaining mass is assumed to be the mass of
the MWNTs since the MWNTs are thermally stable in nitrogen to temperatures
above 1000 °C (from discussion with David Carnahan, President of Nano-
Lab).

Owing to the high thermal stability of carbon nanotubes, the PP matrix
will degrade several hundred degrees before nanotubes in a nitrogen
environment (from discussion with David Carnahan, President of Nano-
Lab). Figure 8.1 shows a comparative plot of the 100% PP sample with
nanocomposites ranging from 0.25 to 3 wt% MWNTs. Owing to the thermal
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0.25% MWNT
0.5% MWNT
1% MWNT
3% MWNT

100

80

60

40

20

0

W
ei

g
h

t 
[%

]

Temperature [°C]
650600550500450400350300250200150100

8.1 TGA plot of PP nanocomposites as a function of MWNT loading.
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stability of the nanotubes, the 3 wt% composite sample shows thermal stability
(i.e. no mass loss) to 192 °C (80 °C higher than that for pure PP).

8.3.1 Differential scanning calorimetry

The crystallinity of the composite samples was studied using a Perkin Elmer
Diamond differential scanning calorimeter. Each sample was heated from 25
to 200°C at a rate of 10 °C/min. The thermograms were used to determine
the onset melting temperature, peak melting temperature, peak area and
enthalpy of melting (∆H). To achieve more accurate values for these
temperatures, a straight baseline was drawn connecting each flat side of the
melting peak. The shapes of the curves at different loading levels were
evaluated qualitatively to determine changes in crystal structure. Finally, the
overall percent crystallinity was calculated by dividing the enthalpy of melting
for the sample (∆H) by the enthalpy of melting for 100% crystalline PP
(∆Hf

o  = 207.1 J/g).43

Figure 8.2 shows the melting endotherms from differential scanning
calorimetry (DSC) for 0, 1 and 3 wt% drawn samples (to a 12:1 draw ratio),
respectively. The crystallinity was calculated using a ∆Hf

o  value of 207.1 J/g
for 100% crystalline PP43 and Equation 8.1, shown below (where ∆H is the
enthalpy measured from the experiment). The percent crystallinity, onset
temperature and melting peak temperature are tabulated in Table 8.1.

% Crystallinity =   100
f
o

∆
∆

H
H

× [8.1]

Figure 8.2 shows the melting peak has a similar shape at the different
loading levels. Table 8.1 shows little quantitative change in the overall percent
crystallinity and peak melting temperature. The addition of up to 3 wt%
MWNTs in PP did not significantly alter the overall crystallinity as observed
by DSC, which is consistent with results from the literature.26, 39, 40

8.4 Fiber morphology

The morphology of the PP/nanotube composite samples was observed both
qualitatively and quantitatively. The dispersion and orientation of the nanotubes
was verified through transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). Finally, the polymer crystal structure and
orientation was investigated quantitatively through wide-angle X-ray diffraction
(WAXD).

8.4.1 Transmission electron microscopy

A Jeol Inc. model 100S transmission electron microscope operating at 100kV
was utilized to view the orientation of the nanotubes. Both drawn and undrawn
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8.2 DSC melting
peaks for (a) 0 wt%,
(b) 1 wt%, and (c) 3
wt% MWNTs in PP.
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samples were observed to determine the extent of orientation for the nanotubes.
Ultrathin cross-sections of the fiber sample were microtomed and placed on
standard TEM grids. Images were captured at magnifications of 25 000× and
50 000×.

Figure 8.3 shows TEM images of 3 wt% MWNTs in PP both unoriented
(no draw) and oriented at 12:1 draw ratio. These images depict the cross-
section of the fiber parallel to the drawing direction. Comparing the two
images reveals how melt drawing the nanocomposite orients the nanotubes.
In the unoriented image (Fig. 8.3a) whole nanotubes lying at various oblique
angles are observed; whereas the image of the drawn sample (Fig. 8.3b)
shows nanotubes that run parallel to the fiber axis, therefore indicating flow-
induced orientation along the fiber axis.

8.4.2 Scanning electron microscopy

A Jeol Inc. Field Emission model J600F scanning electron microscope,
operating at 5 kV, was utilized to further examine the orientation of the
nanotubes. Both drawn and undrawn samples were imaged to determine the
effect of melt drawing on nanotube orientation. The samples were cleaved

Table 8.1 Percentage crystallinity and peak melting temperature

Figure MWNT Draw ratio Crystallinity Peak melting
8.2 (wt%) (%) temperature (°C)

(a) 0 12:1 38 167
(b) 1 12:1 39 166
(c) 3 12:1 40 167

100 nm 100 nm

(a) (b)

8.3 TEM images of 3 wt % MWNT in PP: (a) unoriented, (b) oriented,
12:1 draw ratio.
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with a sharp razor normal to the fiber axis. Next, the samples were coated
with an Au/Pd film approximately 100 Å thick to reduce charging. After
coating, they were mounted with the microscope looking down the fiber
axis, depicting the cross-section of the fiber normal to the drawing direction.
Images were captured at magnifications of 20 000×, 30 000× and 40 000×.

Figure 8.4 shows SEM images of 3 wt% MWNTs in PP both unoriented
(no draw) and oriented at 12:1 draw ratio. These images depict the cross-
section of the fiber normal to the drawing direction. Comparing the two
SEM images further reveals how drawing the nanocomposite orients the
nanotubes. Since the samples are cleaved, the fracture plane will propagate
along the weakest section of the composite, namely the interface between
the nanotube and the matrix. In the case where the nanotubes are unoriented,
the fracture plane will contain nanotubes lying at various oblique angles. As
is shown in Fig. 8.4a, whole nanotubes are observed indicating the random
orientation of the nanotubes, whereas, the image of the drawn sample (Fig.
8.4b) shows only the tips of the nanotubes (which run parallel to the fiber
axis), therefore indicating flow-induced orientation along the fiber axis.

Qualitative evidence of nanotube alignment is observed in both the
transmission and scanning electron microscopy images. Therefore as the
material is being extruded and melt-drawn, the extensional flow causes nanotube
orientation along the fiber axis. As a result, the maximum load transfer can
be achieved, leading to the property improvements discussed in Section 8.5.

8.4.3 Wide-angle X-ray diffraction

A Bruker AXS wide-angle X-ray diffractometer with a Cu Kα average source
(λ = 1.5418 Å) was utilized to look at the crystalline structure of the overall
composite sample and to calculate the Herman orientation factor. The samples
were run in transmission and reflection modes. In the reflection mode, the

(a) (b)

8.4 SEM images of 3 wt% MWNT in PP: (a) unoriented, (b) oriented,
12:1 draw ratio.
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fibers were mounted on a 1 cm × 1 cm silicon wafer. When mounting the
sample in the unit, the fiber axis was oriented in the vertical direction. In this
mode, the beam hits the sample at a predetermined angle, and the X-rays
diffract into the detector creating the diffraction pattern. The instrument was
set to run the scan with ω set at 15°. The scan was run for 900 seconds. From
the diffraction pattern, the intensity is measured as a function of 2Θ, and
plots of intensity versus 2Θ are created. In the transmission mode, the fiber
axis is oriented in the horizontal direction. The beam passes through the
sample, and the X-rays diffract off the sample to the detector, creating cones
seen as rings on the diffraction pattern. From these diffraction patterns, the
intensity around each ring is measured and plotted against χ, the angle
around the ring starting at 6 o’clock moving counter-clockwise. The data
were then corrected for background scattering. Using ImageJ software, the
transmission images were transformed to plots of intensity versus scattering
vector, q.

Figure 8.5 shows the 2D wide-angle X-ray diffraction patterns and
corresponding scattering vector versus intensity plots for drawn samples
(12:1) at 0 and 3 wt% MWNT loading. The plots both reveal the four peaks
corresponding to the four-ring pattern common to PP fiber X-ray diffraction.
However, all four peaks for the 3 wt% sample (Fig. 8.5b) are more distinct
and intense than the peaks for the 0 wt% sample (Fig. 8.5a). Similar transitions
for intensity were observed by Broda44 in pure PP fiber extruded with increasing
take-up speeds. The study concluded the decrease in intensity resulted from
the presence of a mesophase coupled with the PP α phase. Based on comparison
with Broda’s X-ray diffraction plots, the 0 wt% sample contains mesophase
coupled with α phase PP crystals. However, the 3 wt% sample contains only
α phase PP crystals indicating a more ordered crystal structure as a result of
the aligned MWNTs. Although different PP crystal phases can be responsible for
changes in the mechanical properties,43 the strengthening mechanism proposed
here is primarily due to load transfer from the polymer matrix to the nanotube.

Using the intensity as a function of angle, χ, around each diffraction ring,
Herman’s orientation factor can be determined. Herman’s orientation factor
(P2) is defined in Equation 8.2:

P2

2

 = 
3 < cos  > – 1

2
χ

[8.2]

In Equation 8.2, <cos2χ> is the average cosine squared value for the diffraction
ring and is calculated using the following equation:

< cos > =
 cos sin 

 sin 

2 =0

90
2

=0

90χ
χ χ

χ

Σ

Σ
i i i i

i i i

I

I
[8.3]
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In Equation 8.3, Ii and χi are the intensity and angle at the ith (0.5° step)
position along the diffraction ring. The diffraction data were corrected to
shift the background intensity to a value of zero. After correcting the
background, Herman’s orientation factors for each crystallographic ring of a
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8.5 WAXD patterns for (a) 0 wt% and (b) 3 wt% MWNTs in PP with
12:1 draw ratio.
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virgin PP sample and a 3 wt% MWNT loaded sample were calculated using
Equations 8.2 and 8.3. The results are tabulated in Table 8.2.

Herman’s orientation factor can vary between –0.5 to 1. If the factor is
–0.5, the crystal plane is oriented perpendicular to the reference direction of
χ = 0, the direction of draw, whereas a factor of 1 denotes orientation parallel
to the reference direction. Random orientation is observed when the factor
equals 0. Herman’s orientation analysis can be used to quantify crystal
orientation as a function of nanotube concentration and polymer and nanotube
orientation. In the as-extruded (or undrawn) samples, the nanotube addition
promotes isotropization of the composite as demonstrated by the P2 coefficients
being slightly negative but close to zero (for nanotube filled samples). Further
examination of the change in the P2 coefficients (∆P2 = P2,oriented – P2,unoriented)
from the unoriented to the oriented state demonstrates the effects of drawing
both pure PP and filled PP (with 3 wt% MWNT). The ∆P2 factors are tabulated
in Table 8.3. As shown by Table 8.3, drawing the fiber samples results in
improved orientation overall. The 110 crystal planes become more oriented
along the fiber axis, whereas the 040 and 130 planes become more
oriented perpendicular to the fiber axis. However, the 131  plane remains
randomly oriented. It is germane to note that the orientation along the fiber
axis for the 110 plane is more highly oriented for the nanotube loaded sample.
Likewise, the orientation perpendicular to the fiber direction for the 040
plane is more highly oriented in the nanotube loaded sample. This indicates
that the crystal structure becomes more oriented with nanotube orientation,
whereas the opposite is true of the 130 plane.

