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Introduction

In several applications for the aeronautic, autaveotand
electronic industries, there is an increasing demah structural
nanocomposites exhibiting remarkable thermal andchaeical
properties and, at the same time, tailored and rclted
electromagnetic (EM) performances.

Along this stream, an intense research activityldssesn carried out
focused at producing new polymeric nanocomposigsgth on Carbon
NanoStructures (CNSs) such as Carbon NanoTubes (CHid)
NanoFibres (CNFs). This thesis concerns the electigmetic
characterization and modeling of nanostructuregmelic materials
based on CNT and CNT/nanoclays.

The interest and the scientific importance of tiy@c is justified
by the fact that the conventional materials do m@te the suitable
properties to satisfy the specific requirementsnfiodern applications.

Instead, two or more distinct materials may be doetdbto form a
material which possesses superior properties, igpect to those of
individual components.

Thus the individuation and preparation of advancethposites
with best features respect to the traditional niateris currently
required in several industrial sectors [1].

In this context, a particular class of composytstams of materials
known as nanocomposites or nanostructured materialsvhich a
component has at least one dimension of the ofdempare currently
object of a fervent interest in science and teabgwl

Since their first observation [2], research effdrésve been widely
oriented on the study of Carbon NanoTubes (CNTs}Heir unique
properties in terms of electron mean-free path,rreci carrying
capability and thermal and mechanical stability.

For these remarkable benefits they were identibisdthe most
important and promising nanomaterials and in recgedrs, the
interest in nanostructures with carbon nanotubes Igaown
considerably.

Typically, important applications are for examms antistatic
elements, electrostatic dissipative ones or forctedenagnetic
shielding in the field of the aeronautic, autometand electronic
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industries where electrically conductive polymerimaterials,
originally insulation, play an important role.

One of the most significant aspects that can hendoas a
consequence of the introduction of a conductiveofiber is the
variation of the electrical conductivity of polynermaterial as
function of volume fraction of the filler (fillerolading).

Gradually, with increasing fraction of additiveas soon as it
reaches a certain concentration (known as peroalatreshold),
electrical conductivity undergoes a significant rease of several
orders of magnitude and then varies only slightlthwfurther
increases of filler [3].

Since CNTs can be exploited with varying structamad physical
properties, geometry and functionality, the possililange of
composite material properties can be very large [d4] order to
analyse such properties and design components based
nanocomposites with improved performances the axeatal
electromagnetic characterization of the composites to be
complemented with suitable models able to corretatectural and
electrical characteristics. In fact, a complete arsthnding of the
relations linking the electrical properties withetlyeometrical and
physical characteristics of the composite anddpelbgical structures
formed is still to be achieved. Therefore, addiioafforts aimed at
providing further information on the dependenciesong electrical
characteristics and the above mentioned paransteras valuable.

In this framework, the research project carrieddwring the PhD
program has been focused on two main aspects:lébramagnetic
characterization of nanocomposite materials (egOky- and epoxy-
CNT-clay) and the development of an accurate nuwakemnodel
which can be used to obtain information on the cositp properties
once some geometrical and physical properties (ldtiCNT and
matrix) are identified.

A correlation between the results of the extengxperimental
investigations with predictions obtained by a dulganumerical model
has been performed. A versatile and realistic 3Ddehoof the
structures obtained by randomly mixing conductiiptinders inside
an insulating cubic matrix has been developed. Vdr@tion of the
electrical conductivity of the structure for diféent volume loadings of
the conducting phase can be estimated by implengeatBD resistor
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network which includes resistors associated to tthmneling effect

between conducting clusters. By using a Monte Carlalysis the
behavior of the electrical conductivity and the elegpence of the
percolation thresholds as a function of geometrigatl physical
influencing parameters can be carried out. In paldr, the filler

concentration, the filler aspect ratio (i.e. theardetween length and
diameter) and the height of the energy barrieunheling conduction
have been considered.

The results of numerical simulations are in gooceament with
those obtained from the experimental characteamafihis thesis is
organized as follows:

* in the first chapter an overview on the state df@ar the
production techniques, properties, and the mosmsiog
applications of CNT is briefly reported.

« some fundamental phenomena underlying the perfaresaof
nanocomposites, such as percolation, responsibletHe
change in conductivity and "tunneling” conduction these
materials are discussed in the second chapter [5].

* in the third chapter, the results concerning theergsive
experimental characterization both in the time &eduency
domain  on nanocomposites  containing  different
concentrations of CNT and CNT-clay, is describediétail
relative to samples. The possible influence of the
morphological characteristics on the electricalawebr of the
composite is studied.

* The last chapter provides an overview on the moalddable
in the literature and then presents the numericadlehthat
has been implemented. A detailed description ofrtioelel,
both in terms of geometric approach and the opttion
algorithm is given. The simulation results obtairgdsuch a
model are provided and compared with literaturea datd
with experimental results obtained from the chamazation
described in the previous chapter. The ability rovple



information on the electromagnetic behavior of CNasdx
composites is checked
* Finally, conclusions and future work are presented.
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Chapter 1

Carbon nanotubes: structure and
properties

This chapter is devoted to tlgescription of carbon nanotube (CNT)
unique properties that make them suitable matefiaisdifferent
applications and particularly excellent constitgserdf composite
materials. The main forms and characteristics of CNamely Multi
Wall and Single Wall CNTs are presented. The progrt and in
particular the electrical conductivity of CNTs, alerived.

1.1 Carbon nanotube

Carbon nanotubes were discovered accidentally inl1189
Japanese physicist Sumio lijima [1] in the labara® of the NEE.
By using an High Resolution Transmission Electrorcrbscopy,
(HR-TEM?) he observed as on the negative electrode offtharatus
used for the production of fullerenes are also di#@d nano-tubular
structures of graphite. These structures were ctal@notubes (see
Fig.1.1) For a complete understanding of their gefoical and

! NEC:, a Japanese multinational IT company, has itsdueaters in Minato, Tokyo, Japan.NEC, part of
the Sumitomo Group, provides information technol@@y and network solutions to business enterprises
communications services providers and governmehe Tompany used the name Nippon Electric
Company, Limited before re-branding in 1983.

> HR-TEM: is an imaging mode of the transmission electrorresiope (TEM) that allows the imaging
of the crystallographic structure of a sample atatomic scale using an electron beam transmitted
through a sample ultra-thithe image, formed by electrons transmitted, is rigghand focused on one
objective lensAt present, the highest resolution realised isf0.&t these small scales, individual atoms
and crystalline defects can be imaged.
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physical characteristics as well as the electromimoperties, it is
essential the introduction of the carbon as chah@lement or , the
graphite , one of its allotropic forms.

Fig.1.1: Carbon nanotube

1.1.1 Carbon: the chemical element

Carbon (chemical symbol C) is the sixth element efghriodic table
(fourth group, the second period) [2].

It is a non-metal and has four electrons in iteepshell with an
electronic configuratiods25°2p”. Carbon is present in nature both in
the free state that in the form of compounds, amwhgh calcite
(CaCQ@) and dolomite (CaMg(C¢),), and it represents the 0.2% of the
terrestrial crust. Carbon is also present in theaai carbon dioxide
(COy) in the percentage of 0.04% and it is also thedamponent of
the tissues of all known life forms.

It is the 18" most abundant element on the earth and the fourth
most abundant element in the universe by mass afgdrogen,
helium, and oxygen.

The atom of carbon can reach a stable configurdtoming four
covalent bonds.

Each atom can form single, double or triple bondsng various
hybridization orbitals and it is unique among tHengents for the
extent with which form bonds between identical atoamd for the
great variety of compounds in which it participatése carbon atoms
form long chains, branched chains and rings, wincturn may also
have chains.
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In an isolated atom, the electrons are arrangettheim orbits so
that the atom has the lowest energy.

Therefore, two electrons in the carbon occupyitiner orbitalls
and do not participate in chemical bonds, while ttmaining four
(valence electrons) occupy the outer orbitals?@ (valence shell) and
are responsible for chemical bonds that are formed.

