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CHAPTER 1: AIM OF THE WORK 

 

The work of this Ph.D. thesis has been realised in the field of a promising and largely studied 

technological material: the carbon nanotubes (CNTs). After a first observation they were άǊŜ-

discoveredέ at the beginning of the 90s and immediately started to cover a fundamental role in 

several scientific branches, from Physics to Chemistry, going through Medicine and Biology. In the 

Material Science and Engineering field a large number of studies have been conducted on carbon 

nanotubes, as a consequence of their extraordinary physical, technological and mechanical 

properties. For what concerns this thesis, they have been largely investigated as reinforcement 

materials in composites. Since 1991 a large number of attempts have been conducted, trying to 

exploit the outstanding potential of this carbonaceous material, in order to improve the properties of 

several matrices. The most important application is the production of polymer matrices composites 

(PMCs), but in last decades an increasing number of metal matrix ones (MMCs) have been presented 

and recently also ceramic matrix (CMCs) applications have been attempted. Despite massive efforts 

focused on CNTs-composites, the potential of employing this reinforcement materials has not yet 

been fully exploited. This lack is substantially due to  the difficulties associated with the dispersion of 

entangled carbon nanotubes during processing and poor interfacial interaction between CNTs and 

matrix materials. The dispersion states of the nanotubes involve complicated phenomena, since the 

carbon nanotubes are produced in bundles or bundle aggregations. The states are affected by at 

least two competitive interactions: (1) the interactions of van der Waals forces, among carbon 

nanotube threads, and (2) the interactions between carbon nanotube threads and dispersion 

medium. The characteristics of single carbon nanotube and of bundles of carbon nanotubes are 

completely different. CNTs must be uniformly dispersed to the level of isolated tubes individually 

wetted by the matrix. This is necessary in order to achieve efficient load transfer to the 

reinforcement network. This also results in a more uniform stress distribution and minimises the 

presence of stress concentration centres.  

Because of these reasons the very first aspect of this work has been the study of the dispersion state 

of nanotubes. The aim of the experiments was not only to obtain a good dispersion and distribution 

of the CNTs, but also to evaluate their dispersion grade. Indeed, due to their nanosize and to their 

carbonaceous nature, few simple experimental techniques result suitable for this purpose. In 

addition, the objective was also to use dispersion techniques which do not imply the utilisation of 
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high amount of solvents, reagents or surfactants, and so the aim was to develop a process as simple, 

low costs and as environmental friendly as possible. 

The second part of the work consisted in the application of the carbon nanotubes to the production 

of new materials for technological applications, with improved mechanical properties. Three 

composite materials with different matrices have been designed, developed and produced: a 

polymer matrix composite, a ceramic matrix and a metal matrix one. 

Also in these cases the aim of the work was the tuning of simple and possibly low costs production 

systems.  

For PMCs a polyvinyl butyral matrix has been used and the composites were obtained by a deeply 

studied technique in the research group: the tape casting technology. The same approach was also 

used in the case of CMCs: tape casted silicon carbide matrix composites reinforced by carbon 

nanotubes have been produced. Finally a third matrix has been experimented: MMCs were 

investigated starting from pure aluminium powders. For Al matrix composites a particular technique 

was used: the sintering was obtained starting from a powder metallurgy approach and exploiting 

electric current and pressure (Electric Current Assisted Sintering approach). 

For all the three different composite materials, after the development of the production route and 

the preparation of several specimens, a characterization step followed. The materials were 

characterized in terms of physical properties, morphology and microstructure, and mechanical 

behaviour. 
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CHAPTER 2: CARBON NANOTUBES AND 

THEIR ROLE AS REINFORCEMENT IN 

COMPOSITE MATERIALS 

 

2.1. CARBON NANOTUBES 

 

2.1.1. ALLOTROPY OF THE CARBON ELEMENT 

 

¢ƘŜ ŎƻƴŎŜǇǘ ƻŦ ŎŀǊōƻƴ ǇƻƭȅƳƻǊǇƘƛǎƳ ǿŀǎ ƛƴǘǊƻŘǳŎŜŘ ŦƻǊ ǘƘŜ ŦƛǊǎǘ ǘƛƳŜ ƛƴ aƛǎǘǎŎƘŜǊƭƛŎƘΩǎ ǇŀǇŜǊǎ 

in1822 (Mitscherlich, 1822 Mitscherlich, E., 1822. Annales de Chimie, 19, 350ς419). In  /ƘŀǘŜƭƛŜǊΩǎ 

book « Leçons sur le Carbone » (Le Chatelier, 1926), he affirmed « Le carbone non combiné se 

présente sous des forms très curieuses: carbone amorphe, graphite et diamant » (« Uncombined 

carbon is found under very inquiring forms: amorphous ŎŀǊōƻƴΣ ƎǊŀǇƘƛǘŜ ŀƴŘ  ŘƛŀƳƻƴŘέύΦ After the 

discovery of the X-Ray diffraction in 1912, these two fundamental crystal structures (cubic diamond 

and hexagonal graphite) were identified and characterized. In the middle of next century the so 

called ά!ƳƻǊǇƘƻǳǎ ŎŀǊōƻƴǎέ ǿŜǊŜ ŘŜŜǇƭȅ ǎǘǳŘƛŜŘ ŀƴŘ ƳƻǊŜƻǾŜǊ several new carbon polymorphic 

phases were identified and sintered. In Sixties, Russian scientists noticed one dimension chain like 

carbon structures, called carbynes (Donnet et al., 2000; S.-Y. Li, Zhou, Gu, & Zhu, 2000); in 1985 a 

large family of spherical carbon structures, called fullerenes, was discovered (H W Kroto, Heath, 

hΩ.ǊƛŜƴΣ /ǳǊƭΣ ϧ {ƳŀƭƭŜȅΣ мфурύ; finally in 1991 a curved form of graphene (graphene refers to an 

atomic layer of graphite), the so called carbon nanotube, was identified (Bethune et al., 1993; S Iijima 

& Ichihashi, 1993; Sumio Iijima, 1991). 

Even if carbon nanotubes were probably observed in the previous decades, mostly by Russian 

researchers, the date of 1991 is the most important in the history of such a material, since it was the 

data the carbon nanotubes were re-discovered as a promising material for technological applications. 

This was due both to the technological development that allowed at that time the exploitation of 

nano-sized materials but also to the instrumentation development that allowed complete 

characterisation of these materials. The previous observations of similar materials could not be 

complete and were generally neglected to the apparent little interest in such a material (Monthioux 

& Kuznetsov, 2006). 
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Table 1 - Schematic classification of the different forms of carbon (Loiseau, Launois, Petit, Roche, & Salvetat, 2006) 

 

Allotropic forms of elemental carbon are divided into thermodynamically stable and metastable 

phases. The thermodynamic phase diagram of the carbon is shown in Figure 1. It has been 

elaborated after several decades of experimental works (Bundy, 1996). 

 

 

Figure 1 - Thermodynamic phase diagram of the carbon element. Solid lines represent 
equilibrium phase boundaries and dotted lines the kinetic transformations; L is 

for Lonsdaleite phase (Bundy, 1996) 
 
 

At ambient temperatures and pressures the hexagonal graphite is the stabile phase (with the 

existence of a polytype, a rhombohedral variety under metastable conditions). The cubic diamond 

phase is stable under high pressures; a hexagonal phase known as Lonsdaleite is found under specific 

conditions. The carbyne phase should exist at high temperature, below the melting line of graphite. 

All the phase transformations are considered as theoretically reversible. Under this frame it does not 
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appear evident to include in the same diagram the new molecular carbon phases, fullerenes and 

nanotubes which are not classical extended solids but can form themselves crystalline structures. 

During last decades several theoretical models have been developed to predict new carbon species 

with particular properties (Cohen, 1994, 1998). These models are based on the calculation of 

enthalpy (as the excess of cohesion energy at zero Kelvin). One important parameter is the bulk 

modulus B0 

 

ὄ ὠ
Ὠὖ

ὨὝᴼ
 

 

A useful semi-empirical expression has been proposed by Cohen (Cohen, 1994): 

ὄ
ὔ

τ
ρωχςςςπ‗Ὠ Ȣ 

 

where Nc is the average coordination number of the compound considered, d the average bond 

length and ˂  is an ionization factor which is zero for pure carbons. For short d and large bond energy 

we obtain large compressibility factors and thus high cohesion energies. The highest density of 

strong covalent bonds is associated with super hard compounds with low compressibility factors, 

whereupon diamond is such hard material.  

However in new phase materials, such as carbon nanotubes, the total cohesion energy can be 

decreased by curving the graphene sheets and forming closed structures as cylinders. A topological 

classification for curved surfaces, in non-Euclidian geometry, was proposed by Schwarz (Schwarz, 

1890). A simple approach is to define a mean (H) and a Gaussian (K) curvatures proportional to the 

inverse of a length and a surface, respectively. As proposed by Mackay and Terrones (Mackay& 

Terrones, 1991), the following geometrical shapes may exist: 

ς K >0 (spheres) as fullerenes 

ς K = 0 (planes or cylinders if H = 0), as nanotubes 

ς K <0 (saŘŘƭŜύΥ ά{ŎƘǿŀǊȊƛǘŜǎέ. 
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Figure 2 - Examples of curved graphene varieties classified through their gaussian curvature K 

 
Negatively curved carbon networks belong to the class of periodic minimal surfaces and they have 

ōŜŜƴ ŎŀƭƭŜŘ ά{ŎƘǿŀǊȊƛǘŜǎέ, in honour of Schwartz. This curvature is made possible by introducing 

seven or eight member rings in addition to the usual six members for planar surfaces. In spite of 

different attempts, these big unit cells have not been observed experimentally. The same holds for a 

positive curvature owing to a five member ring (case of C60).  