Table 8.2 Herman’s orientation factors

Sample 110 040 130   13 1

0% Unoriented 0.42 –0.22 –0.08 –0.18
0% Oriented 0.76 –0.37 –0.33 –0.24
3% Unoriented –0.10 –0.08 –0.11 –0.27
3% Oriented 0.43 –0.34 –0.26 –0.22

Table 8.3 ∆P2 values

Ring 0 wt% MWNT 3 wt% MWNT

110 0.34 0.53
040 –0.15 –0.26
130 –0.25 –0.15
  13 1 –0.06 0.05
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8.5 Mechanical properties of fibers

Tensile tests were preformed to measure the tensile toughness (MJ/m3),
modulus (MPa) and yield strength (MPa) of the oriented and unoriented
samples at each loading level. The tests were performed on an Instron®

Model 5544 using the Bluehill® Version 1.00 software package. Ten replicates
of each sample were run to obtain average, standard deviation and standard
error values. Each experiment was conducted with a gauge length of 25.4mm,
crosshead speed of 25.4 mm/min and data acquisition rate of 50 points/
second. To obtain the elastic modulus, a linear regression technique was
utilized to define the slope of the stress–strain curve in the initial region
before yield. The toughness was calculated using the product of the energy
at break at 98% maximum load and the sample volume. The energy at break
was defined as the area under the force–elongation curve up to the break
point, which was defined as 98% of the maximum load. The volume was
defined for a cylinder with initial diameter, d, and initial length, l, as follows:

V = π∗(d2/4)*l [8.4]

Therefore, the defined calculation for toughness equals the energy at break
divided by the volume of the sample. The yield strength was calculated using
the slope threshold algorithm from the BlueHill® software package. In the
algorithm, the yield is calculated as the point where the slope of the stress/
strain curve decreases to a user-selected percentage of the modulus slope.
After experimenting with several different percentages, the value chosen
was 2%, because the marker placed on the stress–strain curve most closely
approximated the appropriate location for yield in a polymer system.

Figure 8.6 shows a representative set of stress–strain curves for the 12:1
melt-drawn samples at each nanotube concentration. The addition of nanotubes
significantly alters the stress–strain behavior of the fibers. The ultimate stress,
yield stress and modulus increase with the addition of nanotubes. In contrast,
the ultimate elongation slightly decreases with the addition of nanotubes.
The significant increases in ultimate and yield stress combined with a small
decrease in ultimate elongation lead to the observed increases in toughness.

Figure 8.7 shows the results for the tensile toughness (Fig. 8.7a), modulus
(Fig. 8.7b) and yield stress (Fig. 8.7c) as a function of nanotube concentration
(from 0 to 3 wt%) and orientation (no draw, or unoriented, and oriented with
a draw ratio of 12:1, 23:1 and 24:1). The white bars represent undrawn
samples, the black bars represent fibers melt-drawn to a 12:1 ratio, the
vertical striped bars represent fibers that are melt and then cold drawn to a
23:1 ratio, and the horizontal striped bars represent fibers coupled melt/solid
drawn to a 24:1 ratio. The error bars are based on the standard error of ten
samples tested at each concentration level. Because of the difficulty of drawing
the PP/3 wt% MWNT samples to the 24:1 draw ratio, homogeneous samples
could not be collected. In both the tensile toughness and modulus, optimal
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loading was achieved at 0.25 wt%. For the yield strength, the maximum
occurred at about 1 wt%.

As observed in Fig. 8.7a, the toughness of the unoriented (no draw) material
is so low at all concentrations that it does not show up on the scale of the
figure. Therefore, the orientation of PP alone improves tensile toughness.
However, with the addition of nanotubes, the oriented samples show a
statistically significant improvement at concentrations of 0.25–0.5 wt%
MWNTs. As proposed by Gorga and Cohen27 the toughness increase in
amorphous materials results from the crack bridging ability of the nanotubes.
As microcracks form, the nanotubes bridge the gap formed by the crack,
slowing down the crack propagation and increasing the overall material
toughness. Synonymously, in semicrystalline materials, such as polypropylene,
the nanotubes act as tie molecules between crystalline regions rather than
crack bridges, thereby also acting as tougheners. At concentrations greater
than 0.5 wt%, toughness decreases. The decrease results as the nanotubes
begin to aggregate, forming stress concentrations similar to those caused by
voids in composite systems as discussed by Wilbrink et al.45

Similarly, Fig. 8.7b shows an increasing modulus with concentrations up
to 0.25 wt% followed by a decrease for both undrawn and drawn samples.
Figure 8.7b shows orientation of PP alone increases the modulus but not to
the level attained with the addition of nanotubes. Adding low levels of nanotubes
to PP improves the mechanical properties up to an optimal concentration
(0.25 wt%) above which nanotube aggregation leads to property decreases
via stress concentrations (as discussed above). Although modulus decreases
above 0.25 wt%, the filled samples with orientation exhibit improved modulus

8.6 Stress–strain curves for 12:1 melt-drawn fibers (� PP, �: PP/0.25,
�: PP/0.5, × PP/1, � PP/3).
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8.7 (a) Tensile toughness (MJ/m3), (b) modulus (MPa) and (c) yield
stress (MPa) as a function of nanotube loading in PP for several draw
ratios.
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over that of the drawn PP for all nanotube concentrations studied. The modulus
increase can either be attributed to load transfer (from matrix to particle) or
crystallinity changes in PP due to the addition of MWNTs (although none
was detected via DSC). According to the rule of mixtures, the maximum
modulus should reach 2.2 GPa for a 0.25 wt% sample, assuming nanotube
modulus of 1 TPa and PP modulus of 550 MPa. However, owing to less than
optimal load transfer, the maximum modulus achieved at a loading of 0.25 wt%
is 1.3 GPa. As shown by electron microscopy (Sections 8.4.1 and 8.4.2), the
nanotubes are not perfectly aligned. Poor adhesion to the matrix material and
imperfections and defects in the nanotube structure will also result in a
reduced composite modulus.

Likewise, Fig. 8.7c shows statistically significant increases in the yield
stress with the addition of nanotubes to PP. Furthermore, the increase to a
maximum value followed by a decrease is also observed. However, the
maximum occurs at a higher concentration range of about 0.5–1 wt% MWNTs.
Additionally, the increase is not as significant and pronounced as in the case
of the toughness and modulus, indicating that the nanotubes are not as effective
at resisting plastic deformation.

Additionally, little to no statistical difference between the melt-drawn
(12:1) samples and the coupled melt/solid-drawn (23:1, 24:1) samples is
observed (as shown by the error bars). However, the toughness for the 0.5 wt%
sample is significantly lower for reasons we cannot explain, but appears to
be an anomaly. Therefore, the addition of fibers that are melt and then solid-
drawn does not affect the values and trends achieved by melt drawing alone.
The ability to melt-draw to higher levels could possibly lead to further
property improvements. Table 8.4 gives a summary of the average mechanical
properties for each loading level and draw ratio.

8.5.1 Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was used to investigate the viscoelastic
properties of the sample. The Q800 Dynamic Mechanical Analyzer from TA
Instruments was used for these experiments. The fiber clamp was used for
the oriented samples, and the film clamp was used for the unoriented samples.
The samples were run using a DMA multi-frequency–strain procedure with
a temperature step and frequency sweep. All samples were cylindrical with
length l and diameter d. The temperature was stepped from 30 to 150 °C with
20 °C increments. The frequency sweep was 0.01–100 Hz on a logarithmic
scale with 3 points per decade. Time–temperature superposition master curves
were created by selecting a reference temperature in the middle of the
experimental temperature range, 90 °C, and shifting the other curves in
relation to the reference curve. The storage modulus, loss modulus and tan
δ master curves were analyzed for trends as a function of nanotube loading.
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Additionally, the activation energy of the composite fibers was calculated
using the Arrhenius equation and was analyzed for trends as a function of
nanotube loading.

The experiments were performed at several temperature intervals and
shifted to a reference temperature (90°C). The storage modulus was measured
as a function of frequency for seven temperatures (ranging from 30 to 150°C)
for the 0.25 wt% MWNT sample. At each temperature the frequency ranged
from 0.01 to 100 Hz.

Horizontally shifting the curves around a reference temperature, i.e. 90 °C,
produced the master curve. The x-axis shift factor, aT, for each temperature was
plotted as a function of the temperature. The data can be fit using the Arrhenius
equation (Equation 8.5) as a mathematical model (as shown in Fig. 8.8):

ln = 
– 1  – 1

T
a

0
a

E
R T T





 [8.5]

In Equation 8.5, Ea is the activation energy of the polymer system, aT is the
time-based shift factor, R is the gas constant, T is the measurement temperature,
and T0 is the reference temperature (in absolute units). As the polymer is
strained, it must overcome an energy barrier to allow the chains to move and
rotate about the main chain bonds. The energy barrier is known as the activation
energy of the polymer system.46 Figure 8.9 shows a plot of this activation

Table 8.4 Summary of mechanical properties for PP and composite samples as a
function of nanotube concentration and fiber draw ratio

Sample MWNT Draw Tensile Modulus Yield
name (wt%) ratio toughness (MPa) stress

(MJ/m3) (MPa)

PP 0 0 0.8 257 15.8
PP 0 12:1 457 551 31.8
PP 0 23:1 397 585 29.9
PP 0 24:1 523 611 33.3
PP/0.25 0.25 0 1.1 528 21.2
PP/0.25 0.25 12:1 608 1312 34.6
PP/0.25 0.25 23:1 549 1167 33.4
PP/0.25 0.25 24:1 512 1250 40.3
PP/0.5 0.5 0 1.7 254 19.4
PP/0.5 0.5 12:1 620 852 38.0
PP/0.5 0.5 23:1 474 877 37.7
PP/0.5 0.5 24:1 237 967 31.7
PP/1 1 0 0.7 266 15.8
PP/1 1 12:1 500 782 38.8
PP/1 1 23:1 355 1064 38.8
PP/1 1 24:1 511 949 40.0
PP/3 3 0 0.9 238 16.4
PP/3 3 12:1 254 957 34.2
PP/3 3 23:1 286 662 32.6
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8.9 Activation energy of fibers as a function of nanotube loading with
12:1 draw ratio.

MWNT [wt%]
0.250 0.5 1 3

450

400

350

300

250

200

150

100

50

0

E a
 [

kJ
/m

o
le

]

Temperature [K]
430410390370350330310290

10

7.5

5

2.5

0

–2.5

–5

–7.5

–10

a T

8.8 Shift factor as a function of temperature for 0.25 wt% MWNTs in
PP (12:1 draw ratio) with Arrhenius model.

energy as a function of nanotube loading with errors bars representing the
standard error of the Arrhenius model fit for the 0.25 wt% sample at the 12:1
draw ratio.
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Similar to the tensile data, a maximum, with the addition of nanotubes, is
seen in the activation energy. However, the trend is only marginally statistically
significant as shown by the error bars. With the addition of high modulus
nanotubes, the resistance to strain should increase similar to that for the
toughness (resistance to rupture) and modulus (resistance to deformation).
However, as the concentration of nanotubes increases to concentrations greater
than 0.5 wt%, aggregates of the nanotubes form, therefore decreasing the
reinforcing effect.

8.6 Conclusions and future trends

Dispersion and orientation of MWNTs in PP simultaneously created a tougher
and stiffer material. The tensile properties increased as a function of loading
to a maximum value at a loading level of 0.25 wt% MWNTs. Toughness
increases up to 32% over pure PP were due to the nanotubes acting as tie
molecules between the crystalline regions. Modulus increases of up to 138%
were due to load transfer from polymer matrix to nanotube. The activation
energy, calculated from dynamic mechanical experiments, also revealed a
maximum as a function of nanotube loading. Therefore, the mechanical
properties (modulus, toughness, yield and activation energy) all exhibited a
maximum at a low nanotube loadings (<1 wt% MWNTs). The DSC results
showed no change in overall crystallinity. Wide-angle X-ray diffraction
indicates a crystal structure change from α phase coupled with mesophase to
α phase only with nanotube loading in oriented samples; however, the trend
in mechanical properties as a function of nanotube loading supports stiffening
as a function of load transfer. In drawn samples, the nanotubes were shown
by transmission electron microscopy and scanning electron microscopy to
be highly aligned. Although nanotube orientation was revealed through these
techniques, isotropization (for randomly dispersed nanotubes) and increased
orientation for the melt-drawn (or oriented) samples was quantified by Herman’s
orientation factor analysis of the wide-angle X-ray diffraction patterns. Through
this work, the processing parameters and morphological and mechanical
properties of a promising nanocomposite material were developed for potential
use in advanced fiber and material applications. Future work will focus on
the thermal and electrical conductivity of these nanocomposite fibers.

