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CHAPTER 1: AIM OF THE WORK

The work of this Ph.D. thesis has beealised in the field of a promising and largely studied
technological material the carbon nanotubes (CNTs). After a first observatiogey twere & NB
discovered at the beginning of the 90s and immediately started to cover a fundamental role in
several s@ntific 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, techndlogimd mechanical
properties. For what concerns this thesithey 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 carboteous 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 reently also ceramic matrix (CMCs) applications have been attempted. Despite massive efforts
focused on CNTmomposites, the potential of employing this reinforcement materials has not yet
been fully exploited. This lack is substantially due to the diffesubssociated 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 pduced 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 achievecieffi 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 ofpisidis 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, fevsimple experimentil techniques result suitable for this purpose. In

addition, the objective was also to use dispersion techniques which do not imply the utilisation of



high amount of solvents, reagents or surfactants, and so the aim was to develop a passisple,

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 materls 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 conmgpasitdorced 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 startingnfr 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 spewens, a characterization step followed. The materials were
characterized in terms of physical properties, morphology and microstructure, and mechanical

behaviour.



CHAPTER ZARBON NANOTUBES AND
THEIR ROLE AS REINFORCEMENT IN
COMPOSITE MATERIALS

2.1. CARBONWANOTUBES

2.1.1. ALLOTROPY OF THE CARBON ELEMENT

¢KS O02yOSLIi 2F OFNb2y LRf@Y2NLKAAY 61 & AY(INRR
in1822 Mitscherlich, 1822Mitscherlich, E., 1822. Annales de Chimie, 19¢8%0). In / KI (G St A S NI
book «Leconssur le Carbone> (Le Chatelier, 1926)he affirmed «Le carbone non combinge

présente sous deforms trés curieugs: carboneamorphe, graphite ediamant» (« Uncombined

carbonis found under very inquiring forms: amorphousO Nb 2 y = 3 NJ LIK A Af@er tHey R R
discovery of the JRay diffraction in 1912, these two fundamental crystal structures (cubic diamond

and hexagonal graphite) were identified and characterizedthe middle of next century the so

calledd ! Y2N1IK2dza OF Nb2yaé¢ ¢ SNB sév&d hdlv &arbanipdgbrfhi I Yy R
phases were identified and sintered. In SixtiBsissian scientistsoticed one dimension chain like

carbon structures, calledarbynes (Donnet et al., 2000; €.. Li, Zhou, G& Zhu, 200Q)in 1985 a

large family of spherical carbon structures, called fullerenes, was discoyeral Kroto, Heath,

hQ. NRSYy S [/ dzNI Sfinafly in{1991 fa tuB/&d>fornmap grapbene (graphene refers to an
atomic layer of graphitekhe so called carbon nanotub&asidentified (Bethune et al., 1993; S lijima

& Ichihashi, 1993; Sumio lijima, 1991)

Ewen 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-tiscovered as a promising neatal for technological applications.

This was due both to the technological developmémt allowed at that time the exploitation of
nanosized materials but also to the instrumentation development that allowed coraplet
characterisation of these matmls. The previous observations of similar materials could not be
complete and were generally neglected to the apparent little interest in such a magitiadthioux

& Kuznetsov, 2006)



Fullerenes,

Crystalline Form Diamonds Graphites Carbynes® Nanotubes
Hybridization :5.1}3 51}2 .::pl spEjL ¢
Coordinance z 4 3 2 3

Physical dimensionality D 3 2 1 0 and 1
Bond length (A) 1.54 1.40 1.21 1.33 to 1.40
Bond energy (eV /mole) 15 25 35 > 25

* Also mixed r_apl and .‘51:13 hybridizations (o form)

Tablel - Schematic classification of the different forms of carlfboiseau, Launois, Petit, Roche, & Salvetat, 2006)

Allotropic forms of elemental carbon are divided into thermodynamically stable and metastable
phases.The thermodynamic phase djgjam of the carbonsi shown in igure 1. It has been

elaborated after several decades of experimental wgBsndy, 1996)
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Figurel - 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 isstable under high pressureshaxagonal phase known as Isolaleite is foundinder specific

conditions. Thecarbyne 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
9



appear evident to iolude 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 lueloped to predict new e¢hon 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

modulusB,

A useful semempirical expression has been proposeddnhen(Cohen, 1994)

.0 o
6 — pwx eI

where N, is the average coordination number of the compound considetkthe average bond
lengthand<is an ionization factor which is zero for purarbons.For short d and large bond energy
we obtain large compressibility factors and thus high cohesion ener@leshighest density of
strong covalent bonds is associated with super hard compouwvitts low compressibility factors,
whereupondiamond is such harhaterial.
However in new phase materials, such as carbon nanotubes, the total cohesion energy can be
decreased by curving the graphesbeets and forming closed structures as cylinders. A topological
classification for curved surfaces, in RBnoclidian gometry, was proposed by Schwg@chwarz,
1890) A simple approach is to define a medd) and aGaussian(K) curvatures proportional to the
inverse of adngth and a surface, respectively. pioposed by Mackay and Terronédlackay&
Terrones, 1991)the following geometrical shapes may exist:

¢ K>0 (spheres) as fullerenes

¢ K= 0 (planes or cylindershf= 0), as nanotubes

CK<O(s®RRf S0Y a{OKgl NI AGSacE
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Schwarizite: K <@

L
Nanotubes : K = ¢

Fullesenes : K >0

Figure2 - Examples of curved graphene varieties classified through their gaussian cuiature

Negatively curved carbon networks belong to the class of periodic minimalcggriand they have
0SSy Ol tt SR, inchfnduk of ISthivaktzi $hisécurvaturenimde possible by introducing
seven or eight member rings in addition to the usual six membar planar surfaces. In spite of
different attempts, these big unit cells have not been observed experimentally. The same holds for a
positive curvature owing ta five member ring (case ofdC

Infinite singlewall nanotubes are cylindrical shapedth carbon atoms organized in a honeycomb
lattice. Their coordination number is three € 3) and the surface curvature induces somp s
hybridization.Singlewall carbon nanotubesSWCNTjscan be ideally constructed rolling a graphene
sheet. Because of thizonstructionit is possibleto characterize theCNT structure witha pair of

integers(n,m). These indies definethes® | f f SR G QKANI f @SO02NE

® £Edd® A

which joins two crystallographically equivalent sites of the nanotube on the graphene sheAg) (
being the graphene basis whem = |Ag = |Aqu 289 !. The conventional basis chosen in
crystallography for a graphene sheet is a bakisAp) where tre angle between the vectors is 120°
(Hamada, Sawada, & Oshiyama, 1992)e angle betweeneciprocal vectorsdp and Ap is 60° and
allows one to use thavell-known (h, k, =5 K )Hotation: the wavevectors are equivalent for
circular permutations of thén, k, | indices which describe threfeld rotations. Howeverthe basis
which is the most frequently used in nanotube literature is the one withA9) =60°(Robertson,

Brenner, & Mintmire, 1992)

11
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Figure3 - Schematic diagram showing h@hexagonal sheet of graphene
is rolled to form a CNT with different chiralitiésrik T Thaenson, Ren, & Chou, 2001)

The nanotube is obtained by cutting a ribbon of perpendicular B&isighe skeet and by rolling it

up, asshown inFigure3 - Schematic diagram showing hahexagonal sheet of graphenthe tube

circumferencecould be writtenas

® & wE a £a

The hexagons orientation on the tusdzNJF I OS A a OKIF NI OGSHRT SR o0&

'\! \ﬁr \ﬁl \' "
Sersteritersrndand
CL S "

= ln"':-'l‘ ‘l i-—_llll Eﬂ- [

l|- ll-— yl! 1.‘ \-‘

Figure4 - A schematic theoretical model for singheall carbon nanotube
with different chiralities(Dresselhaus, Dresselhaus, & Saito, 1995)
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Different chiral angles correspond to as magtyiralities of the carbon nanotube#\ schematic
theoretical model for a singtevall carbon nanotubés shown inFigure4, with the tube axis normal

to: (@) thegI' onc RANBOGAZ2Y 0O yqgra gy ORKA- NNBNE (i Al2dyd dét S 06T A0S
a general directioBwith 0°<|gu ¥ onc Ol GOKANI ¢ (GdzodzZ SO® ¢KS
correspond to 1§, m) values of: (a) (5,5), (b) (9,&nd (c) (10,5).