When there are other nearby carbon atoms, eablorcatom can
combine its valence orbitals to form a new groupodfitals that, in
the presence of other atoms has a lower total gnian it would
have its pure atomic orbitals .

This process is called hybridization and the nehitals formed
are called hybrid orbitals. These hybrid orbitas overlap with other
hybrid orbitals of carbon atoms in order to shdeeteons and to form
covalent bonds.

In an atom of carbon, ti&s orbital can hybridize with one, two or
all three the2p orbitals forming, respectively, twep hybrid orbitals,
threesp? hybrid orbitals, foursp® hybrid orbitals which have higher
energy orbital than th2s but less than th2p orbitals of origin.

At the elemental state, the carbon can be iratherphous form
or have crystalline structure. In the latter cagé wifferent molecular
configurations called “allotropes”. The three ralaly well-known
allotropes of carbon (see Fig.1.2) are diamond,plyta, and
fullerenes which, although having the same basamital elements,
have different characteristics due to the severtaractions between
adjacent carbon atoms.

Fig.1.2: Some allotropes of carbon: a) diamond; b) graphijtéullerenes

The allotropes of carbon varies substantially ire tarbital
hybridization of the atoms involved, so that theprite and fullerene
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havesp’ hybridization while diamond hag® hybridization. Below we
see the characteristics of the allotropic forms.

1.1.2 Graphite-graphene

From a structural viewpoint (Fig.1.3), the carboiwnas form a
hexagonal lattice in layers, with bonds andt bond$ within each
layer, while other layers are held together witbheather through Van
der Waals forcéq3].

335 pm
o ® ° °
L 0  SENES
o %o % o o
‘o ¥ @ 9 142pm

o0y o
o ® oo

Fig.1.3: Crystal structure of graphite

When the atoms as hybridized and the bonds are arranged on
the same plane separated by 120 ° is obtained rampleexagonal
lattice called " graphene” (Fig.1.4).

Fig.1.4: Structure of graphene

3  bonds: in chemistry, are covalent chemical bonds where lobes of one involved electron orbital
overlap two lobes of the other involved electrobital. Only one of the orbital's nodal planes passe
through both of the involved nucldPi bonds are usually weaker than sigma bonds addrehs in pi
bonds are sometimes referred to as pi electrons.

* Van der Waals forces:or London dispersion forces are weak intermolecataractions a short-range
between molecules non-polar due to the continuomgement of electrons in the molecules that leaal to
symmetrical distribution of electrical charges Hipwing the formation of instantaneous dipoles.
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Therefore, the graphite can be considered as tedapping of
parallel graphene sheets placed at a distance &.3.

The sigma bonds of thgs orbital is long 1.5 A and strong 360
kcal/mol, which makes graphite harder than diamondhe plan.
However, due of the weak interactions of van deraM/dorces,
graphene sheets tend to slide the each other mékengraphite soft,
crumbly and reducible to dust.

Graphite can conduct electricity due to the vaséctebn
delocalization within the carbon layers (a phenoomencalled
aromaticity) [4]. The n-electrons are free to move, so are able to
conduct electricity and their interactions with Higmake up the
graphite of a black color.

The findings on graphene and its applications (pctidn of a
transistor) achieved in 2004 , have given in 20¥ Nobel Prize for
physics to two physicists Andre Geim and Novosé{owstantin of
the University of Manchester.

Despite the initial problems encountered in theliagbility of the
single-layer graphene, the two physicists have ldpee the material
to the construction of so-called bilayer graphevi@ch provides extra
strength and applicability of use.

1.2 Carbon nanotubes structure

The easiest way to understand the structurethsin& of sheets of
graphene rolled up on themselves to form a sefiesaxial cylinders
(Fig.1.5) in which, eventually, the ends may besebb by two semi-
spherical fullerene caps (end caps, Fig.1.6).

> Aromaticity: in organic chemistry, the structures of some rin§satoms are unexpectedly stable.
Aromaticity is a chemical property in which a cayged ring of unsaturated bonds, lone pairs, ortgmp
orbitals exhibit a stabilization stronger than wbbk expected by the stabilization of conjugatimme.

It can also be considered a manifestation of cyi#ocalization and of resonance
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Fig.1.6: End caps of a CNT. It is possible to note how thetggonal cells contribute to the
decrease the diameter of nanotube (forcing thetaéhe inside) until the close.

The creation of such structures is explained asrsequence of
the high reactivity of the many "“free" bonds (damgibond) that
characterize the edges of graphene layers of fisitge [5]. The
formation of curved tubular structures generallyade to the
stabilization of the system but also, however,latire increase of the
stress-energy tensor

The nanotubes observed initially by lijima were ultihwalled
type, whose meaning will be clarified soon, andsirewn in Fig.1.7.

6 Dangling-bond: in chemistry, is an unsatisfied valence on an itiiieed atom. In order to gain
enough electrons to fill their valence shells (a&® octet rule), many atoms will form covalent t®n
with other atoms. In the simplest case, that ofngle bond, two atoms each contribute one unpaired
electron, and the resulting pair of electrons &retl between both atoms

7 Stress-energy tensorin the non-planar conjugated organic moleculesvddrfrom two main sources:

- by the pyramidalization of conjugated carbomao

- from the imperfect alignment of theorbitals of the atoms of carbon adjacent

The non-alignment of the-orbitals in the nanotubes is the primary sourcthefstress-energy tensor
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Fig.1.7: TEM images of multi-walled nanotubes observedifiyéa.

As in the graphite, in each carbon atom formingrtheotube there
are three orbitasp? hybrid slightly deformed that determine the three
covalent bonds with adjacent atoms. The circulavature of the
nanotubes causes a qu3antum confinement andydrielihationc-n
of the orbitals: the resulting-bonds are not longer completely planar
and ther-electrons are more delocalized to the outsidé®tube.

This makes nanotubes mechanically stronger, morelumive
both electrically and thermally and chemically mastive of the
graphite.

An ideal nanotube is composed of walls formed blyeaagonal
lattice. In reality, however, nanotubes have oftenctural defects and
imperfections in the geometric structure.

So, in a nanotube defective there are topologlefécts such as
pentagons and octagons, or other chemical andstalidiversity.

However, these structural defects allow to obtdaised, helical or
toroidal nanotubes (Fig.1.8), and to modify thecleal, optical and
mechanical behavior of the nanotubes allowing tlalization of
nanoscale metal-semiconductor junctions, metalktsy etc.
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Fig.1. 8: Other geometries of the nanotubes(toroidal leflichl right)

Carbon nanotubes can be of two different types:

» Single Walled Carbon Nanotube (SWCNT) that consists
of a single sheet of graphene rolled up (Fig.1;9 a)

e Multi Walled Carbon Nanotube, (MWCNT)are
originated from more SWCNT with an increasing radius
and arranged coaxially (Fig. 1.9 b) at a distarfc@.34
nm (distance of van der Wai)sin MWCNT are present
some contacts between the various walls (lip-lip
interactions) that seem to stabilize the growththefse
nanotubes [6].

st

-"'.r;}"- = o i 1’4';"
e T |
s G

+ : a) b)
Fig.1. 9: Structures of carbon nanotubes: a) SWCNT; b) MWCNT

Nanotubes are often collected in bundles (for btipes) as
depicted in Fig.1.10, [7].

® Distance of van der Walls:also radius of van der Walls, rw, of an atom isddius of an imaginary
hard sphere which can be used to model the atomméory purposes. It is named after Johannes Diderik
van der Waals, winner of the 1910 Nobel Prize igsRis, as he was the first to recognise that ateexs

a finite size (i.e., that atoms were not simplynp®) and to demonstrate the physical consequerfces o
their size through the van der Waals equationaiest
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Fig.1. 10: SEM images of bundles of carbon nanotubes [7].

1.2.1 SWCNT

The first SWCNTs were produced in 1993, two yeatsrlshe
MWCNTs, by means of an electric arc system withctebeles
composed of a mixture carbon-cobalt [8].

While the body of the nanotube consists of onlydgens, the end
caps consist of hexagons and pentagons, like nduthatenes, so as
to bind perfectly to the cylindrical structure akttube.