The current results reinforce the need to design the nanotube/polymer
interface so that sufficient load transfer occurs. Improved adhesion and stress
transfer across the interface would enable the exceedingly high modulus
value of the nanotubes to contribute in the expected way to the nanocomposite
modulus. At the same time, it is important to tailor the surface adhesion
properly to capitalize on the role of nanotubes in the toughening of the
nanocomposites. If the interfaces of the bridging nanotubes are exceedingly
well bonded, fracture would occur at very high stresses, but without significant
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development of strain, thereby producing strong but brittle materials. A properly
designed polymer/nanotube interface would adhere at low stresses to provide
modulus enhancement while providing frictional slip modes at higher stresses
for energy dissipation. Therefore future work should focus on the ability to
engineer the interface to promote both load transfer and provide frictional
energy dissipation. Additionally, researchers are also making nanotube ropes
(without a polymer matrix). With this methodology, one can imagine that the
strength of the ropes should approach that of the individual nanotubes. Issues
here will include ductility, abrasion resistance and processability.

8.7 Sources of further information and advice

In addition to the references cited throughout this chapter, there are some
good review sources for polymer nanotube composites. These include:

• Thostenson, E.T., Ren, Z. and Chou, T.W., Advances in the science and
technology of carbon nanotubes and their composites: a review. Composites
Science and Technology, 2001. 61(13): p. 1899–1912.

• Harris, P.J.F., Carbon nanotube composites. International Materials Review,
2004. 49(1): p. 31–43.

• Lau, K.T. and Hui, D., The revolutionary creation of new advanced materials
– carbon nanotube composites. Composites Part B – Engineering, 2002.
33(4): p. 263–277.

Another source which discusses polymer nanocomposites (not specific to
carbon nanotubes) is:

• Krishnamoorti, R. and Vaia, R.A., Polymer Nanocomposites: Synthesis,
Characterization, and Modeling. ACS Symposium Series, 2002. 804.

For detailed information on carbon nanotubes, the following will provide the
reader with a solid foundation:

• Dresselhaus, M.S. and Dai, H., Advances in carbon nanotubes. MRS Bulletin,
2004. 29(4).

• Dresselhaus, M.S., Dresselhaus, G., Charlier, J.C. and Hernandez, E.,
Electronic, thermal and mechanical properties of carbon nanotubes.
Philosophical Transactions of the Royal Society of London Series A –
Mathematical Physical and Engineering Sciences, 2004. 363(1823): p.
2065–2098.
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9.1 Introduction

The development of composite materials with nanostructured reinforcements
is well documented; such composites may have metallic (Michalski et al.,
2003), ceramic (Ohji, 1999) or polymeric (Merinska et al., 2004) matrices
and be developed in bulk or thin film form (Pavoor et al., 2004). Reinforcements
are often chosen to improve the structural performance of the composite
without compromising other properties though in some cases it is possible to
enhance both structural and functional properties considerably. This has led
to emerging applications in a number of industries, particularly the automotive
and sports goods industries.

For textile applications polymer matrix composites are the most
relevant. In polymer nanocomposites the reinforcements are typically
selected to increase the strength of the material and many workers have
demonstrated the benefits of adding exfoliated clays, nanoparticles and
even carbon nanotubes. The major problems arise in ensuring reliability of
processing and achieving a uniform dispersion and distribution of the
reinforcement. However, the benefits in structural strength are not always
much greater than can be achieved with traditional reinforcements, and to
get the greatest benefits from such nanocomposites, additional functionality
must be considered. Since a given improvement in mechanical properties
can be achieved by a smaller volume fraction of nanoscale reinforcement,
there is volume available for the addition of particles which can deliver other
properties rather than structural strength and stiffness. Thus there is considerable
potential for multifunctional nanocomposite materials, both as bulk composite
materials and fibres.

In this chapter the development of nanocomposites for mechanical,
tribological and fire-protection applications will be introduced and the potential
for multifunctional nanocomposite fibres will be discussed.

9
Multifunctional polymer nanocomposites

for industrial applications

S.  J.  B U L L, University of Newcastle, UK
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9.2 The development of functional polymer

nanocomposites

Making good samples of polymer nanocomposites is a challenge and a range
of processing techniques are being actively developed at present including
melt mixing (Chan et al., 2002), in situ polymerisation (Yang et al., 1998,
Reynaud et al., 2001) and other approaches. A full discussion of the technologies
available is beyond this chapter but the interested reader is referred to the
review of Jordan et al. (2005). A single processing approach is unlikely to
deliver viable composites in every system and the different processing
techniques often do not give the same results (Park et al., 2001). One of the
main issues in preparing good polymer matrix nanocomposites is the good
dispersion of the nanoparticles in the polymer matrix which is a strong
function of the preparation technique. This is a particular problem as the
volume fraction of the particles increases.

An important group of nanocomposites is those based on clay reinforcement
where the processing critically depends on the final morphology required for
the reinforcement within the composite, i.e. particulate, exfoliated or
intercalated (Komarneni, 1992). In the intercalated form the matrix polymer
molecules are introduced between ordered layers of clay resulting in an
increase in the interlayer spacing. However, in the exfoliated form the clay
layers are separated and distributed randomly within the matrix. It is possible
that some portion of a particular composite will form the intercalation
morphology whereas another part will form the exfoliated structure – this is
determined by balancing the interaction between the polymer matrix and
silicate platelets against interactions between the silicate platelets themselves
and may depend on attractive and steric interactions (Koo et al., 2003).
Exfoliation of layered materials is often hampered by the fact that the materials
exhibit a strong tendency to agglomerate due to their large surface areas.
However, in general, exfoliated materials show better properties than
intercalated materials with the same nanoplatelet concentration and this has
driven the development of exfoliated composite systems.

Intercalated nanocomposites are usually formed by mixing in the melt or
in situ polymerisation whereas exfoliation may require more complex
processing depending on the properties of the clay (Usuki et al., 1993).
However, such layered silicate-based polymer nanocomposites have attracted
considerable recent interest after the commercialisation of polypropylene-
and nylon-6-based materials (Krishnamoorti and Yurekli, 2001, Kiersnowski
and Piglowski, 2004). The major barrier to commercialisation has been
developing techniques to ensure a reliable and reproducible product which
has now been addressed for clay-based composites some thirty or so years
after they were first developed.

The use of carbon nanotubes (CNT) in polymer composites has attracted
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considerable attention (Wagner et al., 1997, Shaffer and Kinloch, 2004). The
high aspect ratio of the carbon nanotubes and their exceptional mechanical
properties could provide the ultimate reinforcement for structural composite
materials and improved electrical and thermal conductivity are also possible
due to the low percolation limit of CNT. However, the planar graphitic
surface of these nanotubes provides relatively few sites for easy chemical
modification and bonding to a matrix material and hence processing viable
composites can be difficult. Furthermore, the properties of the nanocomposites
made with carbon nanotubes vary considerably; in part this is due to the fact
that mixtures of single and multiwall nanotubes are produced by most
manufacturing techniques and this will vary from process to process and
even from batch to batch. Another source of variation is the different defect
densities which are observed for nanotubes from different sources. Considerable
improvements in reliability and reproducibility will be required if CNT
are to be used in composites in the same way that clay systems are used
today.

To date much of the development of polymer nanocomposites has been
for structural applications with current commercial applications such as the
step assist for the Chevrolet Astro van introduced by General Motors in
2002. However, there are other composite functions, such as tribological
resistance, low friction or fire retardancy which are important in other
applications and with nanoscale reinforcements it is possible to mix several
different types of reinforcement to generate improvements in a range of
properties. The following sections discuss how such properties are improved
in nanocomposites.

9.3 Improving the mechanical properties of

polymer nanocomposites

Many workers have reported that the elastic modulus of nanocomposites
increases as the size of the reinforcement is reduced, provided that there was
a good interaction between the filler and the polymer matrix (Vollenberg and
Heikens, 1989, Chan et al., 2002). For some nanocomposites with very
small reinforcement particles, Young’s modulus is greater than might be
expected from the volume law of mixtures of the constituents and this is
attributed to the modification to the structure of the matrix surrounding the
nanoparticles due to their high surface area (Akita and Hattori, 1999). For
polymer systems where a high degree of crystallinity is possible, the increase
in modulus with a reduction in particle size is found to be even greater unless
there is poor interaction between filler and matrix. The modulus increases
with the volume fraction of the reinforcement as expected until aggregation
of the particles occurs when the modulus can be reduced in some systems
(Akita and Hattori, 1999).
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The yield strength of a polymer nanocomposite is critically dependent on
the interaction between the reinforcement and the matrix. Where this interaction
is strong the yield stress tends to increase with increasing volume fraction of
reinforcement and decreasing particle size. This changes when there is poor
interaction where an increase in volume fraction leads to a yield stress decrease
from the value for the unreinforced matrix, regardless of the filler concentration
or size. The ultimate tensile strength follows a similar pattern to the yield
stress. Thus, to achieve nanocomposites with good mechanical properties it
is critical that the matrix–reinforcement interfacial chemistry is controlled to
give strong adhesion.

As the stiffness of the nanocomposite increases, so, in general, does its
strength and this is accompanied by a reduction in its strain to failure. The
strain to failure for a nanocomposite material is often higher than when the
reinforcement is micrometre-sized (Petrovic et al., 2000). However, there
are exceptions to this and, as with strength, it critically depends on the
bonding between the reinforcement and the matrix – if this is poor then both
the strength and strain to failure are reduced (Chan et al., 2002).

For clay-reinforced nanocomposites, increases in modulus compared with
the unfilled polymer matrix have been observed in many systems with the
effect increasing with filler content as expected but the properties are highly
sensitive to microstructure (Luo and Daniel, 2003). In general, to maximise
stiffness (and thermal properties) it is necessary to achieve full exfoliation and
dispersion which is not readily achieved (Vu et al., 2001, Zhang et al., 2004).

Filler particles are added to composite materials to improve their viscoelastic
properties. The heat distortion temperature for nanocomposites tends to be
higher than that of the unfilled matrix or microreinforced materials because
of an increase in viscosity during composite manufacture and a reduction in
viscous deformation afterwards. For nanocomposites the storage modulus
increases with an increase in the reinforcement content for both clay reinforced
(Shelley et al., 2001) and silica nanoparticle reinforced nylon (Reynaud et
al., 2001). Similar results have been observed for silica–polyurethane
composites (Petrovic et al., 2000). Morphological details such as exfoliation,
intercalation or matrix cross-linking also have a significant effect on the
viscoelastic response. In epoxy–clay nanocomposites an increase in the amount
of exfoliation is associated with an increase in viscosity and a relatively
large increase in storage modulus (Park and Jana, 2003). In general, the
resistance to viscoelastic deformation tends to be higher in polymer
nanocomposites than in pure polymer systems. Where there are strong matrix–
reinforcement interactions the storage modulus increases with increasing
volume fraction of filler and increases as the reinforcement size decreases.