2.1.2. CARBON NANOTUBES SYNTHESIS METHODS

The history ofcarbon nanotubes discover started 1965 with the synthesis ofs&molecules by
Kroto etal.o | NPt R 2 @ Y Né,iCGurE & Brsaliey, KIB5nhoRingNie ablation of a
graphite target by a pulsed laser. Howeutie spread on a large scale of the research on fullerenes
began only in 1990 with the introduction of the mass production route invented by Kratschrder an
Huffman (Kratschmer, Lamb, Fostiropoulos, & Huffman, 199)is synthesis was based on an
electric arcgeneratedbetween two electrodes made in graphite under helium atmosphere. Thanks
to this simple technique several research groups stattedhvestigate the g molecules andvas
promptly clear that those were not the only specipeoduced during thesynthesis In fact G,
molecules (rugby ball shapedyere observed in the soot producedy bthe electric arc, and
afterwards, changing the elaat supply from alternating to continuous current, strange filamentous
specieswere found on the electrodes. The first scientist interested in these anomalous formations
has been lijima in 1991: using a hgsolution transmission electron microscope faentified
tubular structures of crystallized carbon and named them nanotubes. This extraordinary discover
caused a great uproar inside the research commuguitgt the publication of lijiman Nature(Sumio
lijima, 1991)an be considered as a true breakpoint in the historgavbon.

As a matter of fact this wasot the first CNTs observatioBacon in the SixtieBacon, 1960and

Endo in the Seventie@berlin, Endo, & Koyama, 197€udied tubular undesired byproduct in
industrial chemical processes, and the thinner filaments were therefore very tbotdee 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 beetraducedto produce carbon nanotubes up to the present.
The varioussynthesis methods are generalfjassified into two main categories depending on the
temperatures reached during the processightemperature and mediuriemperature routes. The
former are based on theaporizationof a graphite target whereas latter are based Gombustion

Chemical Vapour Depositio@CVIDPprocesses.

13



2.1.21. HIGHTEMPERATURE METHODS FOR THE SYNTHESIS OF CARBON
NANOTUBES

Hightemperature methods grow out from theKratschmerand Huffman production route
(Kratschmer et al., 1990They all involve graphite sublimation in a reduced or inert atmosphere, to
temperatures above 3200°C and vapaondensation under a high temperature gradient. Several
hightemperature techniques have been deveéah with different methods used for sublimating

graphite.

1 The Electric Arc Discharge Technique
This method idased on a arc discharge generated between two graphite electrodes pléaes to
face in theinstrumentchamber under a partigiressure of helm or argon (typically 60thbar). The
electric dischargerises the temperature up to 600°C Thistemperature allows te graphite to
sublimate Because of the very high pressure reached during the process, carbon atoms are ejected
from the electrodes andctan form aplasma. These atoms move toward colder zones within the
chamber,and a nanotubealeposit on the cathodéollows.
lijima used an apparatus of this kind in his early experiments. He used DC arc discharge in argon
consistingof a set of carbon electrodes, with temperature of 2Q@8000°Gn nominal conditions of
100 A and 20 V. Iproduced multiwallnanotubes in the sot. Later, singlavall carbon nanotubes
were grown with the same satp by adding to the electrodes suitabletalyst particles, e.g. of Fe,

Co, Ni or rareearth metalgLoiseau et al., 2006)

Linear
maotion feed
through

Cathode (-)
B

Anode (+)
'/I:I.l.l 2

C-Deposits

2

o -
Puarmp Gas

A

Function
gensralor

Figure5 - A typical aradischarge apparatu@vierchanMerchan, Saveliev, Kennedy, & Jimenez, 2010)
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The working conditions hugely influence the carbon nanotubes properties: in presencenall

amounts of transition metals such as Fe, CojnNihe graphitic anode materigland leaving the

cathodeas pure graphite) singleall carbon nanotubes result the main product. A hydrocarbon gas

introduced into the arc discharge is mdiavourableto yield CNTs than fullerené¥ Ando, 1994)in

absence of such catalgs the formation of multiwalcarbonnanotubes is favared.

9 Laser Ablation
The sublimation of the graphite could be obtained Iation with a focused laser beam in arert
atmosphere at low pressure. Two kinds of methods were develpfiedformer usesa pulsed laser
(Yoshinori Ando, Zhao, Sugai, & Kumar, 2004; Guo et al., 1992; Thaks 1096)the latter a
continuousone (Maser, 1998; Munoz et al., 2000)
The main differences with the ancethod are:
¢ The material is subjectettd a laser ablation instead of an arc discharge.
¢ No tube of reasonable length has ever been synthesized without smatadysingparticles. This
implies that a certain local anisotropy is necesgargrow ananotube.
¢ Particles are collected through a carrier gas on a cool plate far fromathet. A secondary heating

is usually added.

The pulsed lasetPL)is characterized by higher light intensity (100 kWfo? compared with 12
W/cm?). In thepulsed lase configuration(Figure6), the target is vaporized in a high temperature

argonbuffer gas by a NYAG laser pulse.

Reaction chamber

Fumace

Water-cooled
Nd: Yag collector

—

To pump
—

Gas inlet Graphite

target C'DCP('N'“.\.

Figure6 -A typical pulsed laser ablation apparafi¥erchanMerchan et al., 2010)

The main advantages of Réchnique include SWNT formation adéhmeter control. The SWNT

diameter can be varied by controlling the temperature, catalyst composition, and gas flow rate

15



(Bandow et al., 1998; H. Kataura et al., 2000; Sen et al., 20@Migher temperaturesSWNT
diametersenlarge Equallyan increasing in the nanotube diameter is obserasd consequence of
the introduction of a NiY catalyst, while applying a R catalystreduces the diametefAvigal&
Kalish, 2001; Hiromichi Kataura et al., 19%isadvantages of the PLV method include lingted
scale of SWNT producticend the presence oflarge amounts of contaminantsuch as catalytic
particles and amorphous carbon.

In the continuous laser configuration ak® continuouswvave C@ laser is focused on the target,
heating it up to 30083500 K.An inert gas (He, Ar, ) flows from the bottom to the top of the

reactor chamberemovingthe producel soot inside the quartz tube.

1 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 vaporizbe 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 tar@€igure 7). Under cleassky
conditions, temperatures of around 3000K can be reached at tki/ Zetup of the solar station and
the evaporation process can start. At the beginning oflljerenes were produced with this
technique(Laplaze et al., 1994put since 1998 also nanotubes were obtained, just by changing the

target composition and adjusting the experimental conditifihaplaze et al., 1998)

adiations

\\//

Graphite crucible

Hot channel :
+ mixture
Graphite Nanotube
e deposit

Figure? - Principle of the solarfurnace techniqieoiseau et al., 2006)

16



2.1.2.2. SYNTHESIS OF MWNT AND SWIKTMEDIUMTEMPERATURE ROUTES

1 ChemicaNapor Deposition(CVD)
The main problem of the higtemperature techniques is the very low production yielbtained
during the process. This problem cée solved using a different technique based on a catalytic
chemical vapar deposition. This method dimes directly from a particular technique usednce
1950 to produce carbon filaments and to study kinetic behaviof carbon decomposition
processes. The chemical reactions involved in the production of carbon (such as the
disproportionation of CO) wdd be infinitely slow or would produce neilamentary carbon (by
decomposition of hydrocarbons) without small particles of metal like Fe, Co &ad¥ifilament is
generated from oneatalytic particle,dcated either at the base or #he tip of the fiament 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 reactingas. The ain problem connected with namarticles is
their coalescence at the temperatures reached during the hydrocarbons decompostadractory
metals could be used because they less coalesce than other metals. HowewerFe, Ni
nanoparticles, ane or associated with Mo, V or W, are much more active. One common solution is
the deposition of the metal namarticles on finely divided or highly porous powders. Nonetheless
this resolution isfficient only with reaction temperatures not too higassell, Raymakers, Kong, &
Dai, 1999; Nikolaev et al., 199%nother way is to generate the metal nanoparticlessitu inside
the reactor, preferentially at the reacting temperature, either from an organomet@iet al, 2001;
Nikolaev et al., 1999; Zhu et al., 20@®)from a solid, by the selective reduction of an oxide solid
solution (Bacsa et al., 2000; Flahaut et al., 1989)of an oxide compoundNing 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 og)Nr with H that allows to act on the hydrodynamic parameters
or/and to modify the thermodynamic conditions.
A lot of stategies have been used to adapt the CCVD methods to the synthesis ofinCINding
horizontal furnace, fluidized bed reactor, vertical furnace, and basic plasma enhanced\ICtf2
parameters, related either to the catalyst or to the reaction condisioare important and may

interact. L is very important to tune correctly these parameters to obtain the final sought products.