Infinite single-wall nanotubes are cylindrical shaped with carbon atoms organized in a honeycomb 

lattice. Their coordination number is three (z = 3) and the surface curvature induces some s-p 

hybridization. Single-wall carbon nanotubes (SWCNTs) can be ideally constructed rolling a graphene 

sheet. Because of this construction it is possible to characterize the CNT structure with a pair of 

integers (n,m). These indices define the so-ŎŀƭƭŜŘ άŎƘƛǊŀƭ ǾŜŎǘƻǊέ: 

 

ὅᴆ ὲὥᴆ άὥᴆ 

 

which joins two crystallographically equivalent sites of the nanotube on the graphene sheet, (Áᴆ,Áᴆ) 

being the graphene basis where a = |Áᴆ| = |Áᴆμ Ғ2.49 !. The conventional basis chosen in 

crystallography for a graphene sheet is a basis (Áᴆ,Áᴆ) where the angle between the vectors is 120° 

(Hamada, Sawada, & Oshiyama, 1992). The angle between reciprocal vectors Áᴆ
ᶻ
and Áᴆ

ᶻ
is 60° and 

allows one to use the well-known (h, k, l = ҍƘ ҍ ƪ) notation: the wave-vectors are equivalent for 

circular permutations of the h, k, l indices which describe three-fold rotations. However, the basis 

which is the most frequently used in nanotube literature is the one with (Áᴆ,Áᴆ) =60° (Robertson, 

Brenner, & Mintmire, 1992).  
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Figure 3 - Schematic diagram showing how a hexagonal sheet of graphene 
is rolled to form a CNT with different chiralities (Erik T Thostenson, Ren, & Chou, 2001) 

 

The nanotube is obtained by cutting a ribbon of perpendicular basis # ᴆin the sheet and by rolling it 

up, as shown in Figure 3 - Schematic diagram showing how a hexagonal sheet of graphene. The tube 

circumference could be written as: 

 

ὅᴆ ὅᴆ ὥ ὲ ά ὲά 

 

The hexagons orientation on the tube sǳǊŦŀŎŜ ƛǎ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ǘƘŜ άŎƘƛǊŀƭ ŀƴƎƭŜέ q : 
 
 

— ÁÒÃÔÁÎЍσά ςὲ ά  

 

 

Figure 4 - A schematic theoretical model for single-wall carbon nanotube 
with different chiralities (Dresselhaus, Dresselhaus, & Saito, 1995) 
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Different chiral angles correspond to as many chiralities of the carbon nanotubes. A schematic 

theoretical model for a single-wall carbon nanotube is shown in Figure 4, with the tube axis normal 

to: (a) the q Ґ олϲ ŘƛǊŜŎǘƛƻƴ όŀƴ άŀǊƳŎƘŀƛǊέ ǘǳōǳƭŜύΣ όōύ ǘƘŜ q Ґ лϲ ŘƛǊŜŎǘƛƻƴ όŀ άȊƛƎȊŀƎέ ǘǳōǳƭŜύΣ ŀƴŘ όŎύ 

a general direction B with 0°<|qμ ғ олϲ όŀ άŎƘƛǊŀƭέ ǘǳōǳƭŜύΦ ¢ƘŜ ŀŎǘǳŀƭ ǘǳōǳƭŜǎ ǎƘƻǿƴ ƛƴ ǘƘŜ ŦƛƎǳǊŜ 

correspond to (n,m) values of: (a) (5,5), (b) (9,0), and (c) (10,5). 

 

2.1.2. CARBON NANOTUBES SYNTHESIS METHODS 

 

The history of carbon nanotubes discover started in 1965 with the synthesis of C60 molecules by 

Kroto et al. όIŀǊƻƭŘ ²Φ YǊƻǘƻΣ IŜŀǘƘΣ hΩ.Ǌƛen, Curl, & Smalley, 1985), involving the ablation of a 

graphite target by a pulsed laser. However, the spread on a large scale of the research on fullerenes 

began only in 1990 with the introduction of the mass production route invented by Krätschmer and 

Huffman (Krätschmer, Lamb, Fostiropoulos, & Huffman, 1990). This synthesis was based on an 

electric arc generated between two electrodes made in graphite under helium atmosphere. Thanks 

to this simple technique several research groups started to investigate the C60 molecules and was 

promptly clear that those were not the only species produced during the synthesis. In fact C70 

molecules (rugby ball shaped) were observed in the soot produced by the electric arc, and 

afterwards, changing the electric supply from alternating to continuous current, strange filamentous 

species were found on the electrodes. The first scientist interested in these anomalous formations 

has been Iijima in 1991: using a high-resolution transmission electron microscope he identified 

tubular structures of crystallized carbon and named them nanotubes. This extraordinary discover  

caused a great uproar inside the research community and the  publication of Iijima on Nature (Sumio 

Iijima, 1991) can be considered as a true breakpoint in the history of carbon. 

As a matter of fact this was not the first CNTs observation: Bacon in the Sixties (Bacon, 1960) and 

Endo in the Seventies (Oberlin, Endo, & Koyama, 1976) studied tubular undesired by-product in 

industrial chemical processes, and the thinner filaments were therefore very close to the present 

nanotubes. However, they did not attract so much interest because in those years there were no 

techniques to study and to use nanometric sized objects. This context was completely changed in 

1991 and several methods have been introduced to produce carbon nanotubes up to the present. 

The various synthesis methods are generally classified into two main categories depending on the 

temperatures reached during the process: high-temperature and medium-temperature routes. The 

former are based on the vaporization of a graphite target whereas latter are based on Combustion 

Chemical Vapour Deposition (CCVD) processes. 
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2.1.2.1. HIGH-TEMPERATURE METHODS FOR THE SYNTHESIS OF CARBON 

NANOTUBES 

 

High-temperature methods grow out from the Krätschmer and Huffman production route 

(Krätschmer et al., 1990). They all involve graphite sublimation in a reduced or inert atmosphere, to 

temperatures above 3200°C and vapour condensation under a high temperature gradient. Several 

high-temperature techniques have been developed, with different methods used for sublimating 

graphite. 

 

¶ The Electric Arc Discharge Technique 

This method is based on an arc discharge generated between two graphite electrodes placed face to 

face in the instrument chamber under a partial pressure of helium or argon (typically 600 mbar). The 

electric discharge rises the temperature up to 6000°C. This temperature allows the graphite to 

sublimate. Because of the very high pressure reached during the process, carbon atoms are ejected 

from the electrodes and can form a plasma. These atoms move toward colder zones within the 

chamber, and a nanotube deposit on the cathode follows. 

Iijima used an apparatus of this kind in his early experiments. He used DC arc discharge in argon 

consisting of a set of carbon electrodes, with temperature of 2000ς3000°C in nominal conditions of 

100 A and 20 V. It produced multiwall nanotubes in the soot. Later, single-wall carbon nanotubes 

were grown with the same set-up by adding to the electrodes suitable catalyst particles, e.g. of Fe, 

Co, Ni or rare-earth metals (Loiseau et al., 2006) 

 

 
 

Figure 5 - A typical arc-discharge apparatus (Merchan-Merchan, Saveliev, Kennedy, & Jimenez, 2010) 
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The working conditions hugely influence the carbon nanotubes properties: in presence of small 

amounts of transition metals such as Fe, Co, Ni in the graphitic anode material (and leaving the 

cathode as pure graphite) single-wall carbon nanotubes result the main product. A hydrocarbon gas 

introduced into the arc discharge is more favourable to yield CNTs than fullerenes (Y Ando, 1994). In 

absence of such catalysts, the formation of multiwall carbon nanotubes is favoured. 

 

¶ Laser Ablation 

The sublimation of the graphite could be obtained by ablation with a focused laser beam in an inert 

atmosphere at low pressure. Two kinds of methods were developed: the former uses a pulsed laser 

(Yoshinori Ando, Zhao, Sugai, & Kumar, 2004; Guo et al., 1992; Thess et al., 1996) the latter a 

continuous one (Maser, 1998; Munoz et al., 2000). 

The main differences with the arc method are: 

ς The material is subjected to a laser ablation instead of an arc discharge. 

ς No tube of reasonable length has ever been synthesized without some catalysing particles. This 

implies that a certain local anisotropy is necessary to grow a nanotube. 

ς Particles are collected through a carrier gas on a cool plate far from the target. A secondary heating 

is usually added. 

 

The pulsed laser (PL) is characterized by a higher light intensity (100 kW/cm2 compared with 12 

W/cm2). In the pulsed laser configuration (Figure 6), the target is vaporized in a high temperature 

argon buffer gas by a Nd-YAG laser pulse.  

 

 

Figure 6 -A typical pulsed laser ablation apparatus (Merchan-Merchan et al., 2010) 

 

The main advantages of PL technique include SWNT formation and diameter control. The SWNT 

diameter can be varied by controlling the temperature, catalyst composition, and gas flow rate 
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(Bandow et al., 1998; H. Kataura et al., 2000; Sen et al., 2000). At higher temperatures, SWNT 

diameters enlarge. Equally, an increasing in the nanotube diameter  is observed as a consequence of 

the introduction of a Ni-Y catalyst, while applying a Rh-Pd catalyst reduces the diameter (Avigal& 

Kalish, 2001; Hiromichi Kataura et al., 1998). Disadvantages of the PLV method include the limited 

scale of SWNT production and the presence of  large amounts of contaminants such as catalytic 

particles and amorphous carbon. 

In the continuous laser configuration a 2-kW continuous-wave CO2 laser is focused on the target, 

heating it up to 3000ς3500 K. An inert gas (He, Ar, N2) flows from the bottom to the top of the 

reactor chamber removing the produced soot inside the quartz tube. 

 

¶ Vaporisation induced by a solar beam 

A particular method investigated in last years involves a solar furnace in which the sunlight is focused 

on a graphite sample to vaporize the carbon. The soot is then condensed in a cold dark zone of the 

reactor. The sunlight is collected by a flat tracking mirror and is reflected towards a parabolic mirror 

which focuses the solar radiation directly on the graphite target (Figure 7). Under clear-sky 

conditions, temperatures of around 3000K can be reached at the 2-kW set-up of the solar station and 

the evaporation process can start. At the beginning only fullerenes were produced with this 

technique (Laplaze et al., 1994), but since 1998 also nanotubes were obtained, just by changing the 

target composition and adjusting the experimental conditions (Laplaze et al., 1998). 

 

 

Figure 7 - Principle of the solarfurnace technique (Loiseau et al., 2006) 
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2.1.2.2. SYNTHESIS OF MWNT AND SWNT VIA MEDIUM-TEMPERATURE ROUTES 

 

¶ Chemical Vapor Deposition (CVD) 

The main problem of the high-temperature techniques is the very low production yield obtained 

during the process. This problem can be solved using a different technique based on a catalytic 

chemical vapour deposition. This method derives directly from  a particular technique used since 

1950 to produce carbon filaments  and to study kinetic behaviour of carbon decomposition 

processes. The chemical reactions involved in the production of carbon (such as the 

disproportionation of CO) would be infinitely slow or would produce non-filamentary carbon (by 

decomposition of hydrocarbons) without small particles of metal like Fe, Co or Ni. Each filament is 

generated from one catalytic particle, located either at the base or at the tip of the filament. The first 

aim in order to synthesize CNT has been to decrease the size of the catalytic particles. The second 

aim has been to adjust the conditions of the reaction, often by modifying the value of the physical 

parameters or the nature of the reacting gas. The main problem connected with nanoparticles is 

their coalescence at the temperatures reached during the hydrocarbons decomposition. Refractory 

metals could be used because they less coalesce than other metals. However, Co, Fe, Ni 

nanoparticles, alone or associated with Mo, V or W, are much more active. One common solution is 

the deposition of the metal nanoparticles on finely divided or highly porous powders. Nonetheless 

this resolution is efficient only with reaction temperatures not too high (Cassell, Raymakers, Kong, & 

Dai, 1999; Nikolaev et al., 1999). Another way is to generate the metal nanoparticles in-situ inside 

the reactor, preferentially at the reacting temperature, either from an organometallic (Ci et al., 2001; 

Nikolaev et al., 1999; Zhu et al., 2002) or from a solid, by the selective reduction of an oxide solid 

solution (Bacsa et al., 2000; Flahaut et al., 1999) or of an oxide compound (Ning et al., 2002). 