For this reason, the SWCNT can be considered ast afs"giant
fullerenes”, and are therefore also called "budbg#l

Regarding the geometry, the diameter of a SWCNT astroases
varies between 0.6 nm and 2 nm, but also SWCNT wbserved
with a minimum diameter of 0.4 nm and a maximur3 oim.

The SWCNT have an aspect ratio varying betweehab@ 18
[9].Now, when a sheet of graphite rolled up, canitdeith different
possible directions. Considering the constraint oflindrical
symmetry, we can close the paper only in a discretmber of
directions to form the nanotube. For a better ustdeding of the
geometric characterization of CNT consider a graptseet lying on
a plane as in Figure 1.11.
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Fig.1.11: Structure of a graphene sheet with highlighte@: ¢hiral vector OA, the chiral
angleb, the direction of the nanotube axis OB, the unit@AB'B and the unit vectors,and

%

Diameter and chiral vector (or helicity) defined as the direction
of rolling of the graphite respect to the tube axase needed to
characterize a SWCNT.

The chiral vector connects two equivalent crystathphic sites and
it is specified respect to primitive vectors, & of the lattice of
graphene:

C = na, + ma, 11

where the pair of integers (n, m) are called chimdlces and used to
identify the type of SWCNT as will be clarified soon
Considered a Cartesian reference system (x,y), thigtaral
eqguations of the primitive vectors are:
alz(ﬁa’g),azz(ﬁa'_g) 12

2 2 2 2

where a = |g=|g|=246nm is the lattice constant of graphene aisl it
linked to @ = 0:142 nm, length of the bond between two adjacen
carbon atoms, through the relatiors v/3a, [10].

The chirality influences the conductance of theatabe, its lattice
structure and other properties. Moreover, givencthieal vector, it is
possible to determine the diameter of the nanotbyeusing the

relation:
c| 3
d=%=7a0\/n2+nm+m2 1.3
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The angled formed between the vector chi@land the vector;a
is called chiral angle. It is expressed by theofwihg relation:

9= tan‘1< V3m >

m+2n

1.4

The vectorT normal toC and parallel to the axis of the nanotube is
called translation vectorand describes the distance between two
equivalent points of the lattice. Its analyticapsssion is as follows:

T == t1a1 + tzaz 15

where t and ¢ are integer.

The vectorsC and T define the two-dimensional cell of the
nanotube. The cylinder is obtained by overlappwg tnds of the
vectorC.

The electrical properties of nanotubes depend glyomo the
chirality of the nanotube, i.e., the indicesandm. In particular, as
depicted in Fig.1.12, we can distinguish:

* zig-zagnanotube, wittm orm= 0 andd = 0°;

* armchairnanotube, witm =m andéd = 0°;

» chiral nanotube, withrj # m] #0 and 0°<¥< 30°;

Fig.1. 12: Types of nanotubes: a) armchair; b) ziz-zag;chial
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1.2.2 MWCNT

The MWCNTs are composed by several SWCNTSs, in thi&e ca
indicated as shell or wall of the MWCNTSs, arrangeith different
diameters and chirality in coaxial way at a minimdistance which
is that imposed by Van der Walls’ interaction.

There are two distinct theories that explain themfation of
MWCNT:
* Russian Doll Model for which the MWCNT is made up of

graphene wrapped to form concentric cylinders dig#s;
» Parchment Modelfor which a single layer of graphene is
wrapped around itself several times as a sheetrochment.

Anyway, the minimum diameter observed is aboutriand it
can typically vary up to a maximum of 100nm becawken the size
of MWCNT become relatively large, it is consideredaaspecial case
of a tubular fiber.

The Double Walled Carbon Nanotubes (DWCNTS) represent
special case of MWCNTs in which the number of shélsjust
reduced to two. However, their properties are simib those of
SWCNTs but the presence of an additional wall ireesatheir
resistance to attack by chemical agents, making throre indicated
in cases that require functionalizafiasf the nanotube, which allows
give new and interesting properties to the samg [11

Essentially, the MWCNTSs have the following advantage

» growth in the absence of catalytic particles ansl itha benefit
because transition metals as Fe, Co, Ni have wedwkn
toxicity to humans;

» greater resistance to chemical agents used toidmadize the
nanotube;

» greater strength exhibited by the structure, us&fuluse as
tips for STM®/ AFM*[12].

® Functionalization: This treatment, which consists in the chemical$t grathe surface of the nanotube,
leads to the break of a number of C-C bonds, aadtituctural defects resulting can change thsipaly
properties of the nanotube. In the case of SWCNTlg the outer shall undergoes this process and the
changes are less drastic.

0 5TM: A scanning tunneling microscope (STM) is an insieamfor imaging surfaces at the atomic
level. Its development in 1981 earned its invent@srd Binnig and Heinrich Rohrer (at IBM Zirich),
the Nobel Prize in Physics in 1986.For an STM, goesblution is considered to be 0.1 nm lateral
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The outer diameter of the MWCNTs depends on the trow
process

1.3 Carbon nanotube: electronic properties

To study the electronic properties of carbon namegumust be
first analyze the properties of a single sheetrapfgene, from which it
is possible to wunderstand the behavior of such ciires
[13],[14],[15].

1.3.1 Band structure of graphene

The electronic properties of graphene depend orpatsicular
band structure. The band structure of a two-dinweadi lattice is
described in terms of the wavevector k x, (ky) and the area that
includes all values of k associated with a giverrgyn band is a
Brillouin zoné.

resolution and 0.01 nm depth resolution.[3] Witks tresolution, individual atoms within materialsar
routinely imaged and manipulated. The STM can el umt only in ultra high vacuum but also in air,
water, and various other liquid or gas ambients, @antemperatures ranging from near zero kelvia to
few hundred degrees Celsius.

The STM is based on the concept of quantum tumgelNWhen a conducting tip is brought very near to
the surface to be examined, a bias (voltage diffexk applied between the two can allow electrons to
tunnel through the vacuum between them. The reguttinneling current is a function of tip position,
applied voltage, and the local density of stateB@IS) of the sample.[4] Information is acquired by
monitoring the current as the tip's position scaawss the surface, and is usually displayed irgéma
form. STM can be a challenging technique, as itireg extremely clean and stable surfaces, shasp ti
excellent vibration control, and sophisticated &tadcs.

"' AFM: Atomic force microscopy (AFM) or scanning force naiscopy (SFM) is a very high-resolution
type of scanning probe microscopy, with demonstratesolution on the order of fractions of a
nanometer, more than 1000 times better than thieabdiffraction limit. Binnig, Quate and Gerber
invented the first atomic force microscope (alsbrabiated as AFM) in 1986. The first commercially
available atomic force microscope was introduced989. The AFM is one of the foremost tools for
imaging, measuring, and manipulating matter atriqueoscale. The information is gathered by "feeling"
the surface with a mechanical probe. Piezoeleetéments that facilitate tiny but accurate and ipeec
movements on (electronic) command enable the veegige scanning. In some variations, electric
potentials can also be scanned using conductingjezers. In newer more advanced versions, currents
can even be passed through the tip to probe ttatrield conductivity or transport of the underlying
surface, but this is much more challenging withyew research groups reporting reliable data.

'2 Brillouin zone: In mathematics and solid state physics, it is muely defined primitive cell in
reciprocal space. The boundaries of this cell arergby planes related to points on the recipriatsice.
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As shown in Fig.1.13 (a), the structure of grapheassists of
carbon atoms arranged in a hexagonal lattice aadptimitive cell,
described by the vectors and a, contains two carbon atoms. In the
same figure the dashed hexagon is the unit cefjraphene and the
points 1 and 2 represent two carbon atoms.