17
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Figure8 - Example of a CCVD apparafierchanMerchan et al., 2010)

2.1.3. MECHANICAL PROPERTIES OF CNTs

In treating the problem of singieranotube mechanical propertiesthe main problem iswhether
macroscopic equations can be applied to a giant elongated mole@re. important engineering

LI N} YSGSNI A& ( KBSwhiciRisingriten for ¥ iRedzinateiial. The unusual fact with
nanotubes is that E is expected to vary slightly with the diameter, since curvature modi@dso@d
hybridization hence stiffnes Some difficulties arise because of the practical interest in treating a
nanotube like a continuous medium, which implies determining the shell thickness. Good
I LIWNREAYLF GA2y & KIF @S 06SSy 20 i ldulug &R thickdedslof/asied | a i
wall nanotube are not very different from that of a siegjraphene sheet and multiwalanotubes

are very similar to bulk graphite or carbdibres. However it is important to understand if the
classical elasticity is applicable to the nanotubes. lKHérarik, 2002)discussed specifically the
applicability of Euler beam model to carbon nanotubes. The deformation of a homogeneous elastic

beam is described by the BernbdEuler equatior{Landau, Lifshits, Kosevich, & Pitaevskii, 1986)

AU - @
AD %)

where M(x) is the bending moment atx and | the areal moment of inertiashape dependent

parameter which can be express, in the tube case, as:

0O “jo1 ©O O

With Do the outer diameter and the inner diameter of the tube.

18



The BernoullEuler equation can be used to calculate the deflection of a long beam of léngth

clamped at one end and submitted to the forEat the other end:

(oJON®)

Although elongation(or contraction) of a beam depends only on its crssstion area 4), the
flexural behaviar is strongly influenced by the cressction shape. Axial and lateral deforriveis
can all be described usilgy t @ G KS | 2 drghé @se thitBeRetih adest ratiois larger
than 10. Foraspect ratios smaller than 1@ shearing component must be added to the deflection

formula:

"00b
"00

with Gthe shear modulus, anfi the shear coefficient, beam shape dependéBere & Timoshenko,

1990)

Concening a singlevall nanotube,lots of studieshave been conducted tigg to answer whether it

can be described as a homogeneous tube made from an isotropic shell of finite thitkAsss first
approximation the carbo nanotubes could be described homogeneous isotropic continuous shells

of thicknesg, and all theirela$A O RSF2NX I GA2ya OFly o6S OFf &dzZ I (S
and the Poisson ratio7. Supposing the tube to be equivalent to a sheet of wigitiR Eandt can be

deduced from the bending rigidity)] and inplane stiffness@ of a graphene plate:

(0]
pcp #
And
6 0o

D, Cand n are characteristics parameters of graphene determined &g 6ond rigidity, that can be
calculated independently frorh The bending rigidity of a graphene sheet is determinethtagrsion
configuration of the €Cbonds(Odegard, Gates, Nicholson, & Wis802) Without this term, the
bending rigidity of the graphene sheet would be zero. Combining the two previous equations, it is
possible to findeF Tpaand f n ® n 1The¥ffécbive thickness of a single shell nanotuligng this
approximation, is less than 0.1 nmot so far froma single graphene lay¢howevermany authors

uset = 0.34nm andE= 1TPa, since it compares directly with bulk graphite valuls error is made

19



using this model because a nanotube has an effediiseural rigidity,El with | the moment of

inertia, much higher than that of a graphesbeet.In particularElcould be express as:

00 0—
o7 P

AndifcoL O, p ¢gd©O p T ¢g O ,with

00 EJO 0o JJO 0
These formulas mean that for a SWCNT of large diameter the bending rigidity is governedrby the
plane stiffness of the graphene sheet. Thus a SWNT can be approximated by a shell of thickgess
= 0.34nm with E= E; = 1TPa. Obviously this a mere approximation.
Unfortunately alsothe continuum approach ian approximationsince defininghe thicknessof one-
atom-thick layers does nohave a rigoous physical meaning, evahthe notion of an electronic
density cloudis used Arroyo andBelytschko(Arroyo & Belytschko, 2003roposeda method to
describe oneatom-thick layer deformations extendirgyper-elastic models used for bulk materials.
It is clear thatontinuum modelshow several limitationespecially in the nefinear elastic regime.
For a twelayer structure, considered asd anisotropic shell, the thickness could be considered
0 0 Q, where dis the interlayer thickness. Th&tarting supposition is thaslidings arenot
allowed between the layers, because of the Van der Waals forces. In this more complex situation th
bending stiffness is determined by theptane stiffness of the-C bondgSrolovitz, Safran, & Tenne,
1994)
,2dzy3Q4& Y2RdzZ dza O2dzZ R 6S S EdnNSNETEE Qu¥angl 200R)Xzy Ol A 2 v

SWNTs usually exist grouped in bundles. While covalddtt©nds ensure strong inttabe stiffness,
transverse properties agoverned by Van der Waals forces very similar to those at work in graphite
interplane cohesion. The SWaldggregate is thus highly anisotropic, with low torsion and shear
moduli. Elastic constants can be approximated with classical elasticity theogytbese of graphite.

In additon, 1 KS @+ NA2dza F2N¥a 2F OF Nb2y adNHZOGdz2NBa N
according to their structureln fact the perfect isotropy of the elastic behawicof the graphee

sheets is correlated withheir hexagonal symmetry. As the sheetiigo a tube, the bending strain
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inducesdistortion of the GQC bondsyesulting in a hybridization of the bonds,which increases as
the diameterdecreasesSo it is clear that both the diameter and the heli@fithe tubes could affect

their elastic properties.

1 Nonlinear elastic regime
Carbon nanotubes exhibit an extraordinary capability to carry high strength without breaking. This
phenomenon could be studied only assuming a -inear regime. At high straithe 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 OiBulanyi
equation which states that ultimate limit to elasticity is readhwhen strain energy equalthe

energy needed to separate two crystallaghicplanes in 3d or lines in 2d:

In whichr is the surface energy and a the interplane separation. Using typical values for graphite this
equation leads to , ¥ 0 /GRaakingEf @ t | 2 SPafwithRfnMPaand it representan upper

limit of the theoretical strength, since the real nanotubes exhibit defects that lower their properties.
As in other materials, also their strength strictly depemastheir ability toprevent initiation and
propagation of defectsThey 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 nemonding trapped state$ 5 dzY A 4 NA ONX . Sf 24 a 0K 23
and elongated vacancy clustgBelytschko, Xiao, Schatz, & Ruoff, 2002)

Because of their 2d structurextended defects like dislocation lines or loops are obviously absent,
however correspondent large defects has been noticed, eq¥) ftentagonrheptagon pairgLauginie

& Conard, 1997)

Another extended defect in SWCNTSs involves the formation-@f{%H) defect pairs by a 90° bond
rotation, known as the Ston@ales (8N) transformation. This transformation requires high
temperature or long time under normal strain conditioriesg than a few %). When strancieases

SW defect formation energy and activation barrier decregBeiongiorno Nardelli, Yakobson, &

Bernholc, 1998)
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Figure9¢ Time evolution of a particular {B-7-5) defect from a clssical simulation for a (10,10) carbon nanotube at 2000 K
under 10% uniaxial strain. The defect sture is highlighted in blacka) Formation of the pentageheptagon defect
whose evolution in time will be followedX1.5 ns). b)The defect splits andtarts diffusing t=1.6 ns), note that a
(10,10/(10,9)/(10,10) heterojunctionhas formed; c) Another bond rotation has led to the formation of -&-8-5) defect
(t=2.3 nsYBuongiorno Nardelli et al., 1998)

Due to the presence of-C covalent bonds the CNTs are characterised by high Reaeriers, which
ensure no plastic deformations at room temperature and a fragile ruptitns. possible to obseev

the spontaneous formation of cracks via a bdmwdaking bifurcation statavhen nanotubes are
under tensiond 5 dzY A (i NA O N. THisbccurst whén strain erengy per bond approaches the
cohesive energy so that &C bond starts to switch between a bonding and a-bonding state.
Therefore time or energy are requestefbr plastic deformationyia StoneWales transformationlt

is supposedo dominate at high temperature anfibr 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 formagoergy and activation barrier of\§

transformation.