Depending on the maximal temperature permitted to avoid or limit the coalescence of the catalytic 

particles, the carbonaceous gas can be either CO or hydrocarbons. Generally, the carbonaceous gas is 

mixed with an inert gas (Ar, He or N2) or with H2 that allows to act on the hydrodynamic parameters 

or/and to modify the thermodynamic conditions. 

A lot of strategies have been used to adapt the CCVD methods to the synthesis of CNT, including 

horizontal furnace, fluidized bed reactor, vertical furnace, and basic plasma enhanced CVD. All the 

parameters, related either to the catalyst or to the reaction conditions, are important and may 

interact. It is very important to tune correctly these parameters to obtain the final sought products. 
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Figure 8 - Example of a CCVD apparatus (Merchan-Merchan et al., 2010) 

 

2.1.3. MECHANICAL PROPERTIES OF CNTs 

 

In treating the problem of single-nanotube mechanical properties, the main problem is whether 

macroscopic equations can be applied to a giant elongated molecule. One important engineering 

ǇŀǊŀƳŜǘŜǊ ƛǎ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ E, which is constant for a given material. The unusual fact with 

nanotubes is that E is expected to vary slightly with the diameter, since curvature modifies CςC bond 

hybridization hence stiffness. Some difficulties arise because of the practical interest in treating a 

nanotube like a continuous medium, which implies determining the shell thickness. Good 

ŀǇǇǊƻȄƛƳŀǘƛƻƴǎ ƘŀǾŜ ōŜŜƴ ƻōǘŀƛƴŜŘ ŘǳǊƛƴƎ ƭŀǎǘ ŘŜŎŀŘŜǎΥ ¸ƻǳƴƎΩǎ Ƴƻdulus and thickness of a single-

wall nanotube are not very different from that of a single graphene sheet and multiwall nanotubes 

are very similar to bulk graphite or carbon fibres. However, it is important to understand if the 

classical elasticity is applicable to the nanotubes. Harik (Harik, 2002) discussed specifically the 

applicability of Euler beam model to carbon nanotubes. The deformation of a homogeneous elastic 

beam is described by the Bernouilli-Euler equation (Landau, Lifshits, Kosevich, & Pitaevskii, 1986): 
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where M(x) is the bending moment at x and I the areal moment of inertia shape dependent 

parameter, which can be express, in the tube case, as: 
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With DO the outer diameter and Di the inner diameter of the tube. 
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The Bernoulli-Euler equation can be used to calculate the deflection of a long beam of length L 

clamped at one end and submitted to the force F at the other end: 

 

‏
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Although elongation (or contraction) of a beam depends only on its cross-section area (A), the 

flexural behaviour is strongly influenced by the cross-section shape. Axial and lateral deformations 

can all be described using ƻƴƭȅ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ in the case that the beam aspect ratio is larger 

than 10. For aspect ratios smaller than 10, a shearing component must be added to the deflection 

formula:  
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with G the shear modulus, and fs the shear coefficient, beam shape dependent (Gere & Timoshenko, 

1990). 

Concerning a single-wall nanotube, lots of studies have been conducted trying to answer whether it 

can be described as a homogeneous tube made from an isotropic shell of finite thickness t. As a first 

approximation the carbon nanotubes could be described as homogeneous isotropic continuous shells 

of thickness t, and  all their elasǘƛŎ ŘŜŦƻǊƳŀǘƛƻƴǎ Ŏŀƴ ōŜ ŎŀƭŎǳƭŀǘŜŘ ƪƴƻǿƛƴƎ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ E, 

and the Poisson ratio, n. Supposing the tube to be equivalent to a sheet of width 2pR, E and t can be 

deduced from the bending rigidity (D) and in-plane stiffness (C) of a graphene plate: 
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D, C and n are characteristics parameters of graphene determined by CςC bond rigidity, that can be 

calculated independently from t. The bending rigidity of a graphene sheet is determined by inversion 

configuration of the CςC bonds (Odegard, Gates, Nicholson, & Wise, 2002). Without this term, the 

bending rigidity of the graphene sheet would be zero. Combining the two previous equations, it is 

possible to find E Ғ р TPa and t ҒлΦлт ƴƳΦ The effective thickness of a single shell nanotube, using this  

approximation, is less than 0.1 nm, not so far from a single graphene layer (however many authors 

use t = 0.34 nm and E = 1 TPa, since it compares directly with bulk graphite values). An error is made 
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using this model because a nanotube has an effective flexural rigidity, EI, with I the moment of 

inertia, much higher than that of a graphene sheet. In particular EI could be express as: 
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These formulas mean that for a SWCNT of large diameter the bending rigidity is governed by the in-

plane stiffness of the graphene sheet. Thus a SWNT can be approximated by a shell of thickness t = tG 

= 0.34 nm with E = EG = 1 TPa. Obviously this is a mere approximation. 

Unfortunately also the continuum approach is an approximation, since defining the thickness of one-

atom-thick layers does not have a rigorous physical meaning, even if the notion of an electronic 

density cloud is used. Arroyo and Belytschko (Arroyo & Belytschko, 2002) proposed a method to 

describe one-atom-thick layer deformations extending hyper-elastic models used for bulk materials. 

It is clear that continuum models show several limitation, especially in the non-linear elastic regime. 

For a two-layer structure, considered as and anisotropic shell, the thickness could be considered 

ὸ ὸ Ὠ, where di is the interlayer thickness. The starting supposition is that slidings are not 

allowed between the layers, because of the Van der Waals forces. In this more complex situation the 

bending stiffness is determined by the in-plane stiffness of the C-C bonds (Srolovitz, Safran, & Tenne, 

1994). 

¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŎƻǳƭŘ ōŜ ŜȄǇǊŜǎǎ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ƴǳƳōŜǊ ƻŦ shells N (Tu& Ou-Yang, 2002): 
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SWNTs usually exist grouped in bundles. While covalent CςC bonds ensure strong intra-tube stiffness, 

transverse properties are governed by Van der Waals forces very similar to those at work in graphite 

interplane cohesion. The SWNTs aggregate is thus highly anisotropic, with low torsion and shear 

moduli. Elastic constants can be approximated with classical elasticity theory using those of graphite. 

In addition, ǘƘŜ ǾŀǊƛƻǳǎ ŦƻǊƳǎ ƻŦ ŎŀǊōƻƴ ǎǘǊǳŎǘǳǊŜǎ ŀǊŜ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ŘƛŦŦŜǊŜƴǘ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ 

according to their structure. In fact the perfect isotropy of the elastic behaviour of the graphene 

sheets is correlated with their hexagonal symmetry. As the sheet is into a tube, the bending strain 
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induces distortion of the CςC bonds, resulting in a hybridization of the s bonds, which increases as 

the diameter decreases. So it is clear that both the diameter and the helicity of the tubes could affect 

their elastic properties. 

 

¶ Non-linear elastic regime 

Carbon nanotubes exhibit an extraordinary capability to carry high strength without breaking. This 

phenomenon could be studied only assuming a non-linear regime. At high strain the hexagonal 

lattice symmetry is broken and differences appear as a function of chirality. 

A good estimation of ideal strength of carbon nanotubes is calculated by the Orowan-Polanyi 

equation which states that ultimate limit to elasticity is reached when strain energy equals the 

energy needed to separate two crystallographic planes in 3d or lines in 2d: 
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In which ɾ is the surface energy and a the interplane separation. Using typical values for graphite this 

equation leads to ̀th Ғолл GPa taking E Ғр ¢tŀ ƻǊ Ғмрл GPa with E Ғм TPa, and it represents an upper 

limit of the theoretical strength, since the real nanotubes exhibit defects that lower their properties.  

As in other materials, also their strength strictly depends on their ability to prevent initiation and 

propagation of defects. They are quantified by a formation energy and an activation barrier and they 

are temperature dependent. While grain boundary has hardly an equivalent in a nanotube, cracks 

may be present in the form of non-bonding trapped states ό5ǳƳƛǘǊƛŎŇΣ .ŜƭȅǘǎŎƘƪƻΣ ϧ ¸ŀƪƻōǎƻƴΣ нллоύ 

and elongated vacancy clusters (Belytschko, Xiao, Schatz, & Ruoff, 2002). 

Because of their 2d structure, extended defects like dislocation lines or loops are obviously absent, 

however correspondent large defects has been noticed, e.g. (5ς7) pentagon-heptagon pairs (Lauginie 

& Conard, 1997). 

Another extended defect in SWCNTs involves the formation of (5-7-7-5) defect pairs by a 90° bond 

rotation, known as the Stone-Wales (S-W) transformation. This transformation requires high 

temperature or long time under normal strain conditions (less than a few %). When strain increases 

S-W defect formation energy and activation barrier decrease (Buongiorno Nardelli, Yakobson, & 

Bernholc, 1998). 
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Figure 9ς Time evolution of a particular (5-7-7-5) defect from a classical simulation for a (10,10)  carbon nanotube at 2000 K 
under 10% uniaxial strain. The defect structure is highlighted in black.  a) Formation of the pentagon-heptagon defect 
whose evolution in time will be followed (t=1.5 ns).  b)The defect splits and starts diffusing (t=1.6 ns), note that a 
(10,10)/(10,9)/(10,10) heterojunction  has formed; c) Another bond rotation has led to the formation of a (5-7-5-8-5) defect 
(t=2.3 ns) (Buongiorno Nardelli et al., 1998) 

 

Due to the presence of C-C covalent bonds the CNTs are characterised by high Peierls barriers, which 

ensure no plastic deformations at room temperature and a fragile rupture. It is possible to observe 

the spontaneous formation of cracks  via a bond-breaking bifurcation state when nanotubes are 

under tension ό5ǳƳƛǘǊƛŎŇ Ŝǘ ŀƭΦΣ нллоύ. This occurs when strain energy per bond approaches the 

cohesive energy so that a CςC bond starts to switch between a bonding and a non-bonding state. 

Therefore, time or energy are requested for plastic deformation, via Stone-Wales transformation. It 

is supposed to dominate at high temperature and for long times. Brittle failure is expected at room 

temperature. It is certainly  a peculiar characteristic of nanotubes to show plasticity, because of their 

capacity to sustain high strain, which reduces both formation energy and activation barrier of S-W 

transformation. 

 

¶ Experimental results 

The theoretical analysis of the CNTs mechanical behaviour must be supported by experimental 

results. Experimental methods and principles used are not conceptually different from those used 
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with macroscopic materials. However, they differ from common testing tools because they measure 

nanometer size displacement and nanoNewton forces. Measurements in the nanoscale range always 

involve further problems because of the very small dimension of the tested materials. 