The increase in tensile strength or Young’s modulus for nanocomposites
compared with microcomposites can partly be explained by the details of the
interaction between the filler and the matrix. Good adhesion between matrix

© 2007, Woodhead Publishing Limited



Nanofibers and nanotechnology in textiles260

and particle results in less debonding when a stress is applied and consequently
the strength is improved. The polymer in the proximity of a particle to which
there is good adhesion tends to have higher density which also results in an
increase in stiffness (Vollenberg and Heikens, 1989). The polymer adjacent
to this high-density region will have a lower density as the chains are moved
towards the particle to make the high-density region. For large particles this
lower density region will be relatively large and the contribution of the high
modulus filler will be diminished compared with the case when the filler
particle is small. For nanocomposites, the number of particles for a given
volume fraction is much larger and the particles will be much closer to each
other. If the reinforcement particles are very densely packed then the high-
density boundary layer will make up a larger proportion of the matrix and
the modulus will increase. Thus, the major improvements to the mechanical
properties of nanocomposites arise from the small particle spacing, rather
than directly from the size or volume fraction of the reinforcement particles
used.

The use of CNT in polymer composites has also received considerable
attention (Kuriger et al., 2002, Shaffer and Kinloch, 2004). The combination
of the high aspect ratio and extreme mechanical properties (strength and
stiffness) of CNT provides the ultimate reinforcement for composite materials.
Even with only 1% by weight of CNT added to a polymer matrix increases
in strength and stiffness in excess of 40% have been measured (Lozano and
Barrera, 2001). However, the properties of most CNT are very variable,
since single and multiwall nanotubes with differing numbers of defects may
be used for composite manufacture. For this reason the properties of nanotube
composites can be very variable and considerable work is necessary to develop
a reliable supply of material to generate CNT reinforced composites with
controlled properties.

9.4 Improving the fire-retardant properties of

polymer nanocomposites

Polymer–clay nanocomposites have been shown to greatly improve the barrier
properties and fire retardancy of polymers as might be expected from their
highly distributed inorganic material content (Gilman et al., 1997). This has
been reviewed by several authors for both polymer–clay and polymer–
nanoparticle composites (Porter et al., 2000, Koo and Pilato, 2005, Yang et
al., 2005). Intercalated and exfoliated complexes show increased thermal
stability compared with the unreinforced polymer. The fire properties of
materials are evaluated in many different ways including by cone calorimetry
(ASTM E1354), radiative gasification and limiting oxygen index measurement
(ASTM D2863, ISO4589). Cone calorimetry is the most widely used laboratory
method to assess nanocomposites – this technique generates information on
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the heat which is released during combustion of the material and the reduction
in peak heat release rate (PHRR) is often used to characterise potential fire-
retardant materials (Schartel et al., 2005). For instance, in polystyrene–clay
nanocomposites, Zhu and Wilkie (2000) reported that the peak heat release
rate may be decreased by up to 58% depending on the composite structure
and filler content.

Improvements in fire performance have been reported for polymer–clay
nanocomposites with a range of polymer matricies including polyethylene
(Bergaya et al., 2005), polypropylene (Tidjani, 2005), polyamide (Lei et al.,
2004), epoxy (Camino et al., 2005), polystyrene (Chigwada et al., 2006a),
acrylonitrile butadiene styrene (ABS, Chigwada et al., 2006a) and ethylene–
vinyl acetate copolymer (EVA, Szep et al., 2006). In most cases the fire
performance of a polymer–clay nanocomposite is dictated by its composition,
rather than by the details of the microstructure, in contrast to the mechanical
properties of the composite. The benefits increase as the clay content increases
and further improvements can be achieved by the use of compatibilisers
(Modesti et al., 2006). Good dispersion of the clay is essential for the most
reliable materials (Duquesne et al., 2003). Modification of the clay with
different salts can improve performance, e.g. by the addition of quinolinium
and pyridinium surfactants to polystyrene (Chigwada et al., 2006b). It has
also been shown that the use of synthetic clays to improve fire performance
is more effective than the use of natural clays in the composite (Morgan et
al., 2005).

In many cases the clay catalyses the formation of a clay reinforced
carbonaceous char which is responsible for the lower flammability of the
nanocomposites (Hull et al., 2003, Preston et al., 2004, Zanetti et al., 2004).
The fire retardancy of polymer/clay nanocomposites is thus controlled by a
change in the degradation pathway of a polymer by incorporation of the clay
(Jang et al., 2005). Since the clay layers act as a barrier to mass transport and
lead to superheated conditions in the matrix, extensive random scission of
the products formed by radical recombination is an additional degradation
pathway of polymers in the presence of clay. The polymers that show good
fire retardancy upon nanocomposite formation exhibit significant intermolecular
reactions, such as inter-chain aminolysis/acidolysis, radical recombination
and hydrogen abstraction. This increases as the clay loading increases (Jang
and Wilkie, 2005). In the case of the polymers that degrade through a radical
pathway, the relative stability of the radical is the most important factor for
the prediction of the effect that nanocomposite formation has on the reduction
in the peak heat release rate. The more stable is the radical produced by the
polymer, the better is the fire retardancy, as measured by the reduction in the
peak heat release rate, of the polymer/clay nanocomposite.

Improvements in fire performance have also been reported for
nanocomposites reinforced with nanoparticles. For instance, PMMA–silica
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nanocomposites show improved thermal stability compared with the
unreinforced polymer (Yang and Nelson, 2004) and polyimide–silica
nanocomposites show improved fire retardancy (Liu et al., 2000). Oxide
nanoparticles generate a decrease in PHRR with a range of fillers and the
effect increases with filler content. Synergistic effects have also been reported
with the combination of TiO2 and organoclays (Laachachi et al., 2005).

The best fire performance is usually achieved by a combination of traditional
fire-retardant additives with the nano-reinforcement, whether clay-based or
nanoparticles (Zhang and Horrocks, 2003). For instance the combination of
magnesium hydroxide and montmorillonites with an EVA matrix results in
improved performance (Szep et al., 2006). Similarly an improvement in fire-
retardancy of clay–polystyrene nanocomposites has been achieved by the
addition of an oligomeric material consisting of vinyl benzyl chloride, styrene
and dibromostyrene (Chigwada et al., 2005). Different clay materials also
have differing effects on fire retardancy (Jash and Wilkie, 2005) and
combinations of different clays can also generate improved properties
(Marosfosi et al., 2006). The combination of clay–nanocomposites with added
phosphorus-based fire retardants has also been tested and a 92% decrease in
PHRR was recorded in the best case (Zhu and Wilkie, 2000). Synergistic
effects have been reported in a number of systems, and this, combined with
the ability to reduce the fire-retardant content and replace the halogen and
phosphorus-containing systems with more environmentally friendly materials,
is a major advantage for the nanocomposites currently being developed.

9.5 Improving the tribological properties of

polymer nanocomposites

There are a number of ways in which the addition of a particle to a polymer
can improve its friction and wear properties and all of these have been
exploited in the production of nanocomposites. One approach is to reduce
the adhesion of the composite to its sliding counterface by adding friction-
modifying reinforcements which may also reduce the heat generated in a
sliding contact. These friction modifiers may be in the form of low-friction
particles which form low-friction transfer layers at the interface between the
composite and its sliding counterface when the surface layers are disrupted
by sliding. The fillers may also modify the properties of the transfer layer
which forms, reacting chemically with the matrix and counterface materials
to produce a low shear material. Another approach is to increase the hardness,
stiffness and strength of the material using reinforcement particles as discussed
previously. Yet another approach is to use fillers to control the heat transfer
through the material in order to dissipate the heat generated by friction. Not
all fillers increase the wear resistance of the composite; in the case where the
filler decomposes during sliding and the reaction products strongly adhere to
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the counterface (Briscoe, 1993) or where the adhesion between the filler and
matrix is poor the wear rate will increase (Dasari et al., 2005).

To modify friction and adhesion, solid lubricants such as graphite or
polytetrafluoroethylene (PTFE) are used. These are either layered structures
(e.g. graphite or MoS2) with low shear strength planes within their structure
or smooth molecular species (PTFE) which can become aligned in the sliding
direction in a similar manner to combed hair. In both cases these form a
modified transfer film on the surface during wear, e.g. a PTFE film (Hager
and Davies, 1993). One of the problems with the layered lubricants is the
fact that chemical bonding at the edge of the low shear planes can lead to
increases in the shear stress required to maintain sliding and a consequent
increase in friction. A recent development which addresses this problem is
the production of fullerene-like MoS2 nanoparticles where the low-friction
basal planes are wrapped into an approximately spherical shell with a much
reduced number of chemical bonding sites, usually at kinks in the planes
(Rapoport et al., 2005a). This type of material shows low friction and improved
life and load bearing capacity compared with conventional flake particles
both in composites and as an addition to grease (Rapoport et al., 2005b).
Another approach is to soak lubricants into a nanoporous composite (Ahn et
al., 2003).

The reinforcement material composition affects the composition and
properties of the transfer layer that forms during sliding which controls
friction and wear behaviour in most nanocomposite systems. A uniform,
tenacious transfer film is produced in clay–nylon-6 nanocomposites, which
leads to a reduction in friction and a lower wear rate (Srinath and Gnanamoorthy,
2005). Similar results are observed for silica nanoparticle reinforcement
(Garcia et al., 2004).

The use of reinforcement particles that improve the mechanical properties
of the composite in order to improve its wear performance is well documented
for a range of polymer matrix materials. As the particle size is reduced the
improvement in tribological properties tends to increase as smaller regions
of matrix material are exposed to the sliding counterface during wear. For
instance the wear performance of silica reinforced epoxy composites increases
as the particle size is reduced from 500 to 120 nm (Xing and Li, 2004).
However, opposite trends were observed for glass reinforced nylon in abrasive
wear tests (Friedrich, 1986b). In fact the behaviour is often a complex function
of particle size with an increase in wear rate at intermediate size and a
reduction at the smallest sizes (Fig. 9.1). For composites with nanoscale
particle reinforcement (i.e. less than 100 nm diameter) there is generally an
improvement in wear performance as the particle size is reduced (Wang et
al., 1996, Bahadur and Sunkara, 2005). Optimum wear performance is usually
obtained with a fixed volume fraction of filler (Cai et al., 2003). For a
particular particle size the wear resistance increases with volume fraction up
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to a maximum, usually when the filler particles start to interact with each
other. The maximum in performance thus represents a limit imposed by the
dispersion of the particles in the matrix. In cases where particle interactions
occur, the wear can be very severe and apparently abrasive in nature whereas
at lower reinforcement volume fractions the wear mechanism is different
(e.g. adhesive and fatigue wear). A strong adhesion between reinforcement
and matrix is necessary to prevent pull-out and high wear in nanocomposites
designed for tribological applications. This has driven the development of
coupling agents and other chemical modifications to improve performance
(Zhang et al., 2002a,b).

An added advantage of nanocomposites manufactured with small diameter
reinforcements is the reduction in surface roughness of the sliding surface.
This generally leads to a reduction in the contact stresses at asperity contacts
and a resultant reduction in damage to the composite system. The roughness
of the counterface is also critical because this dictates the nature of the initial
contact with the nanocomposite surface and controls the mechanics of formation
of the transfer film (Friedrich, 1986b) – when the roughness of the counterface
is less than the particle size, the presence of the nanoparticles tends to increase
the wear rate because detached particles get trapped between the sliding
surfaces and cannot be taken out of the contact by moving into the roughness
valleys. In this case three body abrasion occurs before a protective transfer
film forms and the wear rate increases.

Improvements in friction and wear have also been reported with carbon
nanotube reinforced polymer composites (Igarashi et al., 2005). This is due
to both increases in strength of the material and the modification of the
transfer layer by fragments of nanotube which can reduce friction. There is
an optimum nanotube composition (Cai et al., 2004) typically about 10% by
weight, for the best wear performance (Werner et al., 2004).