(b)
Fig.1.13:(a) Direct lattice of graphene. (b) Reciprocal tatof graphene

The conversion from this lattice, described by sexta in the
spatial plane (x, y), to the reciprocal one desatiby vectors;bin
the plane of the wavevector «(kk,) is allowed if the following
conditions are met:

2, ifi=]

0, ifi+#]j 1.6

ai-bj =2T[6i]' ={

Rewriting the expression ofj,a& as a function of @in the
reference system shown in Fig.1.20 the followintatiens can be

obtained:
V3a, 3 V3a, 3
a, =\ - 2 iEaO , Ay = 2 ,an 1.7
b—< 27 27‘[) b_<27r 27T> 18
1= \/§a0’3a0 A \/§a0’3a0 '

The importance of the Brillouin zone stems from Blech wave description of waves in a periodic
medium, in which it is found that the solutions dazen completely characterized by their behavior in a
single Brillouin zone.
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The band structure of graphene can be evaluatedg utie
approximation of Tight Binding Approximation (or Ti&odel). This
approach allows to explain the conduction propgrtie most of the
regular solids. A orbital function of the crystalvhich describes the
electron in the periodic field of the entire crysta built starting from
the wave function for an electron in a free atoime Wave function of
the solid is determined by a linear combination abdmic wave
functions (Linear Combination of Atomic Orbitals).

In determining the band structure of graphene aresidered only
the electrons since they are the only ones to determine thesp@n
properties of graphene. In fact, these electroasaagakly bound and
therefore a small energy is enough to free them lamy them in
conduction. Since there are two such electronsumr cell, they
produce two bands of typeidentified as typa andx*.

The dispersion relation E (k) obtained for the e sheet is:

E(k) = i[)’\/?) + 2 cos[k(a; —ay)] + 2cos(k-a,) + 2cos(k - a,) 1.9
wherep is the interaction term of neighboring points.

Moreover, the dispersion relation can be expreased function of
the components,kky,of the wavevectok.

av3 a a
E(ky ky) = iﬁ\/l + 4cos <T ky> cos (E ky) + 4cos? (E kx) 1.10

witha = |a;| = |a,| = 2.46 A e B = 3eV.

The three-dimensional representation of the dispenslation, is
shown in Fig.1.14 (a).
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Fig.1.14: Dispersion diagram in graphene.Tdjree-dimensional band structure of graphene.
The conduction and valence band have contadkeipoints K. b)evel lines of dispersion
diagram.The hexagon formed by six points K defines the aeilit of graphene in the plane K.
k; and k are the only two non-equivalent K points thatsfgtthe condition = }=-ks.

The band structure consists of two large "tentdle Tent above
represents the conduction batfdthe one lower the valence bamd

At the vertices of the hexagon, which represengsfitist Brillouin
zone of graphene, the two bands are in contacrétplar points.

These special points, where the conduction andnealdand are
degenerat€, are called pointk.

The valence band, corresponding to negative ergrgieis
completely filled becouse the number of electromsa¢s the number
of orbitals. The Fermi level“corresponds to the zero energy and
therefore it coincides with the six points These pointsk are
responsible of the electronic properties of graghemd of its
semimetabehavior.

For the conductive properties of graphene are fonesal the
energy states around the Fermi level. In fact, this area, , the
electronic states are located on the dispersioesavhose centers
coincide with the points k as shown in Fig.1.1%][1

B Degenerate: energy states with different quantum numbers bitiht the same energy are defined

degenerate. The number of degenerate statesesl cileneration.

Y Fermi level: it is a hypothetical level of potential energy for electron inside a crystalline solidis In

details, it is the maximum energy of the electransT = 0 K and represents the energy level with
probability 1/2 to be occupied by an electron & 0 K
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Fig.1.15: Approximated dispersion diagram around the polats

Around these points, the electron hasn't the typpeaabolic
dispersion in a free space or in a matedak h%k?/2m*, but the
dispersion becomeg = vyhk, wherev, is the Fermi velocity of
electrons in graphene. This relation is similartih@at of massless
particles like photons, for whidh = chk, wherec is the light speed.

So in the bandt and=*, near the pointg, the electrons and holes
in graphene behave more like massless quantuntlearthat as ones
with mass. In this case electrons and holes atedcB@irac fermions
andk points are often called th&rac points[17],[18].

It also possible to show that the slope of the canesqual
to\/73_ toa where §=2.7eV [19].

The particular band structure of graphene is detednby the
way in which electrons scatter on atoms of thetatyattice. Its band
diagram differs from the metal or the semicondugciimes, being in
the middle between these.

In many directions, the electrons that propagateeafermi level
are backscattered from atoms in the lattice leatbngn energy band
gap as in semiconductors. Instead, in the othexctiomns, when the
electrons are scattered in distructive manner dachiemove the
backscatter its behavior becomes metallic.
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1.3.2 Electronic properties of SWCNTs

SWNTs can exhibit the metal or semiconductor bedravi
depending on how the graphene sheet is rolledrta the cylinder of
the nanotube because this modifies the band atiagf graphene.

The direction of rolling and the diameter of thenatube can be
obtained from the pair of integers (n, m), whiclentify the type of
tube.

All armchair SWCNT have metallic behavior; those hwit
n-m = 3k, where k 0, are semiconductors with a small band gap.

All the others are semiconductors with a band gagersely
proportional to the diameter of the nanotube.

To determine the Brillouin zone inherent the bi-disienal unit
cell of the CNT,defined by the chiral vect@ and the translation
vector T, we construct the corresponding vectors of theprecal
lattice, C* and T*, respectively, parallel t&€ and T and having a

Iengthlz?”I and |2?n| The Brillouin zone of the CNT is given by the
rectangle described by C* and T*.

When the bi-dimensional unit cell of the CNT is edl] the
electron is bound to moving in a periodic potentiaith a period
C =|C|.

This periodicity implies that, due the condition sthtionarity of
the wave associated with the electron, must bsfsatithe following

guantization condition
C-k=2mq orequivalently |[C|= Aq 1.11

whereq is a not null integer andl is the wavelength (De Broglie)
associated with the electron.

The quantization condition leads to a discretizatad energy
levels along the circumference C, giving rise toedes of lines of
guantization corresponding to the allowable valiggsthe pairs (kx,
ky): the component of k perpendicular to the axfithe CNT, k, can
take discrete values , while the component of lalpgrto axis of the
CNT, ky, remains a continuous variable, as shown in Fig.1.

Therefore, the electrons are free to roam longadests in the
direction of the length of the CNT.
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(@) (b)

Fig.1.16: Quantization of the wavevectors in a CNd) The wavevector parallel and
perpendicular to the axis of the CNT. b) Level lioésband diagram of a CNT with=0. The
parallel lines space@/d are the wavevectors k permitEach line is a 1D sub-band.
c) Electronic states, near the Fermi level of theTCHNefined by the intersections of the
allowed values of k with the band diagram of gragghim the points k.

The parallel lines in Fig.1.16 b) are the allowtatessk in a CNT.
The planes parallel to the y-axis (energy axis)spt#wough the
guantization lines cutting the dispersion graplgphene in slices,
(Fig. 1.16c¢) which collected in a graph (E) lare the 1D sub-bands in
the scatter plot of the CNT. In the space of readgplolattice,
quantization lines are spaced by an amount equal to

2t 2
Ak = cl” d 1.12
depending exclusively on the diameter of the narmtu

As anticipated, depending on the direction in whiod graphene
sheet is wrapped, is possible to identify CNTs @pet of zig-zag,
armchair or chiral.

In this case, change the intersections betweeriries of the
allowed wavevector k and cones of the dispersiagrdm in the
points k. For this reason, SWCNT may have different eleatric
characteristics [19].

In particular, if the CNT is wrapped around the xsait is of
armchair type and lines of quantized wavevepsss exactly for K1
(or K2). In this case, CNT present a metallic bebg\iig.1.17 a).

Instead, if the CNT is wrapped around the y-axihé&sCNT is of
type zig-zag type and lines of quantized wavevedties not pass
through any poink. Thus, in the dispersion diagram of CNT, will be
a gap between the valence and conduction band N will
present a semiconductor behavior, Fig.1.17 b).
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Fig.1.17: Different alignments between the cone of dispersio K1 and lines of the
quantized vector kia) The 1D sub-band nearest to the Fermi levelgzagough the point
K1 and the CNT shows metallic behavior. (b) The lb-band nearest to the Fermi level
does not intercept the point K1, so a band gapriméd and the CNT shows a semiconductor
behavior.