Ultrasonic tests and sonic resonances are routine methods for the measurement of elasticity in 

solids. Longitudinal wave velocity in a bar is expressed by: 
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Where r is the material density. Unfortunately, this technique is not easily applicable to the 

nanometer scale. 

Classical elasticity could be useful to calculate vibration frequencies and amplitudes of a bar, in which 

the vibration modes depend on the elastic constants of the material. The general equations are 

ƪƴƻǿƴ ŀǎ ¢ƛƳƻǎƘŜƴƪƻΩǎ ōŜŀƳ Ŝǉǳŀǘƛƻƴǎ (Timoshenko, Young, & Weaver, 1964). They are 

reprocessing of Bernouilli-Euler formula, in which shear and torsion effects are introduced. Shear 

deformation and rotatory inertia have a small effect on the first mode of vibration but must be 

incorporated in higher modes (Antes, 2003; Schanz & Antes, 2002). 

As a first order approximation, Bernouilli-Euler formula can be used to ŎŀƭŎǳƭŀǘŜ ǘƘŜ ¸ƻǳƴƎΩǎ 

modulus. For a nanotube clamped at one end: 
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where fn is frequency of vibration for transversal mode n and bn is solution to cosbn cosh bn Ґ ҍмΣ ŀƴŘ 

so b1 = 1.88, b2 = 4.69, b3 = 7.85, b4 = 11, bn = (n ҍ мκнύp for n җ рΦ .ƻǘƘ ǘƘŜǊƳŀƭ ŀƴŘ ǎǘƛƳǳƭŀǘŜŘ 

transversal vibrations of a nanotube were measured using a TEM. Vibration resonances can also be 

measured by field emission. The tension applied by an electric field was used to tune resonances by 

up to a factor of 10 (Purcell, Vincent, Journet, & Binh, 2002). 

Also the atomic force microscope (AFM) could be a useful method to evaluate the mechanical 

properties of the carbon nanotubes. This technique in its initial conception was designed to measure 

and record images of flat surfaces with atomic resolution. Its use has then been extended especially 

in the field of nanomechanics. Indeed, its special ability is to simultaneously measure a displacement 

(by the vertical piezoelectric tube) and a force (by the cantilever deflection). AFM could measure  

stiffness and strength, in bending and in tension (B. J. Salvetat et al., 1999; Wong, 1997; M.-F. Yu, 

2000) ŦƻǊ a²b¢ ŀƴŘ {²b¢ ǊƻǇŜǎΣ ŎƻƴŦƛǊƳƛƴƎ ǘƘŜ ƘƛƎƘ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŀƴŘ ŜȄŎŜǇǘƛƻƴŀƭ ǎǘǊŜƴƎǘƘ 

predicted by theory. 
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2.2. COMPOSITE MATERIALS 

 

Composites are produced when two or more materials or phases are used together to give a 

combination of properties that cannot be obtained otherwise. In nature several composites already 

exist, furthermore a particular interest has been devoted, since last century, toward syntetic 

composite materials, in particular with fibres. These materials are designed so to take advantage of 

the properties of all the components involved and may be selected to give unusual combinations of 

stiffness, strength, weight, high-temperature and corrosion resistance, hardness or conductivity. 

!ǎ ŀƴǘƛŎƛǇŀǘŜŘ ǘƘŜ άŎƻƳǇƻǎƛǘŜǎέ concept is not a human invention. Wood is a natural composite 

material consisting of one species of polymer τ cellulose fibres with good strength and stiffness τ in 

a resinous matrix of another polymer, the polysaccharide lignin. Bones, teeth and mollusc shells are 

other natural composites, combining hard ceramic reinforcing phases in natural organic polymer 

matrices. Man was aware, even from the earliest times, of the concept that combining materials 

could be advantageous, however only in the last half century the science and technology of 

composite materials have intensely developed (Matthews & Rawlings, 1999). 

Materials called now-a-Řŀȅǎ άŎƻƳǇƻǎƛǘŜǎέ ŀǊŜ ǇǊƻŘǳŎŜŘ ŘƛǎǇŜǊǎƛƴƎ ƛƴ ŀ particular material a second 

species, generally previously sintetized. The body constituent gives the composite its bulk form, and 

it is called the matrix. The other component is a structural constituent, sometimes called the 

reinforcement, which determines the internal structure of the composite. 

DŜƴŜǊŀƭƭȅ ǎǇŜŀƪƛƴƎ ƛǎ ǾŜǊȅ ŘƛŦŦƛŎǳƭǘ ǘƻ ŘŜŦƛƴŜ άŎƻƳǇƻǎƛǘŜ ƳŀǘŜǊƛŀƭǎέΦ ¢ƘŜȅ ŘƛŦŦŜǊ ŦǊƻƳ ǘǊŀŘƛǘƛƻƴŀƭ 

materials because:  

¶ They were hystorically born later 

¶ Their properties are not exactly governed by the conventional laws of materials 

¶ Their microstructure and properties have been accurately projected 

¶ Frequently their properties are entirely new and exclusive 

{ƻ ǿŜ Ŏŀƴ ŘŜŦƛƴŜ ŀ άŎƻƳǇƻǎƛǘŜέ ŀǎ ŀ ƳŀǘŜǊƛŀƭ ōǊƻǳƎƘǘ ŀōƻǳǘ ōȅ ŎƻƳōƛƴƛƴƎ ƳŀǘŜǊƛŀƭǎ ŘƛŦŦŜǊƛƴƎ ƛƴ 

composition or form on a macroscale for the purpose of obtaining specific characteristics and 

properties (Callister, 2007). 

Although there are many materials projected and used for their physical properties (e.g. 

superconductors), most composites are designed to improve their mechanical properties. 

There are many ways to classify composites, including schemes based upon: 1) materials 

combinations, such as polymerςmatrix, or carbon nanotubes-reinforced composites; 2) bulk form 

characteristics, such as laminar composites or matrix composites; 3) distribution of constituents, such 

as continuous or discontinuous or 4) function, like structural or electrical composites.  
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There are five general types of composites when categorized by bulk form. Fibre composites consist 

of fibres. By definition, a fibre is a particle longer than 100 µm with an aspect ratio greater than 10:1. 

Flake composites consist of flakes. A flake is a flat, plate-like material. Particulate composites are 

characterized by the presence of particulates, which are roughly spherical in shape. In a filled 

composite, the reinforcement is continuous and often considered the primary phase, with a second 

material added through particular processes. Finally, laminar composites are composed of distinct 

layers. The layers may be of different materials, or the same material with different orientation.  

 

 

Figure 10 - Classes of composites. 

 

The chemical composition of the composite constituents is not limited to any particular material 

class. There are metalςmatrix, ceramicςmatrix, and polymerςmatrix composites.The terms metal, 

plastic and ceramic cover whole families of materials with ranges of properties as broad as the 

differences between the three classes. Using a very simplicistic approach we can say: 

 

¶ Plastics are low density materials. They are characterized by good short-term chemical 

resistance but they exhibit low thermal stability resistance to environmental degradation 

(e.g. photo-chemical effects of sunlight). Their  poor mechanical properties are 

counterbalanced by their easily fabrication and join. 

¶ Ceramics have great thermal stability and are resistant to most forms of attack (abrasion, 

wear, corrosion). They are very rigid and strong because of their chemical bonding and they 

are also brittle and can be formed and shaped only with difficulty. 

¶ Metals are mostly of medium to high density. They exhibit good thermal stability and alloying 

could provide them a good corrosion resistance. They have useful mechanical properties and 
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high toughness, and they are moderately easy to shape and join. They are also characterized 

by ductility and resistance to cracking. 

 

Composite materials were born so to exploit the advantages of these materials and to overcome 

their defects. 

In a composite the matrix performs different roles. First of all, the matrix binds the fibres (or the 

other reinforcements) together. Loads applied to the composite are transferred into the fibres 

through the matrix, allowing the composite to withstand compression, flexural and shear forces as 

well as tensile loads. The ability to support loads of any kind depends on the presence of the matrix 

as the load-transfer medium, and the efficiency of this load transfer is directly related to the quality 

of the fibre/matrix bond. The matrix must also isolate the fibres from each other. Indeed the 

properties of the reinforcements well dispersed into the matrix are completely different from 

properties of bundles and aggregates of fibres. The matrix should protect the reinforcements from 

mechanical damage and from chemical or environmental attacks. In addition a ductile matrix enables 

a means of slowing down or stopping cracks that might have originated at broken fibres. 

The problem with composites production is to develop proper methods to combining the matrix and 

the reinforcement in order to obtain suitable properties and shape of components. The range of 

techniques used to produce composites is verywide. Almost all of the basic metal, polymer and 

ceramic forming processes have been adapted to their  class of composites, with more or less 

success. One of the most significant aspects of the production of composites, in particular for 

materials designed to withstand loads, is the nature of the interfaces between matrix and 

reinforcements. The interface between two solids, especially when thermal or chemical processes 

have been involved in putting them together, is rarely a simple boundary between two materials of 

ǉǳƛǘŜ ŘƛŦŦŜǊŜƴǘ ŎƘŀǊŀŎǘŜǊΦ ¢ƘŜ  ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜǎŜ άƛƴǘŜǊǇƘŀǎŜǎέ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ƳŀƴƴŜǊ ƛƴ ǿƘƛŎƘ 

stresses are transferred from matrix to fibres and most of the chemical, physical and mechanical 

properties of the composite. Control of interface regions is a crucial way  to monitor and develop the 

mechanical response of composite materials. An important parameter to ensure a tight contact 

between matrix and reinforcement is the wettability. A liquid phase on a solid can flow on the 

surface and can create a broad layer (in other words, the liquid wets the solid) or it can be rejected 

and can form a spherical droplet (so the liquid does not wet the solid). Therefore, the wettability is a 

favourable condition to ensure a good physical contact between the components of the composite. 

In a first moment the liquid drop could be considered spherical shaped and exhibit a single contact 

point with the solid surface. Afterwards it can wet the surface. For every increase of the wetted 

surface dA, a new separation surface solid/liquid is formed, with its surface energy SɹL, and the 

separation surface liquid/gas enlarges (with an increasing of the energy of the system proportional to 
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LɹV). Nevertheless at the same time the separation surface between solid and gas decreases with an 

energy reduction proportional to ɹSV. An increase of the wetted surface dA is allowed only if the 

following condition is observed: 

 

‎ Ὠὃ ‎ ‎ Ὠὃ 

 

The process could proceed if an equilibrium condition is reached. In that case the surface tensions 

are balanced each others. 

The equilibrium condition is expressed as: 

 

‎ ‎ ὧέί—‎  

 

For ̒ <90° the wettability is ensured. 

 

 

Figure 11 - Contact angle of a liquid droplet wetted to a rigid solid surface 

 

Another fundamental point in the design and production of composites is the prediction of their 

mechanical behaviour. In particular, for short fibres reinforced composites, lots of theoretical work 

had been carried out since the 1950s in order to model the mechanical properties of composites. 