1 Experimental results
The theoreticalanalysis of the CNTs mechanical behaviour must be supporteelxpgrimental

results. Experimental methods and principles used are not conceptually different frose tirsed
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with macroscopic materials. However, they differ from common testing tbetausethey measure
nanoneter size displacement and naneWton forces Measurements in the nanoscale range always
involve further problems becaus# the very smaltlimension of the tested materials.

Ultrasonic tests and sonic resonances are routine methodshermeasurement of elasticity in

solids. Longitudinal wave velocity in a bar is expressed by:

+
Ol

Where r is the material densityUnfortunately, this technique is not easily applicable to the
nanometerscale.

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 generati@igiare
1y26y |a ¢AY23aKSy ] gimashenkd Ysung, S8 dMeaver, 21@6Mhey are
reprocessing of Bernou#tuler formula, in which sheaand 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 mode@ntes, 2003; Schanz & Antes, 2002)

As a first order approximation, BerndisfEuler formula can be used t®1 f Odzt 6§ S GKS

modulus. For a nanotube clamped at one end:

~ P ®OQ
© f 0O ©
wheref, is frequency of vibratiofor transversal mode and 4, is solution to cos,coshb,I' b mMZI | YR

sob,=1.88,b,=4.69,b,=7.85b,=11,b,= b mMpommx pP . 20K GKSN¥YFE |
transversal vibrations of a nanotube were measured using a Miivation resonances can also be
measured by field emission. The tension applied by an electric field veastogune resonances by

up to a factor of 1@qPurcell, Vincent, Journet, & Binh, 2002)

Also the atomic force microscope (AFRHuld be a useful method to evaluate the mechanical
properties of the carbon nanotubes. This technique in its initial conceptiordesigned to measure

and record imageof flat surfaces with atomic resolution. Its use has tle®nextended especially

in the field of nanomechanictndeed, its special ability is to simultanesty measure a displacement

(by the vertical piezoelectricube) and a force (by the cantilever deflectioA-M could measure
stiffness and strength, in bending and in tensi@ J. Salvetat et al., 1999; Wong, 1997:AMYu,
20000F2NJ a2b¢ +FyR {2b¢ NRLS&:E O2yFANXVAYy3d (GKS KAJ
predided 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 nature several composites already
exist, furthermore a particular interest has been devoted, since last century, toward syntetic
composite materials, in particular witlibres. These materials are designed so to take advantage of
the properties of althe components involvednd may be selected to give unusual combinations of
stiffness, strength, weight, higiemperature and corrosion resistance, hardness or conductivity
l'a | ydAOALI (S RcontdptSs not@zhiyial iaveniidh.aWood is a natucomposite
material consisting of one species of polymerellulose fibres with good strength and stiffnassn
a resinous matrix of another polymer, the polysaccharide ligdomes, teeth and mollusc shells are
other natural composites, combining haiceramic reinforcing phases in natural organic polymer
matrices. Man was aware, even from the earliest times, of the concept that combining materials
could be advantageous, howevenly in the last half century the science and technology of
composite mateials have intensely developdiatthews & Rawlings, 1999)
Materials called nova-RI 8 & 02 YL aA (GSaé¢ | NiartidwhiBaRedizD & decomiA & LIS |
species, generally preuisly sintetizedThe body constituent gives the composite its bulk form, and
it is calledthe matrix. The other component is a structural constituent, sometimes called the
reinforcement, which determines the internal structure of the composite.
DSYSNYrffe &aLISFH{Ay3a Aa OSNE RATFTFAOdAAZ G (2 RSTFAY
materials because:

1 Theywere hystorically born later

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

9 Their microstructure ath properties have been accurately projected

1 Frequently their properties are entirely new and exclusive
{2 6S OFly RSFTFAYS I a02YLRaAGSe +a + YIFGSNRI
composition or form on a macroscale for the purpose ofaifihg 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 ipaomaterials
combinations, such as polymanatrix, or carbon nanotubereinforced composites; 2) bulform
characteristics, such as laminamgposites or matrix composite8) distribution of constituents, such

as continuous or discontinuous 4y function, like structurabr electrical composites.
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There are five general types of composites when categorized by bulk Félbnecomposites consist

of fibres. By definition, dibre is a particle longer than 100 um with aspect ratio greater that0:1.
Flake composites consist of flakes. A flake is a flat, fikeematerial. Particulate composites are
characterized by the presence of particulates, which are rougplyerical in shape. In a filled
composite, the reinforcemenis continuous and ofin considered the primary phase, with a second
material added through particular poesses. Finally, laminar composites are composed of distinct

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

FIBER COMPOSITE PARTICULATE COMPOSITE
LAMINAR COMPOSITE

FLAKE COMPOSITE FILLED COMPOSITE

Figurel0- Classes ofamposites.

The chemical composition of the composite constituents is not limited to any particular material
class. There are metahatrix, cerami¢matrix, and polymermatrix composites.The terms metal,
plastic andceramic 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:

I Plastics are low density materials. They are characterized by good-tehortchemial
resistance but they exhibit low thermal stability resistance to environmental degradation
(e.g. photochemical effects of sunlight). Their = poor mechanical properties are
counterbalanced by their easily fabrication and join

i Ceramics have great thermatability and are resistant to most forms of attack (abrasion,
wear, corrosion)They areveryrigid and strong beause of their chemical bonding atftey
are dsobrittle and can be formed and shapedly with difficulty.

1 Metals are mostly of medm to high density They exhibigood thermal stability and alloying

could provide them a good corrosion resistantlbey have usefuhechanical properties and
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hightoughness, and they ammoderately easy to shape and joifihey are also characterized

by ductility and resistance taracking.

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 thé 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 withstandompression, flexural and shetorces as

well & tensile loads. Thability to support loadf any kinddependson the presence of the matrix

as the loadtransfer medium, and thefficiency of this load transfer is directly related to the quality

of the fibre/matrix bond.The matrix must also isolate the fibres from eaather. 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 envinemtal attacls. In addition a ductile matrix enables

a means of slowing down or stopping cracks that might lmaiginated at broketibres.

The problem withcomposites production is to develop proper methddscombining the matrix and

the reinforcementin order to obtain suitable properties and shape of components. The eaoiy
techniques used tgroduce composites is verywide. Almost all of the basic metal, polymer and
ceramic forming processes have been adapted to their class of composites, with mégeso
success. One of the most significant aspects of gheduction of composites, in particular for
materials designed to withstandoads, is the nature of the interfaces between matrix and
reinforcements. The interface between two solids, especiallgmwthermal or chemical processes
have been involved in putting them together, is rarely a simple boundary between two materials of
i dZA 0S RAFFSNBYyid OKFNIOGSNWY ¢KS LINE LISNIASaE 27
stresses are transferred frommatrix to fibres andmost of the chemical, physical and mechanical
properties of the compositeControl of interface regionis a crucial way to monitor and develop the
mechanical response of composite materiadé important parameterto ensure a tight contact
between matrix and reinforcements the wettability A liquid phase on a solid can flow on the
surface anccancreate a broad layelir{ other words the liquid wets the solidpr it can be rejected
andcanform a spherical drolt (sothe liquid does not wet the solid). Thereforthe wettability is a
favourable condition tensure a good plsjical contact between the components of the composite.

In a first moment the liquid drop could be considerggherical shaped and exhibit a gia contact
point with the solid surface. Afterwards it can wet the surface. &gry increaseof the wetted
surface &, a new separation surface solid/liquid is formed, with its surface eneggyand the

separation surface liquid/gas enlarges (withiacreasing of the energy of the system proportional to
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11\). Nevertheless at the same time the separation surface between solid and gas decreases with an
energy reduction proportional tésy An increase of the wetted surfacédds allowed only if the

following condition is observed:
[ Qo r [ Qo
The process could proceédfian equilibrium condition is reached. In that case the surface tensions

are balanced each others.