9.1 Effect of reinforcement diameter on wear performance for silica–
polyurethane nanocomposites (12 vol%).
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9.6 Case-study: development of a nanocomposite

sliding seal ring

The problems with developing successful functional applications of
nanocomposites can be illustrated with the following example. In this case-
study nanocomposite materials were developed for an application in which
a composite ring was sliding against a flat steel component in the absence of
lubrication. The mean contact pressure at the seal face was 1 MPa. The wear
rate and coefficient of friction of the sliding composite part were to be
minimised and the sliding speed maximised. A traditional approach to achieve
a highly wear-resistant polymer composite is to combine fillers with different
functions (e.g. Friedrich, 1986a); this approach has been adopted here. A
range of conventional composite and nanocomposite materials has been
investigated to determine which is most suitable. Benchmarking newly
developed nanocomposites against currently available composite systems is
essential to justify their use in any application and in most cases there is a
considerable cost implication when selecting a nanocomposite material.

9.6.1 Materials investigated

A range of structural composite materials were produced with different
reinforcements for performance assessment. The systems were based on a
conventional woven roving/thermosetting resin design but with added nanoscale
reinforcement which was mixed with the resin prior to lamination. The systems
investigated were:

1. glass reinforced phenolic;
2. glass reinforced polyester;
3. glass reinforced vinyl ester (conventional and scrimp (higher glass

content));
4. carbon fibre reinforced epoxy;
5. glass reinforced vinyl ester with added PTFE (100 nm);
6. glass reinforced vinyl ester with added MoS2 (100 nm);
7. glass reinforced vinyl ester with added MoS2 (100 nm) + 10% flake

graphite (>10 µm);
8. glass reinforced vinyl ester with added flake graphite (>10 µm);
9. glass reinforced vinyl ester with added 3.5–5 µm silica particles;

10. glass reinforced vinyl ester with added 50–70 nm diameter silica particles;
11. glass reinforced vinyl ester with added silica particles; 50% at

50–70 nm and 50% at 3.5–5 µm.

Sample 1 was chosen because the thermal degradation products of phenolic
materials are known to be less sticky that the other matrix materials (Vishwanath
et al., 1993). Sample 2 was chosen because it is cheap and easy to process
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but it was expected to have poor wear performance. Silica particles were
treated with a titanate coupling agent to aid wetting by the resins; particles
were easy to mix with the resin but tended to form clumps in the composite
after processing. Sample 4 was chosen because carbon fibre additions to
materials such as nylon have been shown to reduce friction in seals by
modifying the chemistry of the transfer layer formed. All the additives in
samples 6 to 8 are low friction materials that are known to reduce friction in
some circumstances as an additive to polymers, composites (Yu et al., 1996),
lubricating oils and greases. The main difference with previous studies was
the size of the reinforcing particles.

The samples were made by laminating against glass using a release agent;
this produced a very smooth surface which is suitable for wear testing. The
additives were mixed with the vinyl ester resin prior to hand lamination
according to the proportions in Table 9.1. Four samples were made at a time.
Some 400 g of the vinyl ester resin was used with the various fillers to lay up
the first four layers of the composite and then another four layers were laid
up using just the resin. This produces samples with a smooth side (next to the
glass) which can be tested and a rough side at the rear. The total sample
thickness is sufficiently large that no substrate or backing effects were observed
during testing. For the phenolic and polyester matrix materials both the
smooth and rough sides were available for testing and both were assessed to
determine if roughness has a big effect on the friction and wear results.

The results were compared with a standard steel sample which was tested
either in the as-received condition or coated with a layer of lubricating
grease. In addition to the modification of structural composites a number of
polymer nanocomposites were made by mixing nanoscale reinforcements
with a polyurethane resin. In this case the resin was again cast against a glass

Table 9.1 Fillers added to 400g vinyl ester resin to make the structural composites
used in this study

Sample Glass mat Filler (1) Weight Filler (2) Weight
(1) [g] (2) [g]

Micro silica Woven roving 0/90 Silica 300
(3.5–5 µm)

Nano silica Woven roving 0/90 Silica 200
(50–70nm)

Mixed silica Woven roving 0/90 Micro- 100 Nano- 100
silica silica

PTFE (100nm) Woven roving 0/90 PTFE 50

Graphite Woven roving 0/90 Graphite 30

MoS2 (100nm) Woven roving 0/90 MoS2 100

Mixed Woven roving 0/90 MoS2 90 Graphite 10
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block and the smooth side was tested. Silica nanoparticles of a range of
different sizes were added to the resin at 5% and multiwall carbon nanotubes
were added at 0.5% by weight.

9.6.2 Wear tests

Tribological tests were performed on a modified pin on disc tester fitted with
a rotation speed tachometer and friction and wear transducers which were all
calibrated prior to use. In this tester a flat-ended pin is loaded against a disc
by a dead weight on the end of the loading arm. In each test 60 mm diameter
composites discs of approximately 10mm thickness were used sliding against
a 10 mm diameter, 17mm long steel pin. The disc is rotated by a motor
whose speed is controlled by the tachometer. The rotation of the disc forces
the loading arm against a load transducer to measure the frictional force and
a displacement transducer is placed against the loading arm to measure the
total arm displacement during the test. Great care was taken to ensure that
the end of the pin was flat and parallel to the disc surface in the test to
minimise errors due to misalignment. This was achieved by running in the
pin on an unimportant region of disc prior to moving to the test diameter for
friction and wear evaluation. All tests were carried out unlubricated. Each
test was performed three times and the results averaged; test results were
quite consistent with errors of less than 10% except in the case of the nanoscale
silica particles where considerable scatter was observed and the extremes of
the behaviour observed are shown in the following figures.

Two different types of test were carried out:

• Variation of friction coefficient with sliding speed. In this case tests were
carried out on the same track. The sample was rotated at a low speed and
left for a few minutes for the friction coefficient to stabilise. A friction
measurement was then taken averaged over 60 s of sliding and then the
speed was increased and the process repeated. The speed was increased in
this manner until seizure occurred and the rotation stopped. This defines
the limit in sliding velocity for the composite/pin pair at the normal load
chosen.

• Fixed speed test at 6 m/s for a total of 10km sliding distance to determine
wear behaviour.

In all tests a load of 75 N was applied to the pin giving a contact pressure of
~1 MPa. Stylus profilometry was used to assess the depth of the wear scar
produced at four places on each track and the results averaged to determine
the wear. Friction coefficients were determined by dividing the measured
frictional force by the applied normal load.
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9.6.3 Friction coefficient measurements

For all materials the friction coefficient was approximately constant as a
function of sliding speed until close to seizure when friction increases rapidly.
Typical plots are shown in Fig. 9.2 and 9.3. Two important parameters can
thus be extracted from the test data:

• the average friction coefficient at all sliding speeds;
• the speed at which seizure occurs under the contact conditions in the test.

The average friction coefficient data for all the samples are collected in Fig.
9.4. It can clearly be seen that most of the composite samples have lower
friction coefficients than ungreased steel but all have higher friction than
greased steel. As expected the phenolic reinforced with glass shows low
friction in dry sliding as does the polyester reinforced with glass and epoxy
reinforced with carbon. Only the nanoscale PTFE and MoS2 additives have
been successful at reducing the friction of the glass reinforced vinyl ester
(VE). This is consistent with the observation that the scrimp glass reinforced
vinyl ester, which has a higher glass content than the other material tested,
also shows a higher friction coefficient. It appears that increasing the amount
of filler in the material is thus counterproductive if a low friction coefficient
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9.2 Variation of coefficient of friction with speed for a range of
materials tested against steel at 1MPa contact pressure in dry
sliding.
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Scrimp vinyl ester/glass
Vinyl ester/glass
Epoxy/glass
Epoxy/Kevlar
Epoxy/glass-Kevlar hybrid
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9.3 Variation of friction coefficient against steel with sliding speed for
a range of vinyl ester and epoxy matrix composites tested at 1MPa
contact pressure in dry sliding.

9.4 Average friction coefficient against steel (1MPa contact pressure)
as a function of material tested in this programme.
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is required unless the filler itself can deliver low friction. It was initially
thought that this increase in wear was due to interactions between the
reinforcement materials at high loadings. However, temperature measurements
showed that increasing the filler content has reduced the thermal conductivity
of the composite and thus increased the thermal degradation and stickiness
of the contact zone. The highly filled composites show a higher wear rate
(see later) and more surface damage is evident. Damage dissipates energy
and therefore increases friction. Increasing surface roughness slightly also
increases friction for the glass reinforced polyester tested here due to the
excessive damage created. This is much less significant for the phenolic
matrix material which shows no change in friction with roughness.

The glass reinforced vinyl ester reinforced with nanoscale reinforcement
was very different to process and clumps of glass were visible in the composite.
Repeat tests on this material show very variable friction and wear performance
depending on the location of the glass clumps. This highlights the importance
of developing processing methods that generate a uniform dispersion of any
reinforcement. The maximum speed before seizure for all the composite
materials is very low (Fig. 9.5) but can be increased by the addition of nanoscale
MoS2 reinforcements.

9.5 Maximum speed before seizure for samples tested in this study
(1MPa contact pressure).
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9.6.4 Wear

During the wear test experiments it was found that not all samples could be
run under the same conditions as originally planned since the maximum
speed limit of most of the composites was very low. Wear measurements
were thus made on each disc at the highest sliding speed achievable for a
total sliding distance of at least 1 km and normalised to 10 km (assuming
wear depth is linearly proportional to sliding distance) to compare with the
best samples.

Some of the samples show very good wear behaviour (Fig. 9.6). In particular
the glass reinforced phenolic shows very low wear rates. The carbon fibre
reinforced epoxy has a much higher wear rate than any of the other epoxy
matrix composites – the fibres are easily damaged during testing and any
advantage that carbon might impart in reducing friction is lost as the roughened
damage surface wears. Most of the nano-additions to vinyl ester reduce its
wear rate and the silica reinforcement can give major improvements in the
best samples. However, as the glass content increases wear is increased due
to poor interaction between the particles and the matrix leading to easy pull-
out; in the case of the scrimp vinyl ester glass pull-out is very apparent in the
wear scar. Of all the additives the nanoscale silica has the greatest effect but
the nanoscale MoS2 offers some advantages. The glass reinforced polyester
has a very high wear rate as expected.

The improved wear resistance of nanosilica reinforced vinyl ester prompted
a more detailed investigation of the effects of particle size on the wear

9.6 Maximum wear scar depth of all materials tested in this study
after 10km dry sliding against steel (1MPa contact pressure).
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resistance of a polymer nanocomposite. In this case a polyurethane resin was
used, rather than a structural composite, to avoid the complicating effects of
macroscale reinforcement. Figure 9.1 shows that the wear rate is critically
dependent on particle size, initially increasing as the reinforcement diameter
is reduced but dramatically falling as the reinforcement size becomes
nanoscaled.

The results presented so far indicate that no single nanoscale reinforcement
generates ideal results, either alone or when used in conjunction with more
conventional reinforcement materials. To control wear, a hard reinforcement
such as silica is preferred whereas to reduce friction a low shear stress
reinforcement such as MoS2 is more effective. Thus a combination of nano-
scale reinforcements in vinyl ester resin has been investigated in further tests
and the benefits of the mixed compositions on friction (Fig. 9.7) and speed
at seizure (Fig. 9.8) have been demonstrated without compromising wear
performance.