Since some of these models (Tucker & Liang, 1999) are quite sophisticated, we will consider two of 

the simplest and most common. These are the rule of mixtures and the HalpinςTsai equations. 

 

¶ Mixtures equation 

The simplest method to estimate the stiffness of a composite in which all of the fibres are aligned in 

the direction of the applied load (isotropic, elastic matrix filled with aligned elastic fibres that span 

the full length of the specimen) is to assume that the structure is a simple beam (Figure 12) in which 

the two components are perfectly bonded together so that they deform together. 
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Figure 12 - Simplified parallel model of a unidirectional composite(Harris, 1999). 

 

 
The assumptions of the mixture equation are: 
 

6 6 ρ 
 
where Vf and Vm are respectively the volume fraction of the fibres and of the matrix. Moreover the 

load on the composite Pc is expressed as the sum of the loads on the components: 
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ŀƴŘ ǘƘŜ ǎƻ ŎŀƭƭŜŘ άƛǎƻ-ǎǘǊŀƛƴ ŎƻƴŘƛǘƛƻƴέ ƛǎ ŀǎǎǳƳŜŘΥ 
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So the stress could be expressed as: 
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with A the cross-sectional area of the various components. On the basis of the iso-strain condition 

we can write: 
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Or: 

 

Ὁ Ὁὠ Ὁ ρ ὠ  

 

This equation is referred to as the Voigt estimate, but is better known as the rule of mixtures. It 

makes the implicit assumption that the Poisson ratios of the two components are equal (nf = nm), thus 

overlooking elastic constraints caused by differential lateral contractions. More sophisticated models 

have been developed and they show that the mixtures equation tend to underestimate the true 
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stiffness of a unidirectional composite beam but for more practical purposes this difference is so 

small as to be negligible. 

 

 

 
Figure 13 - Simple series model of a composite (Harris, 1999) 

 

The transverse modulus, Et, is calculated using a similar approach with a block model such as that 

shown in  

Figure 13 with the same constraints as before, i.e. well-bonded components with similar Poisson 

ratios, and no visco-ŜƭŀǎǘƛŎ ǊŜǎǇƻƴǎŜ ŦǊƻƳ ǘƘŜ ƳŀǘǊƛȄΦ ²Ŝ ŎƻƴǎƛŘŜǊ ƴƻǿ ŀƴ Ψƛǎƻ-ǎǘǊŜǎǎΩ ƳƻŘŜƭΣ ǎƻ ǘƘŀǘ 

sc = sf = sm. The total extension of the model is the sum of the extensions of the two components: 
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If the cross-sections of both phases are the same, L  V, so dividing through by the stress (and 

remembering that Vf + Vm = 1) we have: 
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This is the Reuss estimate, sometimes called the inverse rule of mixtures and  the transverse modulus 

is therefore expressed as: 
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The problem with the Reuss model for the transverse case is that the geometry of the model  does 

not resembles in any way that of a fibre composite perpendicular to the fibres. And it ignores 
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constraints due to strain concentrations in the matrix between the fibres, by assuming that the 

Poisson ratios of the phases are the same. 

 

¶ Halpin Tsai equation 

Another common model is that developed by Halpin and Tsai (Halpin & Kardos, 1976). The mixture 

rules seen before are extremely simplicistic. More rigorous approaches may give predictions of 

elastic properties that are closer to experimentally observed values than these simple models, but 

they are seldom easy to use in practice. Halpin and Tsai showed that many of the more rigorous 

mathematical models could be reduced to a group of approximate relationships of the form: 
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Where the longitudinal stiffness of a unidirectional composite is  E1 and the transverse stiffness is E2, 

G12 is the in-plane shear modulus, y is a factor, specific to a given material, that is determined by the 

shape and distribution of the reinforcement, and by the geometry of loading. The parameter h is a 

function of the ratio of the relevant fibre and matrix moduli and of the reinforcement factor y , thus: 
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2.2.1. METAL MATRIX COMPOSITES (MMCs) 

 

A Metal Matrix Composite (MMC) is a composite material in which one constituent is a metal or alloy 

forming at least one percolating network. The other constituent is embedded in this metal matrix  

and usually serves as reinforcement. Metal matrix composites have been an attractive end goal for 

many materials engineers as an alternative to the traditional pure ceramic or pure metal materials. 

The idea of creating a material that has nearly the same high strength as the ceramics, but also a high 

fracture toughness due to the contribution from the metal, has lead to the development of a new 

family of metallo-ceramic composites (Breval, 1995). aa/ǎ ŜȄƘƛōƛǘ ǎƛƎƴƛŬŎŀƴǘ ŀŘǾŀƴǘŀƎŜǎ ŎƻƳǇŀǊŜŘ 
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to conventional materials. The driving force behind the development of metal matrix composites is 

their capabilities to be designed to provide needed types of material behavior, such as their 

improved strength and stiffness (Ward, Atkinson, & Anderson, 1996; Ward-Close, Chandrasekaran, 

Robertson, Godfrey, & Murgatroyde, 1999), outstanding corrosion resistance (Blackwood, Chua, 

Seah, Thampuran, & Teoh, 2000; C. Chen & Mansfeld, 1997; Shimizu, Nishimura, & Matsushima, 

1995), friction resistance (Akbulut, Durmam, & Yilmaz, 1998; Kennedy, Balbahadur, & Lashmore, 

1997) and wear resistance (Berns, 2003), high electrical and thermal conductivity (Korab, Stefanik, & 

Kaveck, 2002; Weber, Dorn, & Mortensen, 2003), and high temperature mechanical behavior (Llorca, 

2002; Z. Y. Ma & Tjong, 1999; Tjong & Ma, 1997). Metal matrix composites have been developed in 

order to make more resistant light metals, at relatively high temperatures and avoiding lightness 

decreasing as well,  or with the aim to extend the temperature range in which superalloys with high 

density could be employed.  

The most important metal matrices commonly used are low density alluminum, magnesium or 

titanium  alloys. For particular applications copper matrix composites (with high thermal 

conductivity) or intermetallic matrix composites (for very high temperatures) have been developed. 

A particular interest has been direct to advanced metal matrix composites (MMC) with high thermal 

conductivity (TC) to effectively dissipate heat and tailorable coefficient of thermal expansion (CTE) to 

minimize thermal stresses, very promising for enhancing the performance, life cycle and reliability of 

electronic devices όYŀŎȊƳŀǊΣ tƛŜǘǊȊŀƪΣ ϧ ²ƱƻǎƛƵǎƪƛΣ нлллΤ aŀƭƭƛƪΣ 9ƪŜǊŜΣ .ŜǎǘΣ ϧ .ƘŀǘǘƛΣ нлммύ. 

In the present work we will study a particular metal used as a matrix: the alluminium. In the area of 

metal composites, aluminium has attracted intense interest because of its excellent strength, low 

density and corrosion resistance properties. The aluminum matrix composites are  generally 

fabricated  by  the  addition  of  a  reinforcement  phase  to  the  matrix  by  the  use  of  several  

techniques  such  as  powder  metallurgy,  liquid  metallurgy  and  squeeze-casting.  The  

reinforcement  phase  is  generally  one  of  the  following:  continuous  boron  or  graphite  fibres,  or  

hard  particles  such  as  silicon carbide or alumina,  in  discontinuous  particulate  or  whisker  

morphology.  The  volume  fraction  of  reinforced  particles  or  whiskers  is  generally  within  the  

range 10-30%.  Also aluminium  alloys,  such  as  the  2000,  5000,  6000  and  7000  alloy  series,  are  

commonly  utilised  materials  in  composite  fabrication.  Aluminium  composites  are  widely  

employed  in  the  aerospace industry (Deuis, Yellup, & Subramanian, 1998; Speer & Es-Said, 2004; 

Yan, Lifeng, & Jianyue, 2008). 
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2.2.2. POLYMER MATRIX COMPOSITES 

 

To overcome the obvious defects of polymers, for example, low stiffness and low strength, and to 

expand their utilization for different applications, several fillers, such as fibres of variuos kind, 

particles, such as micro-/nano-SiO2, glass, Al2O3, Mg(OH)2 and CaCO3 particles, carbon nanotubes and 

layered silicates, are often added to process polymer composites, which normally combine the 

advantages of their constituent phases. 

Although the reinforcements play a dominant role in determining the stiffness and strength of a 

composite, the choice of the matrix will determine maximum service temperature, viable processing 

approaches, and long-term durability. Matrix materials can be divided into two categories: 

thermosetting and thermoplastic. Thermosetting materials are characterized by having a low-

viscosity, reactive, starting oligomer that cures (reacts) to form an insoluble network. The cure 

temperature and time influence many matrix properties. Thermoplastics are linear or slightly 

branched polymers of relatively high molecular weight. They are of significant interest because they 

can be remelted, thus easing repair in the field, and because they are melt-processable. The use of 

thermoplastics also allows other composite processing techniques such as injection molding of short 

fibre composites and extrusion of long fibre composites. Thermoplastic polymer morphology may be 

either amorphous or semicrystalline. The semicrystalline and even liquid crystalline morphologies 

can impart superior solvent resistance to the overall matrix resin. Semicrystalline polymers display a 

melting temperature for the crystalline regions as well as a glass transition, and processing must be 

performed in excess of the melting temperature. Amorphous thermoplastics, on the other hand, are 

processed above the glass transition temperature. A possible limitation for some applications of 

semicrystalline polymers concerns the morphological changes that may occur during processing or in 

the service environment, particularly due to the application of heat or exposure to solvent while 

under stress. These changes in the crystalline structure and/or content may cause changes in the 

overall composite properties and are highly undesirable (National Research Council (US). Committee 

on High-Performance Structural Fibers for Advanced Polymer & Board, 2005). 

Few polymers are thermally stable by comparison with metals or ceramics and even the most stable, 

like the polyimides, or poly(ether ether ketone) (known as PEEK) are degraded by exposure to 

temperatures above about 300°C. There is no reinforcement that can avoid chemical degradation, 

but the associated fall in strength and increase in time-dependent (creep or visco-elastic) 

deformation, a feature common to all polymers, though less serious in cross-linked resin systems 

than in thermoplastics, can be delayed by fibre reinforcement. Another serious problem with 

polymers is their very low mechanical strength and stiffness in bulk form: the weakest plastics tend 

to be ductile but the strongest tend to be brittle, although there are exceptions. Because of the 
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general good plastics properties (e.g. low densities and relative cheap production costs) nowaday is 

in the reinforcing of polymers that most important developments have been made. 