The equilibrium condition is expressed as:

For‘ <90° the wettability is ensured

Yiw

/ - Ysw
.3
| WsL

Figurell- Contact angle of a liquidroplet wetted to a rigidsolid 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 ousincethe 1950s in order to modahe mechanicaproperties of composites.
Sincesome of these modeléTucker & Liang, 199@Ye quite sophisticated, we will consider two of

the simplest and mostommon. These are the rule of mixtures and the Hajpsai equations.

1 Mixtures equation
The simplest method to estimathe stiffness of a composite in which alltbk fibres are aligned in
the direction of the applied loadgptropic, elastic matrifilled with aligned elastic fibres that span
the full length of the specim@ns to assume that the structure issample beamKigurel?2) in which

the two components are perfectly bonded together so that they deform together.
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longitudinal modulus, E

fibre
L - -
matrix load.
PC

Figurel2 - Simplified parallel model of a unidirectional compoéitarris, 1999)

The assumptions of the mixture equation are:
6 6 p

where V; and V,, are respectively the volume fraction of thibres and of the matrixMoreover the

load on the composit®; is expressed as the sum of the loads on the components:

0 0 0
YR GKS a80RFrAySQ2¢dRABAZ2YE Aa | aadzySRY
So the stress could be expressed as:
,0 ,0 , 0

with A the crosssectional area of the variousomponents. On the basis of the istrain condition

we can write:

Or:

0O 0w O p &

This equation is referred to as the Voigt estimate, bubester known as the rule of mixtures. It
makes the implicit assumption that the Poisson ratios of the two components are gguat,), thus
overlookng elastic constraints caused bifferential lateral ontractions. More sophisticatechodels

have beendeveloped and theyshow that the mixtures equation tend to undestimate the true
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stiffness of aunidirectional compsite beambut for mare practical purposes this difference is so

small as to baegligible.

transverse modulus, E;

44— fibre ML X r—
load,

Figurel3- Simple series model of a composjtéarris, 1999)

The transverse modulug, is calculated using a similar appoh with a block model such as that

shown in

Figure 13 with the same constraints as beforee.i weltbonded components with similar Poisson
ratios,andnoviscé f  aGA O NBaLRyaS FNRY (KSINBAAREY2RSt D

S. = S1= Sp. The total extension of the model is the sum of the extensions of the two components:

If the crosssections of both phases are the sante, V, so diviling through by the stress (and

remembering thatv; +V,, = 1) we have:

Or

W
0O

ol e

P
(o)

This is the Reuss estimagmmetimes called the inverse rule of mixtures and the transverse modulus

is therefore expressed as:

00

© 56 05 o

The problem with the Reuss model for the transverse case isthieatjeometry of the model does

not resemblesin any way that of a fibore composite perpendicular to the fibres. Andgnores
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constraints due to strain concentrations in the matrix between the fiplgsassuming that the

Poisson rtos of the phases are the same

1 Halpin Tsai equation
Another common modeis that developed by Halpin and TgHialpin & Kardos, 1976)he mixture
rules seen befe are extremelysimplicistic. Mre 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 practi¢¢alpin and Tsai showed that many of the more rigorous

mathematical models could be reduced to a group of approximate relationships of the form:

0O 0w O p &

- ®

@) P —0
P -
- @

(@) P —0
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Where the longitudinal stiffness of a unidirectional composité&isind the transverse stiffness i,
Gy,is thein-plane shear modulug,is afactor, specific to a given material, thatdetermined by the
shape andlistribution of the reinforcementand by the geometry of loading. The parametreis a

function of the ratio of the relevant fibre and matrix moduli and of the reinforcement factthrus:

2.2.1. METAL MATRIX COMPOSITNBCs)

A Metal Matrix Composite (MMC) is a composite material in which one constituemhésad or alloy
forming at least one percolating network. The other constituent is embedded in this metal matrix
and usually serves as reinforcemeltetal matrix composites have been an attractive end goal for
many materials engineers as an alternativethe traditional pure ceramic or pure metal matesal
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 metalleceramic compositeéBreval, 1995%a a/ & SEKAOAG aA3IyA U0l yi
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to conventional materials. The driving force behind the development of megdfixncompositess

their capabilities to be designed to provide needed types of material behavior, such as their
improved strength and stiffnes@Vard, Atkinson, & Anderson, 1996; Wdttbse, Chandrasekaran,
Robertson, Godfng & Murgatroyde, 1999)outstanding corrosion resistand@®lackwood, 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 resistancéBerns, 2003)high electrical and thermal conductivifitorab, Stefanik, &
Kaveck2002; Weber, Dorn, & Mortensen, 2008nd high temperatte mechanical behavidt.lorca,

2002; Z. Y. Ma & Tjong, 1999; Tjong & Ma, 19défal matrix compositeshave been develpedin

order to make more resistd light metals, at relatively high temperatures and avoiding lightness
decreaing as well, or with the aim textend the temperature range in which superalloys with high
density could be employed.

The most importantmetal matrces 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 particularinterest 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 entiag the performance, life cycle and reliability of
electronic device$ YI OT Y NE t ASGUNI 11X 9 2028AZ&a1AS wnnanT
In the present work we will study a particular metal used as a matrix: the allumihiuthe area of

metal composites, alumium has attracted intense interest because of its excellent strength, low
density and corrosion resistance propertieshe aluminum matrix composites are generally
fabricated by the addition of a reinforcement phase to the matrix by theofisseveral
techniques such as powder metallurgy, liquid metallurgy and sqeesting. The
reinforcement phase is generally one of the following: continuous boron or graphite fibres, or
hard particles such as silicon caebiok alumina, in discontinuous particulate or whisker
morphology. The volume fraction of reinforced particles or whiskers is generally within the
range 1630%. Also aluminium alloys, such as the 2000, 5000, 6000 and 7008emdsy are
commonly utilised materials in composite fabrication. Aluminium composites are widely
employed in the aerospace indus{®euis, Yellup, & Subramanian, 1998; Speer-&did, 2004;

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

To overcomethe obviousdefectsof polymers, for example, low stiffness and low strength, and to
expand their utilization for different applications, severdillers, such adibres of variuos kind,
particles, such asiicro/nano-SiQ, glass, AD;, Mg(OH) and CaCé¢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 determining the stiffness and strength of a
composite, the choice of the matrix will determine maximum service temperature, viable processing
approaches, and loagerm durability. Matrix materials can be divided into two categories:
thermosetting and themoplastic. 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 orthsligh
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 arepnoeitssable. The use of
thermoplastics also allows other composite proceggiechniques such as injection molding of short
fibre composites and extrusion of lorfifpre composites. Thermoplastic polymer morphology may be
either amorphous or semicrystallindhe 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 praressst 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 morphologatsnges 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 compaite properties and are highly undesiralfidational Research Council (US). Committee

on HighPerformance Structural Fibers for Advanced Poly&&oard, 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 nmfigcement that can avoid chemical degradation,

but the associated fall in strength and increase in tidependent (creep or viseelastic)
deformation, a feature common to all polymers, though less serious in irdesl resin systems

than in thermoplatics, can be delayed by fibre reinforcememtnother 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 excepti®@escause of the
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general good plastics properties (e.g. low densities and relative cheap production rosta)ayis

in the reinforcing of polymers that moshportant developments have been made.