Visual examination of the worn surfaces of the tested composites shows
some evidence of char formation. Thus the high-speed sliding wear performance
of these polymer nanocomposite materials is controlled by heat generation
and dissipation. The approach of adding particles which generates a reduction
in friction has been successful at improving tribological performance by
limiting heat generation but an alternative approach would be to add material
to the composite which can improve its thermal conductivity so that any heat
generated can be more easily dissipated. Potential nanoscale reinforcements
which could achieve this include metals and carbon nanotubes since the
conductivity along the tube is very high. The best results are achieved with
single wall nanotubes but it is currently difficult to obtain this material in
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9.7 Friction coefficient of vinyl ester nanocomposites with different
reinforcements.
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sufficient quantity for tribological composites. Thus unprocessed multiwall
nanotube mats have been incorporated in the polyurethane resin used previously
to assess the viability of the approach. At 0.5% loading the tubes have little
or no effect on the friction and wear rate of the polyurethane at low sliding
speeds as might be expected but the speed limit for seizure for the composite
is increased from 1 to 3.5 m/s, indicating that the dissipation of the frictional
heat has been improved (Fig. 9.9). More work is necessary to assess this
encouraging result further.

The results presented here highlight the need to understand the mechanisms
by which a composite fails in a given application if the best material is to be
developed. As the functional requirements become more complex this will
be more difficult to achieve but the benefits of doing so will be greater as
more synergisms can be exploited.

9.7 Enhancing the functionality of polymer

nanocomposites

The results presented here demonstrate the benefit of nanoscale reinforcement
to improve wear resistance of the composite material but to improve the
overall performance of the materials for a sliding seal application no single
reinforcement material is suitable. However, a combination of reinforcements
can be developed which impart multiple functionality to the composite. For
instance, both silica and MoS2 nanoparticles added to a polyurethane resin
matrix can generate improvements in both friction and wear behaviour.

The work here has been carried out with thermosetting resin matrices but
there is no reason to suspect that similar results will not be achieved using
thermoplastic resins which can be processed into fibres, e.g. by melt
electrospinning. Enhanced functionality can be achieved at relatively small
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9.8 Speed limit of vinyl ester nanocomposites with different
reinforcements.
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particle loadings where the viscosity of the material is not increased too
much to process. In many cases the nanocomposite composition range does
not need to be tightly controlled as good properties are achieved with a range
of reinforcement contents and the processing is quite forgiving in this respect.
However, achieving a uniform dispersion of the reinforcement is much more
important and this is a major goal of process development. It has been shown
that nanotubes at similar loadings to those investigated in this study can be
added to thermoplastic matrices and processed by injection moulding (Yalcin
and Cakmak, 2004) or spun into fibres (Dalton et al., 2003) and fibres
containing nano-reinforcements have been produced by electrospinning (Sen
et al., 2004). The potential for the manufacture of nanocompsite fibres is
therefore excellent but more work is necessary to develop and optimise
appropriate processing conditions. A reliable source of defect-free nanotubes
with reproducible properties will need to be developed if the benefits are to
be exploited commercially to any great extent.

It is clear that multifunctional materials may be developed by using several
reinforcements in the resin matrix and the choice of these should be based on
the required functionality. Many possibilities exist, including:

• high-strength impact management systems;
• fire-retardant systems;
• friction and touch/feel modifiers;

9.9 Variation of coefficient of friction with sliding speed for vinyl
ester resin with and without 0.5% multiwall nanotube reinforcement.
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• colourants;
• electrical conductivity modifiers/capacitors/batteries;
• wettability modifiers;
• self-cleaning fibres.

In some cases these functionalities may be achieved by other methods, e.g.
by coating or surface texturing after fibre manufacture and the relative merits
of the competing technologies will need to be assessed.

One key concern is the cost and availability of the reinforcements used. In
this study synthetic nanoparticles and nanotubes have been used but these
would not be economic for large-scale composite manufacture at present.
Careful control of particle size distribution and the processing of particles is
essential and novel processing methods, such as precipitation in the spinning
disc reactor (Brechtelsbauer et al., 2001), offer great promise in this respect.
A range of natural nanoparticles exist which can be obtained from clay
deposits which could lead to improvements in strength and fire protection
but these need to be investigated in more detail. The characterisation of
mineral deposits and the particles that come from them is a key part of this
and much progress has been made in recent years.

9.8 Conclusions

Multifunctional nanocomposite materials can be produced by combining a
range of nanoscale reinforcement materials with a polymer matrix. Given a
knowledge of the performance requirements of a given application it is
possible to design a composite with a range of functionalities necessary for
successful operation. However, processing of the composite remains a key
factor in success and in particular ensuring a uniform dispersion of
reinforcement is critical to reliable performance.

There are many potential textile applications of multifunctional composite
materials ranging from self-cleaning, water-resistant and fire-retardant fibres,
to novel colouration schemes and fabrics with improved toughness and feel.
However, much work is necessary to make such applications a reality.
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10.1 Introduction

Polypropylene (PP) is, besides polyesters, one of the most widely used polymers
for producing synthetic fibres, especially for technical applications. PP fibres
are mostly used in different technical fields due to their excellent mechanical
properties, high chemical stability and processability. However, because of
low surface energy, lack of reactive sites and sensitivity to photo- or thermal
oxidation the polymer properties are insufficient for some applications.
Therefore, several techniques for fibre modification have been reported, e.g.
plasma treatment, chemical modification and nanomodification, i.e. production
of nanocoated and nanofilled materials.

Polypropylene (PP) fibres have good mechanical properties and can
withstand temperatures up to 140°C (softening point 140–160 °C) before
melting at about 170°C.1 The low polymer density (0.90 g/cm3) offers several
specific application possibilities.2 Low costs, good chemical resistance to
acid and alkaline environments have greatly influenced the high production
quantity of this polymer type.1, 3 Modifications are needed for some purposes
due to PP’s high hydrophobicity (moisture regain < 0.1%) and chemical
unreactivity and to obtain functional materials with superior physical and
mechanical properties for different applications.

There is a wide variety of both synthetic and natural crystalline fillers that
are able, under specific conditions, to influence the properties of PP. In PP
nanocomposites, particles are dispersed on the nano-scale.2, 4 The incorporation
of one-, two- and three-dimensional nanoparticles, e.g. layered clays,5

nanotubes,6, 7 nanofibres,8, 9 metal-containing nanoparticles,10 carbon black,11, 12

etc. is used to prepare nanocomposite fibres. However, the preparation of
nanofilled fibres offers several possibilities, such as the creation of
nanocomposite fibres by dispersing of nanoparticles into polymer solutions,
the polymer melt blending of nanoparticles, in situ prepared nanoparticles
within a polymeric substrate (e.g. PP/silica nanocomposites prepared in situ
via sol–gel reaction),13, 14 the intercalative polymerization of the monomer,

10
Nanofilled polypropylene fibres
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and the introduction of nanoparticles from dispersion into a porous
polymer.

Nanomodification creates improved fibre characteristics, e.g. mechanical
strength, thermal stability, the enhancement of barrier properties, fire resistance,
ion exchange capability, etc., for use in different application fields. In order
to follow modification efficiency, various characterization techniques can be
used, e.g. X-ray analysis to study composite structure, morphological
observations by electron microscopy, mechanical tests, determination of
electrokinetic properties, calorimetric measurements. The dispersion of particles
within the hybrid system is of fundamental importance, and thus to observe
particles a method based on selective etching of the polymer using a plasma
or chemical etching can be used.15–17 The dimensions of spherulites and
nanoparticles can be determined by image analysis of the micrographs .17

10.2 Polymer layered silicate nanocomposites

Recently, in order to design materials with the desired properties,
nanotechnologies have become of great importance since organic–inorganic
nano-scale composites frequently exhibit unexpected hybrid properties
synergistically derived from the two components.18, 19 In addition, there are
also some property improvements caused by nano-scale material modification
that could not be realized by conventional fillers as, for example, a general
flame-retardant character and a dramatic improvement in barrier properties.
The properties of the particles themselves (size, shape, distribution) can
profoundly change the characteristics of a polymer system. Therefore
understanding the structure/property relations in polymer/nanoparticle
nanocomposites is of major significance.19, 20

The idea of mixing polymers with appropriately modified clay minerals
and synthetic clays is not new. Polymer layered silicate nanocomposites
(PLNC) were reported by Carter and coworkers in patent literature, as early
as 1950.21 However, two major findings have led to its revival. Firstly,
researchers from Toyota reported a polyamide 6/montmorillonite (MMT)
composite with a remarkable enhancement of thermal and mechanical properties
due to very moderate inorganic loading. In addition, it was discovered that
it is possible to melt-mix polymers with clays without the use of organic
solvents.19, 22 Since then, the technology for incorporating nanoparticles into
a PP matrix has offered several challenges for research, and for industrial
applications. Several different nanoparticles for nanofilled composites, e.g.
layered silicates,2, 19, 23–27 silica nanoparticles,11, 28, 29 carbon black,11, 12 carbon
nanotubes,6, 7 metal containing nanoparticles,10 elastomeric nanoparticles30

and TiO2,
31 have been reported. The most common PP nanocomposites

are composed of organically modified silicates, e.g. MMT and polymeric
matrix.
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Generally, polymer–clay nanocomposites use smectic-type clays as fillers,
such as hectorite, MMT, kaolin or synthetic mica, all minerals with a layered
structure.2, 23, 32, 33 They are of great industrial value because of their high
aspect ratio, plate morphology, intercalative capacity, natural abundance and
low costs.23

The layers are characterized by a thickness of about 1 nm, and the other
dimensions vary from 30 nm to several micrometres or more. Several layers
are stacked in clay particles, kept together by weak van der Waals forces.
The performance of polymer–clay nanocomposites strongly depends on the
breaking-up of clay particles in the polymer matrix.2 However, the most
frequently used layered silicate, MMT, is a naturally occurring 2:1
phyllosilicate, which has the same layered and crystalline structure as talc
and mica but a different layer charge. A central octahedral sheet of alumina
fused between two external silica tetrahedral sheets (the oxygens from the
octahedral sheet also belong to the silica tetrahedral) forms the layers of the
crystal lattice. Isomorphic substitution within the layers (e.g. Mg2+ or Fe+2

substitutes Al3+) causes a negative charge, which is defined through the
charge exchange capacity (CEC): MMT is typically 90–120 meq/100 g,
depending on the mineral’s origin.19, 33 Interlayers or galleries are parallel
layers forming stacks with a regular van der Waals gap between them. The
negative charge of the pristine MMT is balanced by cations (Na+, Li+, Ca++)
from the interlayer.19,  25 There is a considerable difference in polarity between
polymer and clay,2 the pre-treatment of both polymer and clay is, therefore,
necessary. Clays are usually modified by cationic surfactants such as organic
ammonium salts (e.g. stearyl ammonium18, 34) or alkyl phosphonium, that
make the clay surface more organophilic.2 PP’s compatibility with organoclays
is obtained by grafting polar functional groups such as maleic anhydride,
diethyl maleate (DEM),35 methyl methylacrylate and butylacrylate,36 and
mono-ethanol stearamide and others.