 

2.2.3. CERAMIC MATRIX COMPOSITES 

 

¢ƘŜ ǿƻǊŘ άŎŜǊŀƳƛŎǎέ ƛǎ ƛƴǘŜƴŘŜd, in the field of composites, as technical ceramics, such as alumina, 

ǎƛƭƛŎƻƴ ŎŀǊōƛŘŜΣ ȊƛǊŎƻƴƛŀΣ ŎŀǊōƻƴΧ ¢ƘŜȅ ŀǊŜ ƎŜƴŜǊŀƭƭȅ ǎǘƛŦŦΣ ƘŀǊŘ ŀƴŘ ǎǘǊƻƴƎ ƳŀǘŜǊƛŀƭǎΣ ōǳǘ ōǊƛǘǘƭŜΣ ǎƻ 

that the main goal in the making of a ceramic matrix composite (CMC) is to increase its toughness 

with respect to the monolithic material. Often the composites present both a toughness and a 

strength improvement, but the most important fact is that the toughness increase may reduce the 

risk of a catastrophic failure; thus if the reinforcement is conveniently chosen, the composite may 

sustain much damage before collapsing. The desirable characteristics of CMCs include high-

temperature stability, high thermal-shock resistance, high hardness, high corrosion resistance, light 

weight, nonmagnetic and nonconductive properties, and versatility in providing unique engineering 

solutions. The combination of these characteristics makes ceramic matrix composites attractive 

alternatives to traditional processing industrial materials such as high alloy steels and refractory 

metals. For the processing industry, related benefits of using ceramic composites include increased 

energy efficiency and increased productivity.  

Ceramic matrix composites development has lagged behind metal and polymeric matrix composites 

for two main reasons, both linked to the fact that, generally, processing routes for the synthesis of 

CMCs involve high temperatures. Reinforcements are required that are able to sustain such 

temperatures, and there have been the need to wait until the technology to prepare such 

reinforcement was sufficiently developed. Then, since the processing temperatures are so high, all 

the factors that commonly affect composite preparation, like unwanted reactions or development of 

residual stresses during the cooling step, are enhanced with respect to other kind of composites. 

Moreover, if in a metal matrix composite plastic deformation of the matrix can relieve up to some 

extent these effects, in the case of brittle materials as ceramics are, cracking of the matrix may 

result. Clearly, in order to limit these inconveniences, there has to be some matching of the 

coefficients of thermal expansion. 
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2.3. COMPOSITE MATERIALS REINFORCED BY CARBON NANOTUBES 

 

 

 
Figure 14 - Examples of CNTs composites applications (Meyyappan, 2005) 

 

In last decades many research efforts have been directed toward the production and 

characterisation of composite materials reinforced by carbon nanotubes, in order to take advantage 
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of the extraordinary properties of these carbonaceous species. New conducting polymers, 

multifunctional polymer composites, conducting metal matrix composites, higher fracture-strength 

ceramics, electrical and structural high conductors, highly anisotropic insulators and high-strength, 

porous ceramics are just few  examples of the possible new materials that can come from nanotubes 

(other specific examples in  

Figure 14). 

The origin of nanotube-reinforced composites is the nanotubes themselves, but processing them into 

various matrices has been a spin-off from earlier work on incorporation of fullerenes into composite 

matrices. Nanotube composites can replace existing reinforcement materials with properties not  as 

good as CNTs ones or can create nanocomposites for applications where composites have 

traditionally not been used before.Certainly, it would be useful and more economical if the 

conventional production techniques would work for producing new nanotube composites.  

The evolution of nanotube processing, along with continued advances in purification, 

functionalization, and separation, have produced numerous starting conditions for composite 

development. The continued interest in developing longer nanotubes, similar to continuous 

reinforcements, will further enable the materials that can be produced with nanotubes. One of the 

most important aspect during the project and realization of composites reinforced by CNTs is 

certainly their dispersion and distribution: the outstanding properties of nanotubes have given cause 

for the development of composite materials however their agglomeration could negatively affect the 

final behavior of the material, i.e. modeling of electrical conduction has shown that because of the 

small size of nanotubes, a network will form at very low concentrations (about 1 wt.%) and may 

affect multifunctionality (Fournier, Boiteux, Seytre, & Marichy, 1997; Ounaies, 2003). The network 

that forms, particularly at high concentrations, may limit homogeneous dispersion. Because of the 

importance of this aspect a special attention will be paid to carbon nanotubes dispersion in section 

1.4. 

Composite materials reinforced by carbon nanotubes are generally categorized along similar classes 

of conventional composites and will be identified by the matrix materials. Altough, in particular in a 

first time, the largest efforts have been focused on polymer matrix composites, in last years a great 

interest has grown on metal and ceramic matrix composites reinforced by CNTs. Polymer 

nanocomposite studies have, in many cases, focused on nanotube dispersion, untangling, alignment, 

bonding, molecular distribution, and retention of nanotube properties. Studies of metal and ceramic 

systems have had additional issues of high-temperature stability and reactivity. The central goals  

have been  the identification of new process techniques and of new nanotube chemistries able to 

provide  stabilization and bonding to the high temperature matrices, namely materials that melt or 
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soften at temperatures higher than the nanotube degradation temperatures. Most studies treat 

nanotube addition in the same way for any micron-size additive. 

 

2.3.1. POLYMER MATRIX COMPOSITES 

 

Polymer composites, consisting of additives and polymer matrices, including thermoplastics, 

thermosets and elastomers, are considered to be an important group of relatively inexpensive 

materials for many engineering applications. Unlike traditional polymer composites containing 

micron-scale fillers, the incorporation of carbon nanotubes into a polymer results in very short 

distance between the tubes, thus the properties of composites can be largely modified even at an 

extremely low content of filler. For example, the electrical conductivity of CNT/epoxy 

nanocomposites can be enhanced several orders of magnitude with less than 0.5 wt.% of CNTs (J. Li 

et al., 2007).The excellent properties of CNTs have spawned huge potential applications in polymer 

nanocomposites. Ongoing experimental works in this area have shown some exciting results, 

although the much-anticipated commercial success has yet to be realized in the years ahead. In 

addition, CNT/polymer nanocomposites are one of the most studied systems because the polymer 

matrix can be easily fabricated without damaging CNTs using conventional manufacturing 

techniques, as discussed before, a potential advantage of reduced cost for mass production of 

nanocomposites in the future (P.-C. Ma, Mo, Tang, & Kim, 2010). A particular interest has been 

focused on understanding the structureςproperty relationship between CNTs and polymer matrix 

and also on finding useful applications in different fields for their composites, since the first report on 

preparation of CNTs/polymer composites (Ajayan, Stephan, Colliex, & Trauth, 1994).  

 

 

Figure 15 - Number of published papers related to CNT and CNT/polymer nanocomposites 
as a function of academic years (P.-C. Ma, Mo, et al., 2010) 
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A sensible increasing of the interest on this kind of composites is shown in Figure 15: the number of 

published papers related to both carbon nanotubes and CNTs/polymer composites has increased 

since 1999. This phenomenon is strictly related to the realization of CNT fabrication inindustrial scale 

with lower costs in the beginning of the 21st century (P.-C. Ma, Mo, et al., 2010). 

According to the specific application, CNT/polymer nanocomposites can be classified as structural or 

functional composites (Du, 2007). For the production of structural composites, the unique 

mechanical properties of CNTs, i.e. the high modulus, tensile strength and strain to fracture, are 

exploited to develop structural materials with superior mechanical properties. Also many other 

properties of CNTs, such as electrical, thermal, optical and damping properties, are utilized to obtain 

multifunctional composites for applications in the fields of heat resistance, chemical sensing, 

electrical and thermal management, photoemission, electromagnetic absorbing and energy storage 

performances, etc. 

A model developed by Cox (Cox, 1952) is very handy to relate the reinforcement to the shape factor. 

ƛΦŜΦ ǘƘŜ ƭŜƴƎǘƘ ǘƻ ǊŀŘƛǳǎ Ǌŀǘƛƻ ˂Σ ŦƻǊ ǘƘŜ ǎƛƳǇƭŜǎǘ ŎƻƳǇƻǎƛǘŜΥ ŀ ǎƛƴƎƭŜ ŦƛƭŀƳŜƴǘ ŜƳōŜŘŘŜŘ ƛƴ ŀ 

cylindrical matrix (Figure 16). 

 

 

Figure 16 - Geometry of the Cox model (Cox, 1952) 

 

The Cox model allows to calculate the shear strain (stress) axial component in the matrix and the 

tensile strain (stress) in the fibre. It cannot totally describe stress and strain fields in specimens which 

are triaxial (axisymmetric), and neglects: 

 ς The influence of radial and orthoradial stresses on interfacial and longitudinal shear  

ς The elasto-visco-plastic behaviour of the polymer in polymer matrix composites (PMCs)  

ς The highly anisotropic structure of carbon fibres or nanotube ropes.  

Nevertheless, the Cox model is not so far from more sophisticated analysis. 

Load is applied to the matrix cylinder and a perfect interface is supposed, so that matrix strain is 

transferred to the fibre. This ensures continuity of displacement at each point of the interface. The 

axial strain in the fibre is given by: 
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With ‍ ςὋ ὶὉÌÎὙὶϳϳ . Ef , rf and l are the fibre axial modulus, radius and length; R and 

Gm are the radius and the shear modulus of the matrix. The axial strain at the centre of a very long 

fibre is very close to that of the matrix ‭  both being equal to ‭  for infinite length. Thus l0= 2/̡  

appears as a characteristic length of the model composite. In Figure 17 ‭Ⱦ‭  is reported as a 

function of the reduced length l/l 0. 

 

 

Figure 17 - Strain transfer reduced curves in the Cox model. The reduced strain along the fibre 
Is plotted for different values of the reduced length 

 

Strain is maximised at the centre of the fibre (and zero at its ends) and strictly depends on l/l 0 for 

small values of this parameter, i.e. when l/r f is small. The quantity ́ = ‭ȾȾ‭  reaches 0.99 for l = 2xΩ 

where xΩҒҍ(ln 0.01)/̡  is a loading length. The strain transfer efficiency ˅ can be defined simply as the 

ratio between the mean strain value  ‭ Ӷ and ‭Ȣ 

Several techniques have been developed for the production of carbon nanotubes/polymer 

composite materials: 

 

¶ Solution mixing 

Solution mixing is one of the most common techniques used to produce CNTs/polymer composites 

because it is fairly suitable for small size samples  (Du, 2007; Grossiord, Loos, Regev, & Koning, 2006; 
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Moniruzzaman & Winey, 2006).Typically, this approach involves three major steps: dispersion of 

CNTs in a proper solvent by mechanical mixing, magnetic agitation or sonication. The solvent should 

also be compatible with polymer resins. After that, the dispersed CNTs are mixed with polymer 

matrix at room or elevated temperatures. The nanocomposite is finally obtained by precipitation or 

casting. This method is very useful to prepare composite films starting form a slurry. 

 

¶ Melt blending 

Melt blending is another widespread method for fabrication of CNT/polymer nanocomposites. 

Thermoplastic polymers, such as polypropylene (Q.-H. Zhang & Chen, 2004), polystyrene (Hill, Lin, 

Rao, Allard, & Sun, 2002), poly(ethylene 2,6-naphthalate) (J. U. N. Y. Kim & Kim, 2005), can be 

processed as matrix materials in this method. The major advantage is that it is a solvent-free 

approach. The dispersion of CNTs in the polymer matrix is carried by a high temperature and a high 

shear forces applied. Generally the process is conducted using special equipment, raising the 

temperature and working in high shear force conditions, such as extruders and injection machines. 