2.2.3. CERAMIC MATRIX COMPOSITES

¢ KS ¢2NR aOSNd, ¥ihefel of kanpositgs] & yeehBical ceramics, such as alumina,
aAtA02Yy OFNDBARSTI TAND2yALFS OFNb2yX ¢KSe& FNB 3S
that the main goal in the making of a ceramic matrix composite (CMC) is to $ecitsatoughness

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 reinfement is conveniently chosen, the composite may
sustain much damage before collapsing. The desirable characteristics of CMCs include high
temperature stability, high thermahock resistance, high hardness, high corrosion resistance, light
weight, nonmagetic 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 higly atleels 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 matpogites

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 lrttie technology to prepare such
reinforcement was sufficiently developed. Then, since the processing temperatures are so high, all
the factors that commonly affectomposite preparation, like unwanted reactions or development of
residual stresses durindhé 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 ohalrix 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

Radiation protection

Heat dissipation coatings
Static discharge

High strength/lightweight parts
Heat engine components

Deicing coatings

Lightning protection

Stress sensors

High strength/light weight parts
Heat engine components

Organic LEDs
High strength/light weight housings
Electrically conductive ceramics

Paintable polymers
High strength/light weight parts
Heat engine components

Anti-fouling paints
UV protective coatings
Corrosion protection

Figurel4 - Examples of CNEemposites application@vieyyappan, 2005)

In last decades many research effortsave 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 polymercomposites, conducting metal matrix composites, higher fraciirength
ceramics, electrical and structural high conductors, highly anisotropic insulators andtitggith,
porous ceramics are just few examples of the possible new materials that canfoam nanotubes
(other specific examples in

Figure14).

The origin of nanotubeeinforced composites is the nanotubes themselves, but processing itfiem
various matrices has been a siff 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 nanocompositesaflications 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, alpnwith 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 eable 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 gatese

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 atywédéow concentrations (about 1 wt.%) and may
affect multifunctionality (Fournier, Boiteux, Seytre, & Marichy, 1997; Ounaies, 2003} network

that forms, particularly ahigh 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 categaiiaed similar classes

of conventional composites and will be identified by the matrix materiigugh, in partialar in a

first time, the largesefforts have been focused on polymer matrix composites, in last years a great
interest has grown on metal nal ceramic matrix composites reinforced by CNTs. Polymer
nanocomposite studies have, in many cases, focused on nanotubersisn, untangling, alignment,
bonding, molecular distribution, and retention of nanotube properties. Studies of metal and ceramic
systems have had additional issues of highmperature stability and reactivity. The central goals
have been the identification of new process techniques and of new naeothemistries able to

provide stabilization and bonding to the high temperature triees, ramely 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 wdgr any micronsize additive.

2.3.1. POLYMER MATRIX COMPOSITES

Polymer composites, consisting @fdditives and polymer matrices, including thermoplastics,
thermosets and elastomers, are csidered to be an important group of relatively inexpensive
materials fo many engineering applicationdJnlike traditional polymer composites containing
micronscalefillers, the incorporation of arbon nanotubes into a polymetesults 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 electricabnductivity of CNT/epoxy
nanocomposites can be enhanced several orders of magnitude with less than 0.5 wt.% ¢8.GNTs

et al., 2007)The excellent properties of CNTs have spawned huge potential applicationfyinepo
nanocomposites. Ongoing experimental works in this area have shown some exciting results,
although the muchkanticipated commercial success has yet to be realized in the years ahead. In
addition, CNT/polymer nanocomposites are one of the most studiedlems 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 futur¢P-C. Ma, Mo, Tang, & Kim, 201® particular interest has been
focused onunderstanding the structurgproperty relationship between CNTs and polymer matrix
and also on finding useful applications in different fidlstheir composites, since the first report on

preparation of CNTs/polymer composite@§ayan, Stephan, Colliex, & Trauth, 1994)
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Figurel5- Number of publisheghapersrelated to CNT and CNT/polymeginocomposites
as a function of academiears(P.-C. Ma, Mo, et al., 2010)
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A sensible increasing of the interest on this kind of composites is shokigunel5: the number of
published papers related to both carbon nanotubes and CNTs/polymer composites has increased
sincel999. This phenomenon is stiicrelated to the realization of CNT fabricaticnindustrial scale

with lower costs in the beginning of the 21st cent(®: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 igne
mechanical properties of CNTi2. the high modulustensile strength and strain to fracture, are
exploited to develop structural materials withsuperior mechanicaproperties. Aso many other
properties of CNTSs, such as electrical, thermal, optical and damping propeairtestilized 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 Cdox, 1952)s very handyo relate the reinforcement to the shape factor.
AdSed (GKS fSy3aiGK (G2 NIYFRAdzA NYGA2 <X F2N (KS

cylindrical matrix Figurel6).

Figurel6 - Geometry of the Cox modéCox, 1952)

The Cox model allow® calculatethe shearstrain (stress) axial componeit the matrix and the
tensile strain gtress) in thdibre. It cannottotally describe sess and strain fields in specimens ahi
are triaxial (axisymmetricand neglects:

¢ The influence of radial and orthoradittessesn interfacial and longitudinal shear

¢ The elastoviscoplastic behaviar of the polymer in polymer matrix composiggPMCs)

¢ The highly anisotropic structuref carbonfibres or nanotube ropes.

Nevertheless, the Cox model is rautfar from more sophisticated analysis.

Load is applied to the matrix cylinder and a perfect interface is supposed, so that matrixistrain
transferred to thefibre. This ensures continuityf displacement at each point of the interface. The

axial strain in thdibre is given by:
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G, are the radius and the shear modulus of the matfike axial strain at theentre of a very long
fibre is very close to thaof the matrixi  both being equal t§ for infinite length. Thudy= 24
appears as aharacteristic length of the model compositln Figure 177

T is reported as a
function of the reduced lengtHl .
L 0.99
: 0.8
w
W
.E L ] -
S 061 § : 1 p : :
7 ] ] X % : 4
© 4 . H x a . H
@ : ) t 3 t 5 3
g U4 J\ : ¢ I s s s
& - . ' 3 & 5 %
02 3 S - s 5 5
o : : p i d
O ) -o -’ - » E: » -
X
0 2 4 6 8 10
reduced length /o

Figurel? - Strain transfer reduced curves in the Cox model. The reduced strain alofigréne
Isplotted for differentvalues of thaeduced éngth

Strain is maxingsed at the centre of the fibre (and zero at its ends) and strictly dependslénfor

small values of this parameter, i.e. whidnis small. The quantity =7 y  reaches 0.99 for= Q
where x@h(In 0.01)/ is a loading lengthThe strain transfer efficiencycan be defined simply as the

ratio between the mean strain valdelandi 8

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

1 Solution mixing

Solution mixing is one of the most common techniques used to produce CNTs/polymer composites
because it is fairly suble for small size samplg®u, 2007; Grossiord, Loos, Regev, & Koning, 2006;
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Moniruzzaman & Winey, 2008)pically, this approach involves three major steps: dispersion of
CNTs in @ropersolvent by mechanical mixing, magnetic agitatmr sonication. The solvent should
also be compatiblewith polymer resins After that, the dispersed CNTs are mixed with polymer
matrix at room or elevated temperatures. The nanocomposite is finally obtdyegrecipitaton or

casting. This method igry usefuto prepare composite filmstarting form a slurry.

1 Melt blending
Melt blending is another widespread method for fabrication of CNT/polymer nanocomposites.
Thermoplastic polymers, such as polyprop@dQ-H. Zhang & Chen, 20Q4)olystyrene(Hill, Lin,
Rao, Allard, & Sun, 2002)oly(ethylene 2&aphthdate) (J. U. N. Y. Kim & Kim, 2006an be
processed as matrix materials in this method. The major advantage is that it is a dobeent
approach. The dispersiasf 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 injetdicimines.
The melt blending is often used to produce CNTs/polymer compbiites. Compared with solution
mixing, this technique is less effective on carbon nanotubes dispersion and distribution inside the
polymer matrix. Moreover its application is limit to low amount ofifler in thermoplastic matrices

(Moniruzzaman &\Viney, 2006)

T In situ polymerization
In situ polymerization is an efficient method to realize unifatispersion 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 hardenersr @uring 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
final product. The main application of the in situ polymerization technique is certainly the production
of epoxybased nanocomposite§Gojny, WichmannKdpke, Fiedler, & Schulte, 2004; Kosmidou,
2008; P. C. Ma, Kim, & Tang, 2007CPMa et al., 2009; Moisala, Li, Kinloch, & Windle, 20i08)

which it is reported (ifrigurel8) the typical process flowchart.
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Figurel8- Schematics of CNT/epoxy nanocomposites fabricaffoC. Ma et al., 2009)

1 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, 20@&x is a colloidal
dispersion of discrete polymer particles, usually in an aqueous medium. By this method it is possible
to disperse both single and multialled CNTs in most of polymers that amoduced by emulsion
polymerization, or that can be brotginto the form of an emwdion. CNTs are added only aftee
polymer synthesis. The first step of the process consists of disper$id@Nds in an aqueous
surfactantsolution. Then the stable dispersion of surfactant coveradbon nanotubes is mixed whit

a polymer latex. After freezerying and subsequent mefirocessingthe nanocamposite can be
obtained. The advantages of this technique are obvigidu, 2007; Grossiord et al., @8). the whole
processconsists of simple mixing steps and therefdrés relatively easyMoreover, it is versatle,
reproducible, and reliableand most of allit allows distribution of individual tubes into a viscous
polymer matrix.All the disperson processis totally carried inwater, thus the process is a safe,
environmentally friendly and lowost method.Due to these advantages the possible sagleof the

technique isasily conceivable.