Another approach to enhance the compatibility between PP and modified
clay is suggested by Kim et al.37 They prepared PP layered silicate
nanocomposites via melt mixing of three components: PP, layered silicates
modified with octadecylamine (C18-MMT) and antioxidant.37

10.2.1 Preparation of layered silicate polypropylene
nanocomposites

Three different techniques can be used to prepare nanocomposites:25, 38

1. Dispersing the layered silicate in a solution of the polymer in an organic
solvent, followed by either solvent evaporation or polymer precipitation.
The limitations of this method are shown by the large amounts of organic
solvents, polymer solubility and poor filler dispersion.25
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2. Melt intercalation of the polymer into previously organo-modified silicates.
It is a very effective method when polymers, such as polyamide-6,
polysiloxane and even polystyrene are intercalated. For the formation of
PP-based nanocomposites, a compatibilizer such as maleic anhydride
grafted polypropylene (PP-MA) or acrylic acid grafted PP is involved,
which improves the polyolefin–filler interactions.25

3. Intercalative polymerization of the monomer. The monomer together
with the polymerization initiator or catalyst is intercalated within the
silicate layers and polymerization is initiated either thermally or chemically.
The macromolecule chains exfoliate in silicate layers and make them
disperse in the polymer matrix evenly.36 This method allows the formation
of nanocomposites based on non-polar polymers such as polyolefins.25

The dispersion of clay particles in polymers can result in the following:

• Clay sheets may remain stacked in structures called tactoids. Original
mineral structure does not contribute to any improvement compared with
the usual microcomposites with a low filler loading.2, 23

• Intercalated nanocomposite, where some polymer molecules are inserted
between individual silicate layers.23

• Delaminated or exfoliated nanocomposite in which the layered structure
of the clay is disrupted by the silicate layers no longer being close enough
to interact with each other, and the nanometric particles are fully dispersed
in the matrix.2, 23, 24 The coherent order of stacked layers strongly depends
on the clay content. The grafted polar groups (e.g. maleic anhydride) in
the PP-MA chains promote interaction with the clay particles by the diffusion
of the PP chain into the space between the silicate galleries (intercalating
sites); therefore, the decrement of intercalating sites leads to exfoliation
towards the individual silicate layers.34 In order to favour these
morphologies, long chain alkylammonium cations are exchanged for the
constitutive cations (Na+, Li+) of the layered silicates, making the silicate
surface more lipophilic, and appropriate for interacting with the organic
polymer.25

Above all, the reinforcement effect is observed by exfoliated nanocomposites,
since the nanometric dispersion of clay platelets creates a maximal interfacial
surface between the filler and the polymer matrix.25

10.3 The structure and properties of layered silicate

polypropylene nanocomposites

Generally isotactic polypropylene (iPP) is used for nanofilled materials,
although nanocomposites prepared from syndiotactic polypropylene (sPP)
have also been reported.39, 40 The degree of crystallinity in PP depends on the
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processing conditions, but is usually between 50 and 60%.1 The common
crystalline PP form is α monoclinic, but other forms (β and γ) have been
observed. Polymorphism is important for technological reasons, because
each phase has different physical and mechanical characteristics. The crystals
are chain-folded lamellae and are aggregated into spherulites or row-nucleated
structures, depending on the processing conditions.1

Some additives in polymers become nucleation centres, leading to an
increase of crystal growth in the crystallization process of the polymer. A
foreign surface reduces the nucleus size needed for crystal growth through
the creation of the interface between polymer crystal and substrate. The
important effect of such nucleation is a modification of polymer morphology,
which can result in change of crystallographic form. The nucleating efficiency
of various organic and inorganic fillers of iPP – talc, chalk, wood flour, nano
clay particles, carbon black, chitosan – was studied by Mucha and
Królikowski.41 The best nucleating agents in this research were talc and
carbon black. The organic filler as a chitosan powder forms amorphous
inclusions in the composites on which iPP molecules cannot be adsorbed.
Their presence disturbs a macromolecular diffusion and delays the
crystallization process of iPP.41

A mixed α and β phase was observed in nanocomposites.2 The relative
amount of β phase never exceeded 30%, denoting a rather uniform
crystallization in the bulk and on the samples’ surface. The authors presume
that the high β content could be attributed to stearic-acid derivatives which were
added as processing aid agent and could act as nucleating agent for β phase.
Stearic-acid derivatives are known as promoters of β crystallographic phase.2

X-ray diffraction (XRD), is commonly used to probe the nanocomposite
structure. However, XRD can only detect the periodically stacked clay layers,
disordered or exfoliated layers are undetected.19 In general, in layered silicate-
filled polymers a coexistence of exfoliated, intercalated and disordered layers
is observed.

The monoclinic crystal structure of neat PP and nanofilled PP shows
reflections assigned to planes (100), (040), (130) and others.23 The peaks
recorded between 13° and 26° (14°, 17°, 18.7°, 20°, 21.5°, 25.5°) are associated
with the α crystalline structure of the PP corresponding to the basal reflections
on the (110), (040), (130) and (111) crystallographic planes.42

The formation of an intercalated nanocomposite structure can be defined
by analysing the interlayer spacing (d001) of clay, although the diffraction
maximum originating from the (002) crystallographic plane can be observed
on the scattering curves also.23 Only when d001 in the composite is higher
than in the pure clay then the polymer molecules were positioned between clay
layers and, hence, an intercalated nanocomposite is produced. If the peak
corresponding to d001 is not observed in a polymer/clay diffractogram, this
implies that an exfoliated nanocomposite structure was most likely obtained.23
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Pristine MMT shows a characteristic diffraction peak between 6.94° 34

and 7.3° 17 2θ corresponding to the (001) plane diffraction. It corresponds to
an interlayer spacing of 1.2 nm.17 For modified MMT the interlayer spacing
of 1.9nm obtained from the characteristic peak (001) at 2θ 4.7° was reported.43

Pure organoclay cloisite 15-A shows a (001) basal signal at 2θ 2.8°, the
corresponding d001 are 3.15 nm distant from one another.42 In nanocomposites
a shift of this peak towards small angles would be associated with intercalation
while its disappearance would be a sign that exfoliation has occurred.34

However, the disappearance of a basal peak in a wide-angle X-ray scattering
(WAXS) diffractogram alone should not be intended as a clear sign of
exfoliation, unless it is supported by small-angle X-ray scattering (SAXS)
which is sensitive to the crystalline regions organized in lamellar stacks.42

The SAXS profiles of pure PP samples and nanocomposites registered in the
lower angular region show the presence of a maximum, which is associated
with the long period resulting from the presence of a macro-lattice formed
by centres of adjacent lamellae of the polymer.43

Evidence that the nanocomposite structure was not formed is shown by
the diffraction peaks due to the presence of MMT in PP polymer which occur
in the range of 2θ 2–8°. For PP/unmodified bentonite d001 = 1.51 nm
(2θ = 5.82°), which is similar to the value observed for the clay (d001 = 1.50nm;
2θ = 5.70°). On the other hand, the system containing PP/modified bentonite
forms a diffraction peak at 2θ = 2.18° which is attributed to d001 = 4.21 nm,
and is much higher than the one for the modified bentonite clay (d001 =
2.05 nm, 2θ = 4.32°).23 This indicates that the organophilic bentonite forms a
nanocomposite with PP, as deduced from the increase in the distance between
the clay lamellae (d001) caused by the intercalation of polymer molecules.23

The characteristics of the coupling agent (molecular weight and grafting
content) influence the process of the clay intercalation.17 The use of a coupling
agent with low molecular weight and high grafting content leads to high and
uniform intercalation, while exfoliation does not arise. In contrast, high
molecular weight and low grafting content leads to more heterogeneous
intercalation accompanied with some exfoliation. Disordered and more
distanced layer structure is observed.17 The presence of clay affects the PP
morphology, i.e. spherulite size, and brings about crystalline orientation,
causes the crystallization at lower temperature, but does not change the PP
crystallinity.17

10.3.1 Preparation techniques and nanocomposite
structure

There are two possibilities for preparing nanocomposites:

1. Master batches containing a high content of clay (e.g. 50% wt of clay)
in PP are initially prepared. The master batch is then added to neat PP in

© 2007, Woodhead Publishing Limited



Nanofilled polypropylene fibres 287

appropriate amounts to obtain nominal contents of 0.5–5 wt% clay in
composites. The extrusion temperature usually used is 150–210°C. The
extruded composites are cooled, generally pelletized and then dried23, 42

and re-extruded using a higher screw speed.
2. Preparation of intercalated PPCNs (PP/clay nanocomposite) using a

modified PP and organophilic clay via melt extrusion processing.18, 34, 44

PP–clay hybrids are prepared by using melt blending technology, i.e.
simple melt mixing of three components – i.e. PP, modified PP oligomers
and intercalated clays.18, 45 There are two important factors to achieve
the exfoliated and homogeneous dispersion of the layers in the hybrids:
the intercalation capability of the oligomers in the layers and the miscibility
of the oligomers with PP. Almost completed hybrids were obtained in
the case where the PP-MA has both intercalation capability and
miscibility.18

Mostly nanofilled PP is produced by injection molding; however, composites
prepared from iPP and sPP, respectively, and organic layered silicate by the
spinning procedure have been reported.39, 42, 46–48

The XRD spectra show that both the spun fibres and injection moulded
specimens contain a mixture of intercalated and exfoliated organosilicate
layered (OSL) structures.42 On the diffraction curves of nanocomposite fibres
no OSL peaks over the full 2θ range from 2° to 30° were observed. In
contrast the injection moulded specimens exhibit six distinct OSL peaks in
the 2θ region between 2° and 12° and two additional peaks between 26° and
30°. It can be concluded that under melt spinning conditions, the polymer
matrix can exfoliate the OSL gallery more effectively than injection moulding.
Spinning velocity influences the structure formed, i.e. OSL structures exhibit
more improved exfoliation in the fibres spun at higher velocity. The exfoliation
of pre-intercalated OSL structures was much more significant under an
extensional velocity gradient during melt spinning rather than shear flow in
injection molding.42

Joshi et al. reported that nanoclay reinforced PP nanocomposites could be
spun and drawn successfully for 0.5, 1.0 and 1.5 wt% of the modified clay
loading. Beyond 1.5 wt% the spinnability is poor.49 The modified clay content
in the range of 0.5-1.0 wt% gives optimum properties.49

10.3.2 Properties of layered silicate polypropylene
nanocomposites

Nanoparticles are able to provide PP with stiffening, reinforcing and toughening
effects at rather low filler concentration. The influence of processing conditions
on the nanocomposite structure, i.e. intercalated or exfoliated, and on the
enhancement of mechanical properties of PP nanocomposites was studied by
different researchers.44 Most polymer/clay nanocomposites studies report
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tensile properties as a function of MMT content.19 The enhancements are
strictly related to the processing conditions, the filler content and the presence
of compatibilizer.44 When comparing properties of neat PP and nanocomposites,
there is a sharp increase of the Young’s modulus for very small inorganic
loadings followed by much slower increase beyond approximately 5 wt%.
With increasing MMT content the yield stress does not change markedly
compared to the neat polymer value.