The melt blending is often used to produce CNTs/polymer composite fibres. Compared with solution 

mixing, this technique is less effective on carbon nanotubes dispersion and distribution inside the 

polymer matrix. Moreover its application is limited to low amount of filler in thermoplastic matrices 

(Moniruzzaman & Winey, 2006). 

 

¶ In situ polymerization  

In situ polymerization is an efficient method to realize uniform dispersion of CNTs in a thermosetting 

polymer. CNTs are mixed with monomers, either in the presence or absence of a solvent, and then 

the monomers are polymerized via addition or condensation reactions at an elevated temperature 

(in presence of hardeners or curing agents). One of the major advantages of this method is the 

possibility to create covalent bonds between the functionalized carbon nanotubes and polymer 

matrix chains, resulting in strong interfacial bonds and much improved mechanical properties of the 

final product. The main application of the in situ polymerization technique is certainly the production 

of epoxy-based nanocomposites (Gojny, Wichmann, Köpke, Fiedler, & Schulte, 2004; Kosmidou, 

2008; P. C. Ma, Kim, & Tang, 2007; P.-C. Ma et al., 2009; Moisala, Li, Kinloch, & Windle, 2006), for 

which it is reported (in Figure 18) the typical process flowchart. 
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Figure 18 - Schematics of CNT/epoxy nanocomposites fabrication (P.-C. Ma et al., 2009) 

¶ Latex technology  

A relatively particular and new approach to disperse CNTs into a polymer is based on the latex 

technology (Du, 2007; Grossiord et al., 2006; Moniruzzaman & Winey, 2006). Latex is a colloidal 

dispersion of discrete polymer particles, usually in an aqueous medium. By this method it is possible 

to disperse both single and multi-walled CNTs in most of polymers that are produced by emulsion 

polymerization, or that can be brought into the form of an emulsion. CNTs are added only after the 

polymer synthesis. The first step of the process consists of dispersion of CNTs in an aqueous 

surfactant solution. Then the stable dispersion of surfactant covered carbon nanotubes is mixed with 

a polymer latex. After freeze-drying and subsequent melt-processing, the nanocomposite can be 

obtained. The advantages of this technique are obvious (Du, 2007; Grossiord et al., 2006): the whole 

process consists of simple mixing steps and therefore it is relatively easy. Moreover, it is versatile, 

reproducible, and reliable, and most of all it allows distribution of individual tubes into a viscous 

polymer matrix. All the dispersion process is totally carried in water, thus the process is a safe, 

environmentally friendly and low-cost method. Due to these advantages the possible scale-up of the 

technique is easily conceivable. 

 

¶ Other techniques 

In recent years many new methods have been developed to obtain CNT/polymer nanocomposites, 

especially with very high filler content or for some specific applications.  They include: 

- densification, in which CNT forests  are prepared and transferred to a pool of uncured epoxy 

resin. The matrix is infused into the CNT forest and then cured. The advantage of this 

technique is the possibility to work with high percentage of carbon nanotubes and control 

their amount during the forest synthesis (Wardle et al., 2008). 

- spinning of coagulant, in which, after a proper pre-dispersion in presence of a surfactant, the 

CNTs are coagulated into a mesh by wet spinning into a polymer solution, and then the mesh 
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is converted into a solid fibre by a slow draw process. It is clearly particularly useful for fibres 

production (Vigolo, 2000). 

- layer-by-layer deposition involves, after a CNTs pre-dispersion in solvent, the dipping of a 

solid substrate (glass slides, silicon wafers) into the CNT/polymer solutions and a following 

curing. A method of this kind minimises structural defects that are originated from the phase 

segregation of the polymer/CNT and high loading of CNT (up to 50 wt.%) could be 

incorporated in the matrix (Mamedov et al., 2002). 

- pulverization in which polymer and CNTs (without any kind of pre-treatment) are mixed and 

pulverized by pan mill or twin screw. The main advantages of this technique are the absence 

of solvents and the possible easy scale-up of the system (Xia, Wang, Li, & Hu, 2004). 

With a tensile modulus on the order of 1 TPa and a tensile strength 100 times greater than steel at 

one sixth the weight, single-walled carbon nanotubes are ideal reinforcements for polymer matrix 

composites, but to fully exploit their exceptional properties, CNTs should be homogeneously 

dispersed and aligned within a polymer matrix. Composites containing isotropically oriented 

nanotubes generally possess lower mechanical properties than composites with aligned nanotubes 

(Andrews, Jacques, Minot, & Rantell, 2002; ShofneǊΣ wƻŘǊƤȳƎǳŜȊ-aŀŎƤȳŀǎΣ ±ŀƛŘȅŀƴŀǘƘŀƴΣ ϧ .ŀǊǊŜǊŀΣ 

2003). Static and dynamic mechanical property improvements have been observed in nanotube-

reinforced polymers compared with the neat polymers, and anisotropic nanotube orientation has 

shown greater improvements over isotropic nanotube orientations in polymers. Enhancements of  

about 450% in tensile modulus have been observed at CNTs amounts of 20 wt.% (Haggenmuller, 

Zhou, Fischer, & Winey, 2003). In composite fibres containing highly aligned nanotubes, 

simultaneous increases in tensile strength, tensile modulus, and strain to failure have been realized 

(Kumar et al., 2002). 

Both SWCNTs and MWCNTs have been utilized as reinforcements in thermosetting polymers, such as 

epoxy, polyurethane, and phenolςformaldehyde resins, as well as thermoplastic polymers, including 

polyethylene, polypropylene, polystyrene, nylon, and so on. The CNTs reinforced nanocomposites 

can be considered as a kind of particular composites with the filler dimensions on the nanometre 

scale and a high aspect ratio. The mechanical properties of nanocomposites depend strongly on the 

characteristics of reinforcement and matrix and also on the dispersion state of the fillers. In addition 

to dispersion, the nanoparticles (particularly CNTs) should exhibit a high aspect ratio, alignment and 

interfacial interactions with the polymer matrix to act as effective reinforcement (J. Kim & Mai, 

1998). 

The aspect ratio must be sufficiently large to maximize the load transfer between the CNTs and 

matrix material and thus to achieve enhanced mechanical properties. For example, polystyrene 

nanocomposites reinforced with well-dispersed 1.0 wt.% carbon nanotubes of a high aspect ratio had 
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more than 35% and 25% increases in elastic modulus and tensile strength, respectively (Qian, Dickey, 

Andrews, & Rantell, 2000). Also good results have been reported by other research groups (J. 

Coleman, Khan, Blau, & Gunko, 2006; Jiang, Liu, Zhang, Wang, & Wang, 2007), but other reports 

demonstrated only modest improvements in mechanical properties. For example, the great impact 

of aspect ratio on mechanical properties of CNT/epoxy nanocomposites is reported by Hernandez-

Pérez (Hernández-Pérez et al., 2008).  Epoxy resin has been reinforced by two types of MWCNTs with 

different aspect ratios.  It resulted that the impact resistance and fracture toughness were 

significantly improved only for those containing CNTs of a higher aspect ratio. At the same time, 

however, the corresponding tensile modulus and strength showed very limited improvements of less 

than 5%, probably due to weak bonds between the CNTs and polymer matrix and agglomeration of 

CNTs. 

Indeed, dispersion is the foremost important condition in CNT/polymer nanocomposites production. 

Many different techniques are generally adopted to obtain carbon nanotubes dispersion, as it is 

going to be discussed in section 1.4. A good dispersion is necessary to make more reinforcement 

material surface area available for bonding with polymer matrix, and prevents the aggregated filler 

from acting as stress concentrator, crack generators and defects, with a consequent decreasing of 

mechanical performance  of composites (L. Liu & Wagner, 2005). 

Other major issues are CNT content in composites, length and entanglement of CNTs as well as 

viscosity of matrix. Regarding CNTs content in polymer matrix many studies show that there is a 

critical value below which the strengthening effect increases with increasing CNT content. On the 

other hand, above this critical CNT content the mechanical properties of composites decrease, and in 

some cases, they worsen those of the neat matrix material. This effect can be related to the 

difficulties associated with uniform dispersion of CNTs at high CNT contents and lack of 

polymerization reactions that are adversely affected by the high CNT content (Kosmidou, 2008; P. C. 

Ma et al., 2007; P.-C. Ma et al., 2009). 

From the geometrical point of view, the difference between random orientation and alignment of 

carbon nanotubes can significantly change several properties of composites (J. Kim & Mai, 1998). For 

example the storage modulus of the polystyrene composite films containing random and oriented 

CNTs were 10% and 49% higher than the unreinforced bulk polymer, respectively (Erik T Thostenson 

& Chou, 2002). Several techniques, including mechanical stretching (Jin, Bower, & Zhou, 1998), melt-

spinning (Fornes, Baur, Sabba, & Thomas, 2006), application of electrical or magnetic field (Steinert & 

Dean, 2009), have been employed during the composite production of aligned CNTs in a polymer 

matrix. The carbon nanotubes alignment in the composite can be governed by at least two factors: 

the diameter of the tubes and the CNTs content. A smaller diameter of CNT can enhance the degree 

of CNT alignment due to the greater extensional flow; and a higher CNT content decreases their 
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alignment because of the CNT agglomeration and restrictions in motion from neighbouring CNTs 

(Desai & Haque, 2005). While alignment can act to maximize the strength and modulus, at the same 

time the aligned composites exhibit very anisotropic mechanical properties: the mechanical 

properties along the alignment direction can be enhanced, whereas along the direction 

perpendicular to this orientation they could result not improved or even worsened. 

 

 

Table 2 - Effect of CNT functionalization on the mechanical properties of CNT/polymer nanocomposites 
(P.-C. Ma, Siddiqui, Marom, & Kim, 2010) 

 

Finally a strong interfacial adhesion corresponds to high mechanical properties of composites 

through enhanced load transfer from matrix to CNT. Chemical and physical functionalization of CNTs 

has proven to enhance the interfacial adhesion. In Table 2 several results on the effects of CNT 

functionalization on the mechanical properties of CNT nanocomposites are reported. These results 

indicate clearly that functionalization of CNTs can enhance the modulus, strength as well as fracture 

resistance of nanocomposites. 

 

2.3.2. METAL MATRIX COMPOSITES  

 

Lightweight, high strength materials have been required since the invention of the airplane. 