9 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 d pbancured epoxy
resin The matrixis 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 syntheqjgvardle et al., 2008)
- spinning of coagulanin which, after a proper preispersion in presence of a surfactant, the

CNTs are coagulated into a meshwst spinning into a polymer solutioand then the mesh
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is converted into a solifibre by a slow draw process. It is clearly particularly usefulifioes
production(Vigolo, 200Q)
- layerby-layer depositioninvolves, after a CNTs pdispersion in solvent, theipping of a

solid substrate (glasdides, silicon wafers) into the CNT/polymer solutions arfdllowing

curing Amethod of this kindninimisesstructural defectghat are originatedrom the phase

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

incorporatedin the matrix(Mamedov et al., 2002)

- pulverizationin which plymer and CNTs (without any kind of greatment) 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 seapeof the systen{Xia, Wang, Li, & Hu, 2004)
With a tensile modulus on therder of 1 TPa and a tensile strength 100 times greater than ateel
one sixth the weight, singialled carbon nanotubes are ideal reinforcements for polymer matrix
composites, but to fully exploit their exceptional properties, CNTs should be homogspeou
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; ShHEheRBHS -a | g+ R8I (K yzg . | NENE
2003) Satic and dynamic mechanical property improvements have been observed in nanotube
reinforced polymers compared with the neat polymers, and anisotropic nanotube orientation has
shown greater improvaents over isotopic nanotubeorientations in polymers. Enhancements of
about 450% in tensile modulus have been observed at CNTs amounts of 2@Heiggenmuller,
Zhou, Fischer, & Winey, 2003)n composite fibres containing highly aligned nanotubes,
simultaneous increases in tensile strength, tensile modulus, anéhdivafailure have been realized
(Kumar et al., 2002)
Both SWCNTs and MWCNTSs have been utilized as reinforcements in thermosetting polymers, such as
epoxy, polyurethane, and phergfbrmaldehyde resins, as well as thermoplastic polymers, including
polyethylene, polypropylene, polystyrene, nylon, and so on. Thes@&lfforced nanocomposites
can be casidered as a kind of particul@omposites with the filler dimensions on th&nometre
scale and a high aspect ratio. The mechanical propertiemdcomposites 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
interfacid interactions with the polymer matrito act as effective reinforcement). Kim & Mai,
1998)
The aspect ratio must be sufficiently large to maximize the load transfer between the CNTs and
matrix material and thus to ddeve enhanced mechanical properties. For example, polystyrene

nanocomposites reinforced with wedispersed 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, respéQiaa|yDickey,
Andrews & Rantell, 2000)Also goodresults have been reportethy other research group$J.
Coleman, Khan, Blau, & Gunko, 2006; Jiang, Liu, Zhang, Wang, & Wangb@0@ier reports
demonstrated only modest improvements mechanical propertiesFor examplethe great impact

of aspect ratio on mechaoal properties ofCNT/epoxy nanocomposites reported by Hernandez
Pérez(HernaneézPérez et al., 2008)Epoxy resin has beereinforced by two types of MWCT$ with
different aspect ratios. It resultedhat the impact resistance and fracture toughness were
significantly improved only for those containing CNTs of a higkpect réio. At the same time,
however, the corresponding tensile modulasd strength showed very limited improvements of less
than 5% ,probablydue to weak bonds between the CNTs and polymer mamik agglomeration of
CNTs.

Indeed, dispersion is the foremost jrartant 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 sectidm. 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 compositgs Liu & Wagner, 2005)

Other major issas are CNT content in composites, length and entanglement of CNTs as well as
viscosity of matrix. Regarding CNTs contenpolymer matrixmany studies show thathere is a
critical valuebelow which the strengthening effeéhcreases withincreasing CNT contenDn the

other hand, &ove thiscritical CNT conterthe mechanical properties of composites decrease, and in
some cases, theyorsenthose of the neat matrix materialThis effectcan berelated to the
difficulties associated with form dispersion of CNTs at high CNT contentaxd lack of
polymerization reactionshat are adversely affected by the high CNT cont&asmidou, 2008; P. C.

Ma et al., 2007; PC. Ma et al., 2009)

From the geometrical point ofiew, the difference between random orientation and alignment of
carbon nanotubes can significantly change several properties of compgaitéan & Mai, 1998}-or
example the storage modulus of the polystyrene compodéilims containing random and oriented
CNTs were 10% and 49% higher than the unreinforced bulk polymer, respe(tErikly Thostenson

& Chou, 2002)Several techniques, including mechanical stretckilty Bower, & Zhou, 1998helt-
spinning(Fornes, Baur, Sabba, & Thomas, 208fplication of electrical or magnetic figl8teinert &
Dean, 2009)have been employed during the composite production of &@)&NTs 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 CNhlsance 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 f@ghbouringCNTs
(Desai & Haque, 2008)vhile alignment can act tmaximize the sength and modulusat the same
time the aligned compositesexhibit very anisotropic mechanical propertiesthe mechanical
properties along the alignment directioncan be enhanced, whereaslong the direction

perpendicular tahis orientation they could rsult not improved or even worsened.

Matrix Dispersion technique ~ Functionalization technigue CNT content  Enhancement on mechanical properties®

Modulus (%) Strength (%) Toughness (%)

ﬂ]E[n‘lD—phS[iEh PA Twin-screw extruder Diamine treatment 1.0wt% 6.1(42) ~53(18) -
PB Shear mixing Polymer grafting 1.5wtd 18 (91) ~27 (61) —40 (67)
PE Shear mixing Maleic anhydride and amine treatment 1.5 wt.% 22 (75) -17 (33) —69 (61)
3| Ultrasonication Acid treatment 10wt 39 (61) 19(31) -
PP Ultrasonication and stir ~ Undecyl radicals attachment 1.5wtd 55 (84) -10(13) -
[ Probe ultrasonication  Butyl attachment 025wtk -83(25) 2.1(50) -
PVA  Ultrasonication and stir  Polymer grafting 25wt 35 (40) -48(17) -
PMMA  Ultrasonication Polymer grafting 0.10 wti 57 (104) ~2.7(86) -
Thermo-set” EP Calendering Amino treatment 0.10 wt 21(6.7) -22(31) 17(19)
Probe ultrasonication  Surfactant treatment 025wt 8.6 (24) 6.8 (20) 35 (60)
Ultrasonication Organic silane 025wt 8.7(22) 36(18) -22(85)
PU Ball mill Polymer grafting 0.7 wt 48 (178) 27(23) -
Ultrasonication Acid treatment 10wt 340 (500) 51(111) -
VR Ball mill Acid treatment 25 phr 44(594)  175(244) -
Roll mill Organic silane 1 phr 35 (28) -7.8(29) -

Table2 - Effect of CNT functionalization on the mechanical properties of CNT/polymer hanocomposites
(P-C. Ma, Siddiqui, Marom, & Kim, 2010)

Finally a strong interfacialadhesion corresponds to high mechanical propertiescomposites
through enhanced load transfer from matrix to CNOhemical and physical functionalization of CNTs
has proven to enhancéhe interfacial adhesionln Table 2several resulton the effects of CNT
functionalization on the mechanical propertie§ CNT nanocompositesre reported. These results
indicate clearly that functionalization @NTs can enhance the modulus, strength as well as fracture

resistanceof nanocomposites.