In mathematical terms, expressing the relationsingp describes
the quantization condition along the circumfereasea function of k
and k, we obtain:

(nay, + may, )k, + (naly + mazy)ky = 27mq 1.13

from which, substituting the expressions paad a we obtain:
4mq (—m +m)
3ag(n+m)  V3(n+m) 1.14

To understand the electronic properties of CNT isessary to
consider the number N of unit cells of graphenetaioed in the unit
cell of the CNT previously introduced. This number the ratio
between the area of the unit cell of graphene hatldf the unit cell
of the CNT.

By imposing the initial condition €=0, developing the scalar
product and remembering thatand t are prime numbers between
them, we have:

k, =
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_a;(2m+n) —a;(m + 2n)
" MCD{(n +2m), 2n + m)}

1.15

where MCD{a,b} indicates the greatest common divisba and b.
The area of the unit cell of the CNT is:
2|la; X ay|(m? + nm + n?)

A =|CXT|=
ent = |CX T = e o+ 2m), (2n + )} 1.16
while the area of the cell of graphene correspoods
: V3
Agrr = lag X a,|=3a sin (g) = 37“(2) 1.17
from which is possible to obtain:
A 2(m? + nm + n?
N = Zont _ ( ) 1.18

"~ Agrr MCD{(n + 2m), (2n + m)}

The area of the unit cell of the nanotub&lismes larger than that
of the graphene sheet, so the area of the unito€¢lle same in the
reciprocal space is N/times smaller.

As function of N, some constraints on the integgntroduced in
the quantization condition can be obtained. Remgithe wavevector
k as a function of C* and T* we obtain:

k=keC" +kpT" 1.19

with:

_ (ctabyttaby) _ (mby—nby)

=" TH="— 1.20

the quantization condition can be reformulate@ @s= q. Therefore,
to avoid the degeneracy condition musbbs g < N — 1.

This means that there akediscrete values d{ in the direction of
the chiral vector.
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1.3.3 Electronic properties of MWCNTSs

SWCNTs behave as quantum wires, i.e. 1D conducBinge in
these conductors the Coulomb interaction betweemldctrons is not
well shielded, is present a gas of correlatedtees, called_uttinger
liquid *720]. Since the MWCNTSs consisting of more SWCNTs, one
might think that they have electronic propertiebf conductors, but
is still observed electronic behavior of Luttindeuid type. Due to
the weak interaction between the first layers neigb, the MWCNTSs
have a band structure much more complex than th&8WICNTs and
graphite.

These nanotubes show intermediate characteriset&ween those
of SWCNT and those of graphite, and for this reasom called
mesoscopicGenerally, the following conditions are true:

» if the diameter of MWCNT is much greater than theame
free path, d>xmfp, the electronic transport is of 2D
diffusive type and the density of states is simitathat of
graphene without singularity of Van Hove;

5 Luttinger liquid: A Tomonaga-Luttinger liquid, more often referredaosimply a Luttinger liquid, is

a theoretical model describing interacting eledréor other fermions) in a one-dimensional conducto
(e.g. quantum wires such as carbon nanotubes). &nebdel is necessary as the commonly used Fermi
liquid model breaks down for one dimension. The ®oaga-Luttinger liquid was first proposed by
Tomonaga in 1950. The model showed that underinectastraints, second-order interactions between
electrons could be modelled as bosonic interactitn$963, Luttinger reformulated the theory innter

of Bloch sound waves and showed that the conssraiposed by Tomonaga were unnecessary in order
to treat the second-order perturbations as bo&tshis solution of the model was incorrect, thereot
one was given by Mattis and Lieb 1968mong the hallmark features of a Luttinger liquice ahe
following:

-Likewise, there are spin density waves (whose oiloto lowest approximation, is equal to the
unperturbed Fermi velocity). These propagate indéestly from the charge density waves. This fact is
known as spin-charge separation.

-Charge and spin waves are the elementary excitatibthe Luttinger liquid, unlike the quasipariglof

the Fermi liquid (which carry both spin and chargé)e mathematical description becomes very simple
in terms of these waves (solving the one-dimensiamae equation), and most of the work consists in
transforming back to obtain the properties of tlatiples themselves (or treating impurities andeoth
situations where 'backscattering' is importante Besonization for one technique used.

- Even at zero temperature, the particles' momemtistnibution function does not display a sharp um

in contrast to the Fermi liquid (where this jumgizates the Fermi surface).

-There is no 'quasiparticle peak’ in the momentemetident spectral function (i.e. no peak whosehwidt
becomes much smaller than the excitation energyealize Fermi level, as is the case for the Fermi
liquid). Instead, there is a power-law singularityith a 'non-universal' exponent that depends @n th
interaction strength.
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» if the diameter of the MWCNT is comparable with the
mean free path,~dmfp, transport is not completely 2D
diffusive but not even 1D ballistic

For better clarity on the electronic properties M¥WCNTS is
convenient to consider only two weakly coupled wibeto one
another. For these configurations:

* if a tube is semiconductor and the other is metathe
electronic properties for low energies (around FHegmi
level) are determined by the metallic tube andettaen't
variations in the DOS around the Fermi level;

* if both tubes are metallic, the situation is more
complicated. In fact, if a tube is of type armchand the
other of type zig-zag, due to overlap of the epdrgnds
in different points K, the hybridization is very ale
around the Fermi energy and the density of statedbkd
sum of the two. Instead the case in which the two tubes
have the same chirality, there is a considerabi@atan in
band structure.

These approximations are not valid for two strongdyipled or
doped nanotubes and the Fermi level shifts in #lence band or in
the conduction one [21].

Unlike SWCNTs that can be either metallic or semitartor
depending on their chirality, MWCNTs are always mietavith a
current carry capability similar to the metallic 8NTs. Initially,
several experiments indicated that the conductioas wdue
exclusively to the outer shell in an MWCNT. Latémwas confirmed
that in reality, if suitably connected, all the khaake part in the
conduction phenomenon [22].

Due to the large diameter, all the shells of a MWGNare
conductive even if according to the chirality aemgconductors.
This can be explained by considering the band sirecof a
nanotube of large diameter [23]. Fig.1.18(a) shothe band
structure of a shell of zig-zag type with a diameié 20 nm and
chiral indices (256.0). In Fig.1.18(b) is reporee@oom around the
Fermi level and each line denotes a sub-band dEME.



28

0.50
__0.25}
3 3
=l >
= B 0.00
A [
s &

-0.25}
16 —— osg N
-1.0 -0.5 0.0 0.5 1.0 10 -0.05 0.00 0.05 0.10
K K

(a) (b)
Fig.1.18: (a):Band structure of a zig-zag SWCNT (256.0); @om of the band structure
around k = 0.

From the figure above is possible to observe tlesence of a
band-gap which confirms that the CNT is semiconducéd room
temperature (T=300K), the thermal energy¥ ks equal approximately
to 0.0258 eV, wheregkis the Boltzmann constant.

Fig.1.18 (b) highlights that the difference of enebetween the
edge of the conduction bang Bnd the Fermi level Eis less than
0.0258 eV. Therefore when the diameter of a CNTrasired 20nm or
higher, the band-gap will be exceeded by the raamperature.

Furthermore, even if the difference of energy betwéhe sub-
bands and Eis greater thandd, this difference of energy is relatively
small thanks to the high density of states in thellswith large
diameter.

In these sub-bands, the electrons have a highapiidp of
appearing fi at B according to the Fermi-Dirac distribution
function'®:

16 Fermi-Dirac distribution function: is a part of the science of physics that describesnergies of
single particles in a system comprising many idethiparticles that obey the Pauli Exclusion Prifecift

is named after Enrico Fermi and Paul Dirac, whchediscovered it independently. Fermi—Dirac (F-D)
statistics applies to identical particles with hadid-integer spin in a system in thermal equilibriu
Additionally, the particles in this system are ased to have negligible mutual interaction. Thiowah
the many-particle system to be described in terhsngle-particle energy states. The result isRkR®
distribution of particles over these states andlishes the condition that no two particles can ogciine
same state, which has a considerable effect oprtperties of the system. Since F-D statisticsiappb
particles with half-integer spin, they have comebéocalled fermions. It is most commonly applied to
electrons, which are fermions with spin 1/2. Feibirac statistics is a part of the more generabifief
statistical mechanics and uses the principles ahtyum mechanics
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- _ 1.21
exp (—lE‘ EFl) +1

where Eis the largest (or smallest) energy for the subdsdelow (or
above) the Fermi levelfESince there are a large number of sub-bands
in the shell with large diameter, their cumulatieéfect on the
probability may be large, which implies that canvédiaa lot of
conductive channels

Generally the following condition is satisfied rfMIWCNTSs of
length below a critical threshold (typically arourde 7pm) the
conductivity decreases with increasing of the di@mewhile for
MWCNTSs longer than this value the increase in tlarditer leads to
an increase of the conductivity.