Increasing the strength and stiffness of a material, the dimensions, and consequently, the mass, of 

the material required for a certain load bearing purpose is reduced. This leads to several advantages 

in the case of aircraft and automobiles such as increase in payload and improvement of the fuel 

efficiency. With global oil resources on a decline, increase in the fuel efficiency of engines has 

become highly desirable. Metals and alloys resulted inefficient in providing both strength and 
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stiffness and therefore  the development of alternative materials has become necessary. Metal 

matrix composites (MMCs) could be a solution, with lightweight and ductility provided by the metal 

and the strength and stiffness by the reinforcement that is either a ceramic or high stiffness metal 

based particulate or fibre (Bakshi, Lahiri, & Agarwal, 2010). Since the beginning metal matrix 

composites have been largely employed in automotive and aerospace applications (Kelly, 2006; 

Kevorkijan, 1999; Rawal, 2001; Shelley, LeClaire, & Nichols, 2001). Because of the extraordinary 

properties of CNTs  many studies have been conducted, since 2003 especially, concerning various 

metal matrices reinforced by these promising carbonaceous materials. Figure 19 shows the number 

of papers published on CNT-reinforced composites between 1997-2007 (the years in which mainly 

exploded the interest on CNTs composites). The majority of the researches has been focused on 

reinforcement of polymers by CNT. This is due primarily to the relative ease of polymer processing, 

which often does not require high temperatures for consolidation as needed for metals and ceramic 

matrixes. The relative small number of papers on metal matrix composites reinforced by CNTs is 

ǉǳƛǘŜ ǎǳǊǇǊƛǎƛƴƎ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ŦŀŎǘ ǘƘŀǘ Ƴƻǎǘ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ƳŀǘŜǊƛŀƭǎ ǳǎŜŘ ƛƴ ǘƻŘŀȅΩǎ ǿƻǊƭŘ ŀǊŜ 

metals. 

 

 

Figure 19 - Number of publications on CNTs composites between 1997-2008 (Bakshi et al., 2010) 

 

Whether or not nanotubes in metals would overcome the problem of carbon reinforcement in 

metals is yet to be fully understood. ¢ƘŜ άƴƻ ŘŜŦŜŎǘέ ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ {²NTs is probably what sparked 

an interest in developing nanotube-metal composites (NMCs). Carbon fibres have been avoided due 

to bonding and reaction issues in aluminium and other metals, and the absence of defects suggests 

these issues may be evaded (for example the Al4C3 formation between Al and carbon fibres). Wetting 
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and adhesion of metals to the nanotubes are outstanding peculiarity in order to obtain NMCs with 

improved properties. Dujardin and others (Andriotis, Menon, & Froudakis, 2000; E Dujardin, 

Ebbesen, Hiura, & Tanigaki, 1994; Ebbesen, 1996) showed that the determining factor for wetting 

metals to nanotubes is surface tension and resolved that a cut-off occurs between 100 and 200 

mN/m. This limit implies that aluminium, copper, and iron (865 mN/m, 1270 mN/m, and 1700 mN/m, 

respectively) will not easily wet the nanotube surfaces. Therefore, various routes for improving the 

wetting are necessary in order to achieve strong interactions between the nanotubes and the matrix. 

Many of the processing modes used to improve the interaction between matrix and reinforcement 

involve processing below the melting temperature of the metals when in contact with the nanotubes 

to provide for nanotube stability. Few methods have involved the processing of nanotubes in molten 

metals because reactivity and potential nanotube degradation would be extremely high at these 

conditions. Carbon nanotube reinforced metal matrix composites are prepared through a variety of 

processing techniques. Powder metallurgy is the most popular and widely applied technique for 

NMCs preparation. Electro deposition and electroless deposition are used in particular for deposition 

of thin coatings of composites as well as for deposition of metals on to CNTs. Melting and 

solidification are good techniques for low-melting-point metals such as magnesium and bulk metallic 

glasses, as well as other several non-standard techniques experimented during last decade, i.e. 

molecular level mixing (Cha, Kim, Arshad, Mo, & Hong, 2005), sputtering techniques (Huang, Chen, & 

Zuo, 2006), vapor deposition (Y. Zhang, Zhang, Li, Wang, & Zhu, 2000) and nanoscale dispersion 

(Noguchi et al., 2004). 

 

¶ Powder metallurgy 

Powder metallurgy techniques are based on several process steps: mixing of CNTs with metal powder 

by grinding or mechanical alloying, consolidation of the composite powders by compaction and 

sintering, cold isostatic pressing, hot isostatic pressing, or spark plasma sintering. Generally, the 

compacted composite green specimens are subjected to post-sintering deformation processes such 

as rolling, equi-channel angular processing, extrusion, etc. These techniques are mainly applied to 

aluminium and copper matrix composites, however a few researchers have also prepared CNT 

composites based on magnesium, titanium, nickel, silver, tin and intermetallics through this route. 

The purpose is to obtain good reinforcement, by achieving homogeneous dispersion of CNT in the 

metal matrix and good bonding at the metal/CNT interface. 

 

Mechanical alloying and sintering 

The most critical issues in processing of NMCs are the dispersion of carbon nanotubes and the 

interfacial bond strength between CNT and the matrix. Researchers have tried different approaches 
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to solve these problems. For copper matrix composites (W. Chen et al., 2003; J. Tu, Yang, Wang, Ma, 

& Zhang, 2001) nanotubes were coated with nickel using electroless deposition to achieve good 

interfacial bond strength. Density of the composites was comparable up to 8 wt% CNT (beyond this 

value density decreased drastically due to agglomeration (He et al., 2007; J. Tu et al., 2001). No 

interfacial product formation was observed. To improve the dispersion of the filler inside aluminium 

matrix He et al. have grown CNT by chemical vapour deposition (CVD) process directly on Al powders 

which were then compacted and sintered at 913 K. For 5 wt% CNT  relative density of 96% has been 

registered, and homogeneous dispersion of CNTs has been observed. Carbon nanotubes are 

responsible for increased hardness (4-8 times) and tensile strength (2-8 times) (He et al., 2007) on 

respect of pure aluminium. Yang et al. (Yang & Schaller, 2004) have obtained homogeneous 

distribution of nanotubes in magnesium matrix by mechanical mixing of the powders in presence of 

an alcohol and acid mixture. The powders are then sintered at 823 K. Ball milling has been exploited 

by Morsi and Esawi (Esawi & Morsi, 2007; Morsi & Esawi, 2007) for CNTs dispersion on Al particles. 

Milling for at least 48 hours lead to good dispersion of CNTs but resulted in formation of large 

spheres (larger than1 mm) due to cold welding. 

 

Mixing/mechanical alloying and hot pressing 

Instead of sintering, some researchers have used hot pressing consolidation of powder mixtures. This 

technique resulted inappropriate for fabrication of  aluminium matrix NMCs (C. L. Xu et al., 1999; 

Zhong, Cong, & Hou, 2003), but it has been successfully applied to the fabrication of copper (C Deng, 

Zhang, Wang, & Ma, 2007), titanium (Kuzumaki, Ujiie, Ichinose, & Ito, 2000), magnesium (Carreño-

Morelli et al., 2004) and iron-aluminium (L. X. Pang, Sun, Ren, Sun, & Bi, 2007) matrix composites. In 

the Fe3Al-CNT case, composites synthesized via hot-pressing have shown improved mechanical 

properties (hardness, compressive strength and bend strength) due to uniform distribution of CNTs. 

The enhancement in the mechanical properties was attributed to grain growth inhibition caused by 

interlocking nanotubes (L. X. Pang et al., 2007). 

 

Spark plasma sintering 

In spark plasma sintering technique a pulsed direct current passed through the powder, producing 

rapid heating and thus greatly enhancing the sintering rate. This method is, generally, suitable for 

consolidation of nano powders, without allowing sufficient time for grain growth. The main 

applications of spark plasma sintering with NMCs are Cu-CNT (Cha et al., 2005; K. T. Kim, Cha, & 

Hong, 2007; K. T. Kim, Cha, Hong, & Hong, 2006) and in Al-CNT (H Kwon, Estili, Takagi, Miyazaki, & 

Kawasaki, 2009). Enhancement in mechanical strength by 129% with addition of 5 vol % of CNT has 

been reported for Al-CNT composite sintered by SPS and followed by hot extrusion of powders 
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prepared by a nanoscale dispersion Good dispersion and alignment of CNTs in the matrix as well as 

formation of Al4C3 at the CNT/matrix interface were the prime reasons for improvement is 

mechanical properties (Majkic & Chen, 2006). Spark plasma sintering has also been explored for 

synthesis of CNT-reinforced NiςTi  alloys (Majkic & Chen, 2006) and Fe3Al-CNT composites (L.-X. Pang 

et al., 2007). SPS, because of the high temperatures and high pressures reached during the process, 

allows good densification and mechanical properties. However, at these conditions could damage 

CNTs, which can also react with the matrix material. 

 

¶ Melting and solidification 

Melting and solidification represent the most conventional processing techniques for metal matrix 

composites. This route has also been utilised for synthesising CNT-reinforced composites. However, 

due to the high temperature required for melting, is not so commonly employed. The process could 

damage CNTs or lead to the formation of chemical reaction products at the CNT/metal interface. 

Whereupon, this technique is mainly used for composites with low melting point matrix. Another 

limitation is that carbon nanotubes in a liquid phase tend to form clusters because of their 

characteristics surface tension forces. 

 

Casting 

Pre-alloyed powders, mixed with CNTs, are compacted and then melted and casted and can 

eventually be followed by hot extrusion, so to achieve an improved reinforcement effect of the 

carbon nanotubes within the matrix. The main application of casting are zirconium matrix (B. Z. Bian, 

Wang, Wang, Zhang, & Inoue, 2004; Z. Bian, Pan, Zhang, & Wang, 2002) and magnesium (Goh, Wei, 

Lee, & Gupta, 2006, 2008; Kondoh et al., 2010). 

 

Metal infiltration 

At the base of metal infiltration there is the idea of  prepare a porous solid structure with dispersed 

CNTs and then infiltrating liquid metal into the pores and solidify to prepare a composite structure 

(Figure 20). 
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Figure 20 - Schematic of metal infiltration technique (Bakshi et al., 2010) 

 

This technique has a higher chance to obtain uniform distribution of CNTs, but at the same time 

results critical to proper filling up of the pores and making a good and dense composite structure. 

There is a also probability of movement and thus agglomeration of CNTs due to high pressure 

application during infiltration. Yang and Schaller (Yang & Schaller, 2004) have used infiltration to 

synthesise magnesium matrix composite starting from CNTs  grown by CVD on an  Al2O3 fibres 

structure. Al-CNT composite has been produced by Zhou et al. (S. Zhou et al., 2007) through 

infiltration of a porous preform made by pressing a ball milled mixture of aluminium and magnesium 

powders and CNTs at 1073 K.  

 

There are two mainly goals in adding carbon nanotubes to a metal matrix: to increase the tensile 

strength, and to increase the elastic modulus of the composite. Both of these effects are correlated 

with the fact that the CNTs have a higher stiffness and strength compared to the metal matrix. The 

critical issues in mechanical properties in NMCs are the homogeneous distribution of CNTs in the 

metal matrix, and the interfacial reaction and bonding with the matrix, necessary to achieve an 