2.3.2. METAL MATRIX COMPQOSITES

Lightweight, high strength materials fi@ been requiredsince the iwention of the airplane.
Increasinghe strength and stiffness of a materighe dimensions, and consequody, the mass, of
the materialrequired for a certain load bearingurpose iseduced. This leads to weral advantages
in the case ofircraft and atomobiles such s increase in payload anithprovement of the tiel

efficiency. With global oitesources on a decline, irease in the fuel efficiency afngines has

become highly desirableMetals and alloysesulted inefficient in providing both strengthnd
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stiffnessand therefore the development ofalternative materials has become necessakjetal

matrix composites (MMCs) could be a solutianth lightweightand ductilityprovided by the metal

and the strength and stiffnedsy the reinforcement thatis either a ceramic or high stiffnessetal

based particulate offibre (Bakshi, Lahiri, & Agarwal, 201®ince the beginning etal matrix

compostes have beenargdy employedin automdive and aerospaceapplications(Kelly, 2006;
Kevorkijan, 1999; Rawal, 2001; Shelley, LeClaire, & Nichols,. B¥tHuse of the extraordinary

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

metal matrices reinforced by tlse promising carbonaceous materialigure19 shows the number

of paperspublishedon CN¥reinforced composites between 199007 (the years in which mainly

exploded the interest on CNTs composites). The majority of the resesmhas ben 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 fealsandceramic

matrixes. The relative small number of papasn metal matrix composites reinforced by CNTs is
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Whether or not nanotubes in metals would overcome the lgemn of carbon reinforcement in

metals is yet to be fully understood. K S
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aninterest in developing nanotubmetal composites (NMCs). Carbonréb have beeravoideddue

to bondingand reaction issues ialuminiumand other metals, and the absence of defects sutges

these issuesnay be evadedfgr example theAl,G formation between Al and carbon fibs). Wetting
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and adhesion of metals tthe nanotubes are outstanding peculiarity in order to obtain NMCs with
improved properties. Dujardin and other@Andriotis, Menon, &Froudakis, 2000; E Dujardin,
Ebbesen, Hiura, & Tanigaki, 1994; Ebbesen, 1986y ed that the determining factor for wetting
metals to nanotubes is surface tension and resolved that aotfubccurs between 100 and 200
mN/m. This limit implies that afainium, 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 andhthe.m
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 iwvea the processing of nanotubes in molten
metals because reactivity and potential nanotube degradation would be extremely high at these
conditions. Carbon metube reinforced metal matricomposites are prepared through a variety of
processing techniqgue?owder 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 QWdling and
solidification are good techniques for lemvelting-point metals such amagnesiumand bulk metallic
glasses as well as other several natandard techniques experimented during last decade.
molecular level mixingCha, Kim, Arshad, Mo, & Hong, 2Q@puttering techniqguegHuang, Chen, &
Zuo, 2006)vapa deposition(Y. Zhang, Zhang, Li, Wang, & Zhu, 2@0@) nanoscale dispersion
(Noguchi et al., 2004)

1 Powder metallurgy
Powder metallurgy techniques are based on several process steps: wiXANI's 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 specimeng aubjected to possintering deformationprocesses such
as rolling, equchannel angular processingxtrusion, etc.These techniques are mainly applied to
aluminium and copper matrix composites, however a few researchers have also prepared CNT
compositesbased on magnesium, titanium, nickel, silver, tin and intermetallics thrdahgs route.
The purpose is to obtairgood reinforcement, byachievinghomogeneous dispersion of CNT in the

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

Mechanical #oying and sintering
The most critical issues in procesgs of NMCs are the dispersion afarbon nanotubesand the

interfacial bond strength between CNT and the matiResearchers have tried different approaches
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to solve these problem$-or copper matrixxompositegW. Chen et al., 2003; J. Tu, Yang, Wang, Ma,
& Zhang, 2001hanotubes were coated with nickel using electroless deposition to achieve good
interfacial bond strength. Density of the composites was comparable up to 8 wt% CNT (bkigond t
value density decreasedraktically due to agglomeratiofHe et al., 2007; J. Tu et al., 2001/p
interfacial product formation was observed. To improve the disiparsf the filler inside aluminim
matrix He et al. have grown CNT by cheiniggoourdeposition (C12) process directly on Al powders
which were then compacted and sintered at 913 K. Fart% CNT relative density of 96% has been
registered, and homogeneous dispersion of CNTs has been observed. Carbon nsratibe
responsible for increased hardness§4imes) and tensile strength & times)(He et al., 2007pn
respect of pure aluminim. Yang et al(Yang & Schaller, 2004jave obtained homogeneous
distribution of nanotubesin magnesium matrix by mechanical mixiobthe powders irpresence of

an atohol and acid mixture. The powders are then sinteae®23 KBall milling has been exploited
by Morsi and EsawEsawi & Morsi, 2007; Morsi & Esawi, 20f) CNTs dispersion on Al particles.
Milling for at least48 hours lead to good dispersion of QN but resulted irformation of large

spheres larger thanl mm) duéo cold welding.

Mixing/mechanical alloying and hot pressing

Instead of sintering, some researchers have used hot pressing consolidation of powder mixtures. This
technique resulted inapppriate for fabrication of aluminium matrix NM@S. L. Xu et al., 1999;
Zhong, Cong, & Hou, 2008t it has been successfully applied to tladrication of coppefC Deng,
Zhang, Wang, & M&007) titanium (Kuzumaki, Ujiie, Ichinose, & Ito, 2006)agnesium(Carrdio-

Morelli et al., 2004pand ironaluminum (L. X. Pang, Sun, Ren, Sun, & Bi, 20@fix compositesin

the Fe&AICNT case, composites synthesized via-pgmessing 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 tyraviibition caused by

interlocking nanotubegL. X. Pang et al., 2007)

Spark plasma sintering

In spark plasma sintering technig 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 areCQT(Cha et al., 2005; K. T. Kim, Cha, &
Hong, 2007; K. T. Kim, Cha, Hond{d&ag, 2006and in AICNT(H Kwon, Estili, Taki, Miyazaki, &
Kawasaki, 2009Enhancement in mechanical strength by 129% with addition of 5 vol % of CNT has

been reported for ACNT composite sintered by SPS and followed by hot extrusion of powders
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prepared by a nanoscale dispersion Good disparsind alignment of CNTs in the matrix as well as
formation of AlG at the CNT/matrix interface were the prime reasons for improvement is
mechanical propertiegMajkic & Chen, 2006) Spark plasma sintering has also been explored for
synthesis of CNfleinforced N¢Ti alloygMajkic & Chen, 200@&nd FgAFCNT composited -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 readtmthe matrix material.

1 Melting and solidification
Melting and solidification represerthe most conventional processing techniques for metal matrix
composites. This route has also been utilised for synthesising €@hadrced 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 mainlysed for compositesvith low melting point matrix. Another
limitation is that carbon nanotubes in a liquid phagend to form clustersbecause of their

characteristicsurface tension forces.

Casting

Prealloyed powders, mixed with CNTare compacted and then melted and casted and can
eventually be followed by hot extrusion, so to achieve an improved reinforcement effedteof t
carbon nanotubes within the matrix. The main application of casting are zirconium rfitizx Bian,
Wang, Wang, Zhang, & Inoue, 2004; @nBPan, Zhang, & Wang, 20@2)d magnesiunfGoh, 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 theifiltrating liquid metal into the pores and solidify fwepare a composite structure
(Figure20).
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Figure20 - Schematic of metal infiltration techniqu®akshi et al., 2010)

This technigue has a higher chance to obtain uniform distribution of CNTs, but at the same time
results critical to properiffing up of the pores and makirey good and dense compasistructure.

There is aalso probability of movement and thus agglomeration of CNTs due to high pressure
applicationduring infiltration. Yang and Schalléivang & Schaller, 200#ave usedinfiltration to
synthesisemagnesium matrix composite startifipopm CNTs grown by CVD on an,OAffibres
structure. AICNT composite has been produced by Zmbual. (S. Zhou et al., 200&hrough
infiltration of a porous preforrmade by pressing a ball milledixture ofaluminium and magnesium
powders and CNTs at 1073 K.

There are two mainhgoals 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 compareck tmétal matrix.The
critical issues in mechanical propertiesNiMCsare the homogeneous disbution of CNTsn the

metal matrix, &ad the interfacial reaction andonding with the matrix, necessaryto achievean
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