Potentially, for lengths of the order of hundreds pon, the
conductivity of MWCNTs can be several times highean that of
copper and SWCNT bundles.

For short lengths (<10um) the bundles of SWCNT show
conductivity more than two times greater than tgfalWCNTSs.

1.3.4 Conductance of CNT

In the case of CNT since its diameter is much smdhan the
mean free patH’(mfp) of the electron, d «mfp, it is possible the
occurence of 1Mallistic conductioni.e. the electrons cross the CNT
without undergoing scattering and therefore withdwat the
nanotube. Due to this property, CNTs are of pamicuhterest as
nanoscale interconnects.

Both SWCNT that MWCNTSs behave as quantum wires dileeto
effect of confinement on the circumference of thelC[24],[25].

The conductance of a SWCNT or MWCNT is given by:

1.22

7 Mean Free Path:In physics, it is the average distance covered impeaing particle (such as an atom,
a molecule, a photon) between successive impaotisians) which modify its direction or energy or
other particle properties.
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C—c 2e?
= OM == TM
where:
s Go=2€/h=(12.9K2)" is the conductance quantum;
« h=6.6210"%Js is the Plank’s costant;
* M is the apparent number of conductive channels (81 =
for a SWNT without defects).
However,M, is determined not only by the intrinsic propesta
a nanotube, but also from defects, impurities,cétinal distortions,
coupling with the substrate and contacts.
Consequently, the conductance measured experimergatiuch
lower of the quantized value.
The measured resistance for a SWCNT is €10k comparison
with the value perfect of 12.9 /2= 6.4k

1.4 Carbon nanotube: other properties

Interest in carbon nanotubes is due to the faat they have
unique mechanical, thermal, electrochemical anctrlrgic properties,
in part derived from the similarity with the graghibut in large part
due to the CNTs as nano-structures.

In Table 1 the relevant properties of CNTs are shoavm
compared with those of materials currently usedanous electronic
and industrial applications [13,17].
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Table 1. 1Comparison of properties: CNT-Materials currentlydise

PROPERTY CNT COMPARISON
o , 0.6 — 2nm (SWNT) Si:
imension 0.6 — 100nm (MWNT) at least 50 nm
Semiconductor o metal Cu:
Current density 9 2 6 2
>10 A/lcm 10 Alcm
Field emissi 1-3 kV/um da singolo CNT Mo:
eld emission - m da singolo
! IS8t H g 50 — 100 KV/um
Thermal conductivi 6000 W/meK Diamond
m.
ermal conductivity 3320 WimeK
3 Al:
Density 1.4 g/lcm 3
2.7 glcm
rensio stenath ~ 75 GPa (SWCNT) Steel: 2 GPa
ensile stren i i i
9 ~ 150 GPa(MWNT) with den3|tyhfirgohne1r3 to 6 times

1054 GPa (SWCNT)
1200 GPa (MWCNT)

Young's modulus Steel: 208 GPa

Au
Cost 1500 $/g 10 /g

Since thesp? bonds in the CNT and graphene are very strongethes
materials are the more resistant ever measured. GBMesalso a high
current carrying capability, at least two ordersnzdgnitude greater
than that of copper. In addition, CNTs have a nfeze path*®(of the
order of um) much greater than the classical cotodsiqCu:40nm)
due to the weak scattering with acoustic phonarkthe absence of
scattering with optical phonons at room temperaf26. Due to the
high aspect ratio (length divided the diameter), GNdan be

'8 Mean free path: in physics, the mean free path is the average distaovered by a moving particle
(such as an atom, a molecule, a photon, electremjden successive impacts (collisions) which modify
its direction or energy or other particle propestie
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considered as quantum-wif@sie a 1D system in which the
conduction is longitudinal and not transversely.

These important properties such as the high faaotof (ratio
between the length. and diameterd), the electronic transport
properties (mean free path of the order of um), igh value of
Young's modulus, the high thermal and electricaldewtivity have
stimulated a strong interest of scientific reseaithed at developing
new composites with specific electromagnetic proger

All these factors make nanotubes an excellent idatel for the
development of nanostructured materials for a widgiety of
applications.

Typically important uses are for example as aatiistelements,
electrostatic dissipative ones or for electromagnshielding in the
field of the aeronautic, automotive and electrondustries.

Despite intensive research efforts devoted to trsémee their
discovery, their applications and methods of userfaximum benefit,
have not yet been studied exhaustively.

Some of these properties will be discussed in &éxt paragraphs.

1.4.1 Mechanical properties

Carbon nanotubes have a strong mechanical resesthat for a
material depends on several factors including thength of atom-
atom bonds in the lattice and the absence of siraictiefects in the
same.

The presence of defects is very important in brepktrength of a
material, because to break a material free frorealefis necessary to

19 Quantum-Wire: in condensed matter physics, a quantum wire is estriglally conducting wire, in
which quantum effects are affecting transport prigpge Due to the quantum confinement of conduction
electrons in the transverse direction of the wiheir transverse energy is quantized into a sesfes
discrete values EO ("ground state" energy, witheowalue), E1One consequence of this quantization is
that the classical formula for calculating the &leal resistivity of a wire: Rp:(I/A) is not valid for
guantum wires (wherp is the resistivity, | is the length, and A is tbe@ss-sectional area of the wire).
Instead, an exact calculation of the transversegée of the confined electrons has to be perforioed
calculate a wire's resistance. Following from thwamtization of electron energy, the resistancess a
found to be quantized. The importance of the qaatitin is inversely proportional to the diametettaf
nanowire for a given material. From material to enial, it is dependent on the electronic properties
especially on the effective mass of the electrémsimple words, it means that it will depend orwho
conduction electrons interact with the atoms withigiven material.
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break all the bonds that compose it. So the presehdefects reduces
the tensile strength.

Ideally, the tension that can be supported by a @G\:bmparable
to the tensile strength of the C-C bond in a benzamge For this
reason, CNTs are the strongest material ever found.

Just to give an idea, the tensile strength pteditheoretically for
Kevlar, a synthetic fiber whose main feature is gineat mechanical
resistance is 29.6 GPa, while that of an armch®CSIT reaches
126.2 GPa.

In addition CNTs are also flexible material: th@nde folded up
to about 90 degrees without breaking (see Fig.1[29).

Fig.1.19: Experimental result (up) and simulation (down)aofarge-amplitude transverse
deformation of a carbon nanotube, apparently beyioaelastic limit, [27].

The deformations also affect the electronic praeertof
nanotubes, especially metal ones, changing theindigap
(Fig.1.20),[28].
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(b)

N2 222230

Fig.1.20: Effect of stretching on the band-gap of a zigz&8¢CNT. The quantized values of
k. are represented by vertical lines that interceptcenters of the cones in the points K1 and
K2. (a) The allowed intercept the points K and 1D sub-bands nearaid K, have zero
band-gap. (bAt the points K, the quantized values. deviate when the CNT is in tension
and opens a band-gap in 1D sub-bands.

A armchair SWCNT intrinsically metallic, is chatarized by the
opening of a band-gap in the presence of torsion.

A metallic tube of zig-zag type, instead, is clotgeized by the
opening of a band-gap in the presence of tension.

Finally a chiral metallic tube becomes semicondudh the
presence of both types of deformation.

1.4.2 Thermal properties

The value of the thermal conductivity, at room tengpure, for a
SWCNT, estimated by means of molecular dynamicsutations, is
about 6600 W/m-K [29]. Therefore it is higher th#mat of pure
diamond (3320 W/m-K), material with exceptionalerthal
conductivity, with a value five times higher thdmat of Copper.

