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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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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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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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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 















42 
 

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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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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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 
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Figure 22 - Raman spectra of fresh and sonicated nanotubes (Lu, 1996) 

 

 

Figure 23 - Images of damaged carbon nanotubes after sonication (Lu, 1996) 
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Figure 26 - Overview of possible addition reactions for the functionalization of the nanotubes sidewalls 

(Balasubramanian & Burghard, 2005) 
 

Several functionalization have been experimented in last years, on the basis of the future 

applications of the modified CNTs: amidation (in which the carboxylic groups can be activated by 

conversion into acyl chloride groups with thionyl chloride (J. Chen et al., 1998; J. Liu et al., 1998), and 

the acyl chlorides formed can be transformed to carboxamides by amidation), esterification (acyl-

chloride-functionalized CNTs could also react with nucleophile alcoholic groups (Hamon, Hui, 

Bhowmik, Itkis, & Haddon, 2002; Riggs, Guo, Carroll, & Sun, 2000)), thiolation (a particular reaction 

involving successive carboxylation (H2SO4/HNO3; H2O2/H2SO4; sonication), reduction (NaBH4), 

chlorination (SOCl2) and thiolation (Na2S/NaOH), to the open ends of CNTs (J. Lim, 2003)), 

fluorination (a complex reaction obtained using several approaches (Hamwi, 1997; Marcoux et al., 

2002; Mickelson et al., 1998)), chlorination  (Fagan, Da Silva, Mota, Baierle, & Fazzio, 2003), 

hydrogenation (obtained using different approaches as via dissolved metal reduction (Y. Chen et al., 

1998), or electrochemical hydrogenation of open ended CNTs (Owens & Iqbal, 2002)), addition of 

radicals (e.g. the addition of perfluorinated alkyl radicals ,obtained by photoinduction from 

heptadecafluoro octyl iodide, to SWCNTs yielded perfluorooctyl-derivatized CNTs (Michael Holzinger 

et al., 2001), pristine SWCNTs and their fluorinated derivatives, F-SWCNTs, were reacted with organic 

peroxides to functionalize them by covalent sidewall attachment of free radicals (Peng, Reverdy, 

Khabashesku, & Margrave, 2003)) addition of nucleophilic carbenes (e.g. The reaction of a 
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nucleophilic dipyridyl imidazolidene with the electrophilic SWCNT p-system to give zwitterionic 

polyadducts (Michael Holzinger et al., 2001)) or the sidewall functionalization through electrophilic 

addition (Tagmatarchis, Georgakilas, Prato, & Shinohara, 2002). However, many other reactions have 

been attempted by several researchers (the main ones reported in the diagram in Figure 26). 

 

2.4.2.2. PHYSICAL OR NON-COVALENT FUNCTIONALIZATION 

 

Functionalization of CNTs using covalent method can provide useful functional groups onto the 

carbon nanotubes surface. Nevertheless, this kind of approach has two major drawbacks: firstly, 

during the functionalization reaction, especially if long ultrasonication steps are required, a large 

number of defects are inevitably created on the nanotubes sidewalls, and as anticipated in section 

2.4.2.1, CNTs in some cases should be shortened into smaller pieces. These damages result in 

degradation in mechanical properties of carbon nanotubes as well as disruption of their p electron 

system, with severe consequences on electrical and thermal properties. Secondly, these chemical 

reactions often involve concentrated acids or strong oxidants, and so they are environmentally 

unfriendly. Hence, many efforts have been put forward to developing methods that are convenient 

to use, of low cost and less damage to CNT structure. Non-covalent functionalization is an alternative 

method for tuning the interfacial properties of nanotubes. Three main kind of physical 

functionalization have been studied: the first one is the so called polymer wrapping (Figure 27). 

 

 
Figure 27 - Model of polymer wrapping 

 

The suspension of CNTs in the presence of polymers, such as poly(phenylenevinylene) (Mc Carthy et 

al., 2001) or polystyrene (Hill et al., 2002), lead to the wrapping of polymer around the tubes to form 
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2011; Ham, Choi, & Chung, 2005; Rastogi et al., 2008; Schwyzer et al., 2011) or light scattering (Jung 

et al., 2012; Y. Kim et al., 2009; Krause et al., 2010; Ntim, Sae-Khow, Witzmann, & Mitra, 2011; J. 

Wang, Früchtl, & Blau, 2010)) but only at very low CNTs concentrations and often coupled with 

microscopy. 

  










































































































































































































