Considering the same processing conditions, the elastic modulus is higher
in the presence of compatibilizer for different filler contents due to the
polymer–inorganic adhesion improvement. This implies that the stress is
much more efficiently transferred from the polymer matrix to the inorganic
filler, resulting in a higher increase in the Young’s modulus.19, 42 Similar
improvements in mechanical properties can also be achieved by other layered
fillers; however, much higher filler loadings are required (e.g. by loading
30–60 wt% of talc or mica).19 Silicate clay can increase the modulus,
decomposition temperature, yield strength and fatigue strength, and has no
effect on glass transition temperature and melt temperature.50

Polymer/silicate nanocomposites are characterized by very strong reduction
of gas and liquid permeability and at the same time the solvent uptake
decreases accordingly.19 When single layers are dispersed in a polymer matrix
the resulting nanocomposite is optically clear in the visible region, as clays
are just 1 nm thick, whereas there is a loss of intensity in the UV region
mostly due to scattering by the MMT particles.19

Five principal types of generic flame-retardant systems for inclusion in
PP fibres have been identified as phosphorus-containing, halogen-containing,
silicon-containing, metal hydrate and the more recently developed nano-
composite flame-retardant formulations.51, 52 The most effective are halogen–
antimony and phosphorus–bromine combinations, however their application
is limited by ecological criteria.51 Several kinds of nanocompounds can be
used to enhance the flame retardancy of PP, such as modified MMT, TiO2,
Sb2O3 and boroxosiloxanes. Of these, the sodium cation exchanged MMT is
the most common because of its low price.19, 51, 53 The general view of the
flame-retardant mechanism is that a high-performance carbonaceous silicate
char builds up on the surface during combustion: this insulates the underlying
material and slows the mass loss rate of decomposition products.19, 53 All
MMT-based composite systems nowadays reported show that MMT must be
nanodispersed for it to affect the flammability.53 Investigations have shown
that the largest increase in mechanical properties are obtained in exfoliated
nanocomposite forms while the intercalated materials show the best fire
performance.51

The results for thermal ageing showed that PP compounds based on
organically modified bentonite had higher thermal stability than those with
natural clay23 because of the formation of a nanocomposite structure with

© 2007, Woodhead Publishing Limited



Nanofilled polypropylene fibres 289

reduced oxygen diffusion into the material. However, the thermal degradation
of PP with the modified clay is higher than the pure polymer. The phenomenon
is attributed to the acidic nature of the clay, the interaction between the clay
and PP stabilizers and the decomposition of the organic salt during processing.
When the degradation was done in the melt state the thermal stability of the
composites may be higher than the pure polymer.23

Nanostructured materials, i.e. PP filled with an extra-pure synthetic
fluorohectorite modified by means of interlayer exchange of sodium cations
for protonated octadecylamine NH3

+ (ODA) in a weight concentration of
maximum 6%, may find new and upgraded application in the electrical and
electronic industry, replacing conventional insulation.54

10.4 Nanosilica filled polypropylene

nanocomposites

The incorporation of inorganic fillers in polymers contributes effectively to
the improvement of the mechanical properties and in particular the toughness;
however, the procedure is often limited owing to the high filler contents that
are needed for desired composite properties. For this reason nanocomposites
with unique nano-scale microstructure, obtained by low particle loading
represent a particular advantage. However, it is very difficult to disperse
nanoparticles in a polymeric matrix homogeneously owing to a strong tendency
to agglomerate. An irradiation grafting method for modification of
nanoparticles, e.g. nanosilica, presents an appropriate solution.55 Through
irradiation grafting polymerization, nanoparticle agglomerates transform into
a nanocomposite microstructure. Grafted monomers of low molecular weight
can penetrate into the agglomerated nanoparticles easily and react with the
activated sites of the particles inside and outside the agglomerates. Strong
interfacial interactions with the polymeric matrix during the subsequent mixing
procedure result. Different monomers are appropriate for the process, e.g.
styrene, methyl methacrylate, butyl acrylate, ethyl acrylate, methyl acrylic
acid, vinyl acetate and others.56

Reinforcing and toughening effects were obtained by mixing of modified
nanosilica into PP, precisely tensile properties – such as strength, modulus and
elongation at break – were increased.56 Low nanosilica-loaded PP composites
were produced by Rong et al.57 by a conventional compounding technique in
which the nanoparticles were grafted by polystyrene using irradiation
beforehand. The significantly increased hydrophobility of the nanoparticles
obtained by the grafted polymers assures better interfacial interaction between
the nanoparticles and the polymer. PP-based nanocomposites filled with
polystyrene-grafted nano-SiO2 (SiO2-g-PS) show an increase of strength
with a rise in filler content only to the filler content critical value and afterwards
the strength remains constant irrespective of filler content.57
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Embedded precipitated nanosilica enhances stiffening, reinforcing and
toughening of PP nanocomposites at lower concentration as fumed nanosilica.
By grafting with polymers such as styrene, methyl methacrylate, butyl acrylate,
and ethyl acrylate, the efficiency in the composites’ mechanical properties is
increased depending on the grafting polymer used.58

Nanosilica particles can be prepared in situ via a sol–gel reaction. Jain et
al. reported on PP–silica nanocomposites preparation by the sol–gel
procedure13, 16, 59 from tetraethoxy orthosilicate (TEOS), which was added to
PP powder. The effect of in situ formed silica nanoparticles on the non-
isothermal crystallization kinetics of PP–silica nanocomposites was studied
in addition. Silica nanoparticles act as a nucleating agent, thereby a two-
stage crystallization process was observed. Within the primary stage, nucleation
and spherulitic growth occurred, while the secondary stage includes the
perfectioning of crystals; thereby more perfect crystals are formed. The
nucleation effect of silica results in a more narrow lamellar thickness
distribution.11 Silica nanoparticles promote β crystallographic phase.11

When nanosilica–PP nanocomposites are prepared from isotactic PP and
SiO2 nanoparticles by melt-mixing, a compatibilizer should be added to
break off the hydrogen bonds created between the nanoparticles’ surface
hydroxyl groups. By the addition of PP copolymer with maleic anhydride
groups (PP-g-MA), the maleic anhydride groups can react with the surface
hydroxyl groups of SiO2 nanoparticles and, through this, reduce
agglomeration.60 Mechanical properties such as tensile strength at break and
Young’s modulus are influenced by the content of silica particles and copolymer
content.60 After the critical concentration of nanoparticles (2.5 wt%) has
been exceeded, the tensile and impact strength are decreased. This behaviour
is attributed to appearance of large silica particle agglomerates.60

Furthermore, recently research work has focused on the possibility of
using nanofiller as a compatibilizer for immiscible polymer blends. Quin
Zhang with co-authors reports an improvement of the compatibility of PP/
polystyrene blends with the addition of nano-SiO2 particles by changing the
phase morphology and properties of the two polymers.61 A drastic reduction
of polystyrene phase size and a very homogeneous size distribution were
observed by introducing nano-SiO2 particles at short mixing time, but at
longer mixing time an increase of polystyrene size was observed, indicating
a kinetics-controlled compatibilization of nano-SiO2 particles by changing
the phase morphology and properties of the two polymers.61

Low nanoparticle-loaded polymer composites with improved mechanical
performance can be prepared by a conventional melt blending technique in
which the nanoparticles are chemically pregrafted by diglycidyl ether of
bisphenol-A (DGEBA).62 Reddy et al.62 prepared a composite by melt blending
propylene–ethylene copolymer (EP) with DGEBA-grafted nanosilica. The
addition of epoxy resin grafted nanosilica to the polymer matrix produced a
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homogeneous dispersion of particles in the form of micro-domains and thereby
provides EP with stiffening, strengthening and toughening effects.

10.5 Calcium carbonate and other additives

Calcium carbonate (CaCO3) is one of the most commonly used inorganic
fillers in PP.63 Several authors reported that mechanical properties of PP
filled with nano-sized calcium carbonate particles are essentially improved.64

Chan et al. prepared nanofilled PP fibres by adding 9.2 vol% surfactant
treated CaCO3. The impact strength of the modified PP was more than twice
as high when compared with the neat PP. The intrinsic toughness of the PP
matrix influences the toughening effect of the nanoparticles. The highest
increase in toughness was found in the case of the moderate matrix toughness.63

In attempts to prevent the agglomeration of nanoparticles several surface
modifications of the nanoparticles have have reported, e.g. nano-CaCO3

treated with titanate coupling agent, silane coupling agent, etc.63

The particle size (0.07–1.9 µm) has no influence on the thermal composite’s
properties, and also the particle content does not affect the melting temperature
or the crystallinity of PP. Surface treatment of the particles by the stearic
acid coating showed an important positive effect on the impact strength due
to the improved dispersion of the CaCO3 particles. In addition PP molecular
weight should be considered when designing a CaCO3–PP nanocomposite
due to its profound impact on the toughening properties.65

10.5.1 Carbon black-filled polypropylene composites

Carbon additives are used in polymer composites as fillers, reinforcing agents
and pigments. In addition, carbon black is used to enhance UV stability,
electrical conductivity and weather resistance.12 PP geotextiles containing
carbon black are applied for soil reinforcement, filtration and other construction
purposes.11, 12 In addition, carbon black can be used for preparation of
magnetostrictive materials which are defined as materials that undergo a
change in shape due to the change in the magnetization state of the material.66

Carbon black, which has a polyaromatic structure containing various oxygen
functional groups, is produced by partial combustion of liquid or gaseous
hydrocarbons. Its antioxidant activity is due to the catalytic decomposition
of peroxides and free radical scavenging, which is more effective at low
temperature.11

The effect of carbon black on thermal and photo-oxidative degradation of
oriented PP geotextile tapes was studied by Horrocks et al.11 The influence
of particle size (16–60nm), structure, aggregate shape, specific surface volatile
content and concentration was determined. Significant increases in thermal
stabilities were observed when increasing carbon black content in PP composite.
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However, the opposite effect of the carbon black with highest volatile content
on thermal stability was observed.12 This phenomenon is attributed to the
adsorption of antioxidant by the carbon black surface or to the sensitization
of thermal oxidative reactions by the surface oxygenated groups present.11 It
has been proved that different behaviour is related to the volatile content,
due to the presence of carboxylic and sulphonic acid groups.12 Not only are
the temperature and rate of decomposition influenced by embedded carbon
black particles, but also the decomposition products. The presence of 1-
alkene oligomers with 3n C atoms is reduced, while 2-alkenes and 1-alkenes
with 3n+1 C atoms are increased. Carbon black promotes chain scission and
participates in the radical transfer reactions.12 Incorporated particles of carbon
black, especially those with small particle size, improve UV durability.11

10.5.2 Alumina nanoparticle-filled polypropylene

Nanocomposites containing 1.5–5.0 wt% of spherical alumina (Al2O3)
nanoparticles, which were pre-treated with silane coupling agent, were prepared
by Zhao and Li.67 Tensile tests show that Young’s modulus and the yield
strength of the nanocomposite increase with the particle content increasing,
suggesting that the interfacial interaction between the nanoparticles and the
matrix is relatively strong. Structural investigation, i.e. X-ray analysis,
differential scanning calorimetry (DSC) and optical microscopy measurements,
show that a small amount of the β-crystal form results after adding the Al2O3

nanoparticles. The Al2O3 nanoparticles reduce the size of PP spherulites and
enhance the crystallization temperature of PP, by acting as an effective
nucleating agent.67

10.5.3 Polypropylene-polyhedral oligomeric silsesquioxane
nanocomposites

Polyhedral oligomeric silsesquioxanes (POSS) were first synthesized in 1946.
They belong to the group of silsesquioxanes characterized by the general
formula (RSiO1,5)n, where R is hydrogen or an organic group, such as alkyl,
aryl or any of their derivatives. POSS can be easily functionalized by chemically
altering the R substituent group, thus having the potential to undergo
copolymerization or grafting reactions. The addition of the thermally robust
POSS moiety drastically modifies the polymer thermal properties supplying
greater thermal stability to the polymer matrix, also allowing the tailoring of
the polymer glass transition temperature by varying the POSS concentration.68

The addition of POSS also improves mechanical properties and reduces
polymer composite flammability.

Fu et al.69, 70 first prepared octamethyl-POSS/PP composites by melt
blending and studied their crystallisation behaviour.69 Fina et al.68 investigated
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the influence of the POSS substituent groups on the morphological and
thermal characteristics of melt-blended POSS/PP composites by varying the
aliphatic chain length. Composites with octamethyl-, octaisobutyl- and
octaisooctyl-POSS were prepared. Increasing alkyl chain length provoked
substantial differences in morphology of the composites, i.e. the compatibility
between POSS and PP, nucleating ability, spherulitic morphology formation,
etc.68 Recently the same authors reported about thermal and thermo-oxidative
degradation of PP-based composites, using different metal containing POSS.
Metal POSS derivatives (Al and Zn) were prepared by deprotonation of
incompletely condensed POSS trisilanol (i-C4H9)7Si7O9(OH)3 with either
triethylaluminium or diethylzinc.71

10.6 Conclusion

In recent years, nanostructured materials have attracted much attention because
of their potential for large gains in mechanical and physical properties as
compared with standard structural materials. Although numerous different
nanofilled products were developed, there are still unlimited challenges for
researchers and technology.
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