This means that, at least in theory, the SWCNT @addiined as
the best conductor of heat that exists in natunalike metals, for



35

which the thermal energy is transmitted mainly e telectrons,
thermal conductivity of carbon nanotube systems @eeermined
mainly by phonons and at low temperatures is dotath@y acoustic
phonons. In more detail, the thermal conductivgyproportional to
the product of specific heat for the speed of scamdl for the phonon
mean free path.

Since SWCNTSs are characterized by a long phonon rnearpath
(due to the absence of defects at the atomic saalB)gh speed of
transmission of sound (~ 4@/s) and a high specific heat, the high
calculated conductivity values are expected.

Experimental measurements were performed with rdiffe
methodologies and the results show, that genertilyy,value of the
thermal conductivity decreases when the nanotuteesggregated in
bundles, perhaps due to the decrease of the phmeam free path
[30], [31].

For this interesting property, the nanotubes cduddintegrated
successfully in  microelectronic devices, where eitiplg the
anisotropic properties of conduction and rapid ltespersion of the
tubes, the exercise time of the apparatuses ceagaise considerably.

1.4.3 Chemical and electrochemical properties

Due to their tubular shape, the nanotubes showhefstrong
properties of capillarity [32] that together withet high surface /
weight ratio, makes them ideal materials for theoaption of liquids
and gases. The properties of adsorption of thetobae have been
studied especially in the case of the adsorptionyafrogen, in view
of a its possible use in fuel cells.

Infact, all systems up to now used for storageirfdgrs, hydrides,
active carbons) require to work at high pressuit law temperature
to be able to store a sufficient amount of gas.

However, many research efforts must be concentiateis area
to exploit nanotubes for this purpose [33].

Carbon nanotubes find also applications as -eleesrodf
supercapacitors (or electrochemical capacitor®, accumulators
capable of storing large amounts of energy and aci@rized by
processes of charge and discharge very fast. Tgreperties are due
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to high porosity and, therefore, to the high effexturface area with
which are characterized the electrodes of suctcdsvi

The nanotubes show themselves ideal candidatethifotype of
application considered their high surface area,imaseéd at
~ 1300 n/g.

Considered that the conductivity of the nanotubegpedds
strongly by their structure, from a possible dopiagd by the
environmental conditions, it is possible to usarthalso as chemical
Sensors.

Sensors based on nanotubes, able to respond &bs$loeption of
some gaseous species (among which especially &@d NH) in
terms of variations of electrical conductivity, lealveen realized. The
advantages of these sensors, compared to thedrediones, are the
possibility of obtaining selective systems, revaesiand able to
operate at room temperature with response timgsqueck.

Sensors and biosensors CNT-based have been assewitiled
success for the electrochemical determination okerse chemical
species of biological and environmental interesiclisas glucose,
serotonin, epinephrine, ascorbic acid, uric acid).eThese sensors
contain an electrochemical activity and a generaigher sensitivity
compared to traditional graphite electrodes. Initamd they are
chemically inert and of reduced size.

References

[1] S. ljima. “Helical microtubules of graphitic dzon"”, Nature 354,
pp56-8, 1991.

[2] Lide, D. R., ed (2005). CRC Handbook of Chemistryg &mysics
(86th ed.). Boca Raton (FL): CRC Press. ISBN 0-8493-®186-

[3] P. Delhaes (2001). Graphite and Precursors. CR&EsPISBN
9056992287

[4] N Deprez and D S McLachlan “The analysis of thectrical
conductivity of graphite conductivity of graphit@yders during
compaction” 1988 J. Phys. D: Appl. Phys. 21 101
doi:10.1088/0022-3727/21/1/015



37

[5] A.M. Rao, M.S. Dresselhaus, “Nanostructured fafhCarbon: an
overview”, Kluwer Academic, Erice, Italy (2000)

[6] M. Buongiorno-Nardelli, C.Brabec: "Lip-lip interaon and the
growth of multi-walled carbon nanotubes" - Phys. Rlestt. 80,
313 (1998).

[7] P. Ciambelli, D. Sannino, M. Sarno, C. Leone Ldfont, "Effects
of alumina phases and process parameters on thencaanotubes
growth", Diam. Relat. Mater. 16, pp.1144-1149, 2007.

[8] D. S. Bethune, C. H. Klang, M. S. D. Vries, G.r@an, others:
"Cobalt catalyzed growth of carbon nanotubes” - Ma863, 605
(1993).

[9] M. S. Dresselhaus, G. Dresselhaus, Ph. AvoGiesbon Nantubes,
Topics Appl. Physics. SPIN Springer's internal ecbj 2000.

[10] G. W. Hanson. “Fundamentals of Nanoelectrdnid2earson
Prentice Hall, 2008.

[11] L. Guadagno, B. De Vivo, A. Di Bartolomeo, P.nmberti, A.
Sorrentino, V. Tucci, L. Vertuccio, V. Vittoria “Edct of
functionalization on the thermo-mechanical andtelesd behavior
of multi-wall carbon nanotube/epoxy composites”,riiom 49
(2011), pp 1919-1930.

[12] Wikipedia: The Free Encyclopedia

[13] R. Saito, G. Dresselhaus, S. Dresselhaus. &4lyBroperties of
Carbon Nantubes. London, U. K.: Imperial College £r&998.

[14] E. D. Minot. Tuning the band structure of cammanotubes. PhD
thesis, Cornell University (USA), 2004.

[15] A. G. Perri, A. Giorgio. “I nanotubi di carbmn caratterizzazione
delle proprieta elettroniche ed applicazioni". L@amunicazione,
2005. Politecnico di Bari (Italy).

[16] P. L. McEuen. “Single Wall Carbon Nanotubeshygics Word,
pages 31-36, June 2000.

[17] H. Li, C. Xu, N. Srivastava, K. Banerjee. “Carbdanomaterials
for Next-Generation interconnects and PassivessiPéy Status
and Prospects ". IEEE Trans. on Electron Devic&$9)51799-
821, 2009

[18] G. W. Hanson. “Fundamentals of Nanoelectrdnid®earson
Prentice Hall, 2008.

[19] E. D. Minot, “Tuning the band structure of ban nanotubes”
PhD thesis, Cornell University (USA), 2004.



38

[20] P. J. Burke. “Luttinger liquid theory as a mbdé the gigahertz
electrical properties of carbon nanotubes". IEEEansr On
Nanotechnology, 1(3):129-44, 2002.

[21]Ph. Lambin, V. Meunier, A. Rubio, “Science angpAcation of
Nanotubes”, D.Tomanek, R.J. Enbody (Eds), Kluwer
Academic/Plenum Publishers, New York, 17 (1999).

[22]A.Naeemi, J. D. MeindI, “Compact Physical Modds Multiwall
Carbon-Nanotube Interconnects". IEEE Electron Devieders,
27(5):338-40, 2006.

[23]H.Li, W. Yin, K. Banerjee, J. Mao,”Circuit Modelg and
Performance Analysis of Multi-Walled Carbon Nanaub
Interconnects" IEEE Trans. on Electron Device, »3{#28-36,
2008.

[24]M. Bockrath, D. H. Cobden, P. L. McEuen, N. G. @i A.
Zettl, A. Thess, R. E. Smalley, “Single-Electron figport in
Ropes of Carbon Nanotubes”, Science, Vol. 275, pRa211925,
1997.

[25]S. Frank, P. Poncharal, Z. L. Wang, W. A. deeH&Carbon
Nanotube Quantum Resistors”, Science, Vol. 280,1@g4-1746,
1998.

[26] P.G. Collins, P. Avouris: “Nanotubes for electics” — Scientific
American 69, 2000.

[27] E. T. Thostenson, Z. Ren, Tsu-Wei Chou,” Advanie the
science and technology of carbon nanotubes anddbmeiposites:
a review”, Composites Science and. Technology, 61899—
1912, 2001.

[28] E. D. Minot, “Tuning the band structure of ban nanotubes”
PhD thesis, Cornell University (USA), 2004.

[29] F. Wu, X. He, Y. Zeng and H.-M. Cheng, “Thermednsport
enhancement of multi-walled carbon nanotubes/ Higsity
polyethylene composites”, Applied Physics A: Mad&xiScience
& Processing, Vol. 85, N°1, pp. 25-28, 2006.

[30] Z. Shi, Y. Lian, F. Liao, X. Zhou, Z. Gu, Y.hang, S. lijima,
“Purification of single-wall carbon nanotubes”, 8ol State
Communications 112, pp. 35-37, 1999.

[31] J. Moon, K. Hyeok, Y.H. Lee, Y.S. Park, D.J.eB&. Park, J.
Phys. Chem. B 105 (2001) 5677



39

[32] M.R. Pederson, J.Q. Broughton, “ Nanocapillatityfullerene
tubules”, Phys. Rev. Lett. 69, pp. 2689-2692, 1992.

[33]R.H. Baughman, A.A. Zakhidov, W.A. de Heer,“Carbon
Nanotubes—-The Route Towards Applications”, Scienge, p.
787-792,2000



40



41

Chapter 2

Nanocomposites

The preparation of advanced nanostructured congsosst currently
required in several sectors and for various apipdioa. This chapter is
devoted to illustrate the advantages of nhanocortggas compared to
classical materials.

A very important class of nanocomposites, on wtilde PhD work
has been focused, can be obtained by using ep®stgay as matrix
and either Carbon NanoTubes (CNTs) or CNTs-clayillesst

2.1 Introduction

Composite materials is a system composed of a catimof two or
more constituents, different in form and chemicaiposition, that
are essentially insoluble one in the other.

Instead, nanocomposites or nanostructured matereae a
particular and new class of composite in which eponent has at
least one dimension of the order of nm.

The interest and the scientific importance of tiygic is justified
by the fact that the conventional materials haveahé suitable
properties to satisfy the specific requirementsnimdern applications
while two or more distinct materials are combineddrm a material
which possesses superior properties, or in any ke#gvant, with
respect to properties of individual components.

In fact, the enormous use of composites matergjsistified by
their extraordinary combination of properties [bj weight and ease
of processing.
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Thus the individuation and preparation of advancethposites
with best features respect to the traditional niateris currently
required in several industrial sectors, Fig.2.1, [2

Polymer nanocomposite
Application areas 2010

in%

Fig.2.1: Polymer nanocomposite application. Font:Nanocoiitpasglobal strategic business
report, February 2011, Global Industry Analyst Inc.

Composite materials are orthotraffiand biphasic (i.e. consisting
of two solid phases), one with a reinforcing fuant(fibers or charge)
and one with binder task (matrix) [3].

The set of these two parts makes a product ald@doantee very
high mechanical properties (fundamental is therfateal adhesion
between fibers and matrix) with lower density: this reason the
composites are widely used in applications whegltfhiess is crucial,
aircraft in the first place.

Do not forget that the use of composites has ahciegins. The
first composites, obtained by mixing straw and dlay mud), were

20 Orthotropic: an orthotropic material has two or three mutualifnegonal twofold axes of rotational
symmetry so that its mechanical properties argeimeral, different along each axis. Orthotropiceriats
are thus anisotropic; their properties depend endihection in which they are measured. An isotopi
material, in contrast, has the same propertievémyedirection.One common example of an orthotropic
material with two axis of symmetry would be a pogmreinforced by parallel glass or graphite fibers.
The strength and stiffness of such a compositemabteill usually be greater in a direction paratie the
fibers than in the transverse direction.
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used for the production of bricks for building ctstion: the straw
was the reinforcement while the clay or mud, coatgd the matrix.

Even in nature we can find exceptional examplexahposite
materials. The wood is a brilliant example, formag a cellulose
fibers reinforcement, mainly oriented in the longinal direction,
contained in a lignin matrix. This strongly oriethitarrangement of
such fibers leads to high anisotropy of the medwraharacteristics
of the wood in the different stress directions.

Among natural composites we can include also tiveeb, whose
basic structure is composed of a network of collagenich forms the
reinforcement, embedded in a matrix of calcium,jwmg phosphorus,
magnesium and fluoride. Both materials contributeharacterize the
mechanical behavior of the bones, since the callafieers are
resistant to tensile loads, while the matrix isstesit to compressive
ones.

In any case, composite materials, are mainly desiga improve
the following properties:

* rigidity: if high enough, it is possible to replace meiatts
with polymer composite, much lighter, cheaper aadiex to
work;

» electrical conductivity typically polymers are insulators but
under suitable conditions they may exhibit a resles the

electrical behavior from insulator to conductive.
» flame resistancewhich is a major limitation of polymers;
e resistance to chemicalsuch as acids, bases, oils and
weathering, due to the high permeability to smalleuules;

2.2 Classification of nanocomposites

There are several methods for classifying compaosggerials A
first method catalogs the composites accordinheaype of matrix.
With this logic, the composites are distinguishad:i
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* PMC (Polymer-Matrix Composite): for example,
thermoplastics (such as Nylon) or thermosettfigisuch
as epoxy resins);

e MMC (Metallic-Matrix Composite)usually aluminum, or
titanium and their alloys, more rarely, magnesium o
others

« CMC (Ceramic-Matrix Composite)generally of silicon
carbide or alumina;

In the first two types of composites (metallic and
polymeric), being the matrix itself ductile, theskaof the
filler is usually to confer rigidity to the final aterial, as
well as specific characteristics depending on tuiqular
application.

Instead, in the ceramic matrix composites, being tfenerally
brittle, the task of the filler is to increase theughness, which
however remains substantially low.

The composites studied in this activity are of pudyic type and
therefore they will be further investigated in folowing paragraphs.

Independently, in each of the systems presentedeatte matrix
constitutes a continuous phase throughout the coemio The union
of two or more components (reinforcement and mpatnust
necessarily give rise to a continuous solid matewdich is capable
of transmitting and redistribute the internal ste=s due to external
stresses on its components.

Thus a further classification can be conducted len liasis of
continuity:

» Composite materials with continuous componeftsth
matrix and fiber);

2t Thermoplastic: also known as a thermosoftening plastic, is a pelythat turns to a liquid when
heated and freezes to a very glassy state wheredaoifficiently. This process, theoretically, may be
repeated several times according to the qualitiftérent plastics.

2 Thermosettings: also known as a thermoset, are polymer materialshylafter an initial phase of
softening due to heating, harden as result ofethimensional reticulatiorin the phase of softening
through the combined effect of heat and pressueenaoldable.If these materials are heated after
hardening does not return workable, but they decs®p
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» Composite materials with two componeimise of which is
continuous and the other discontinuous;

* Multi-component materialsome of which are continuous
and other discontinuous

Generally, the composites that find applicationthe aircraft
field belong to the last group.

Another classification is based on the dimensianalphology
of nanomaterials used in the composite.

Terminology issues were solved recently with 30
standardization also to avoid ambiguities and mscdencies
regarding this classification.

Thus, a standardization  committee, ISO TC229
"Nanotechnologies”, started in 2005, produced aofetocuments
(ISO/TS27687-2008, 1SO/TS11360-2010, 1SO/TS88001t2Chat
list unambiguous terms and definitions related &otiples in the
field of nanotechnologies, limiting confusion irethindication [4].

Therefore, it is intended to facilitate communioas between
organizations and individuals in industry and theé® interact with
them.

According to such standardization, nanocomposite® a
considered as one family of nanomaterials, wherarg-object is
dispersed into a matrix or a phase. The other femére mainly
nanostructured materials in surface, multi-layevaume.

A nanocomposite is a multiphase solid material wlare of the
phases has one, two or three dimensions of leaslt®d@nm [5].

The nanocomposites can be distributed accordingthie
nanofillers, as classified in reference ISO/TS27880@8 and
highlighted in Fig.2.2.

2 1SO: The International Organization for Standardizatimidely known as ISO, is an international
standard-setting body composed of representatives fvarious national standards organizations.
Founded on February 23, 1947, the organization plgates worldwide proprietary, industrial and
commercial standards. It has its headquarters ire@e Switzerland.
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Nanoparticle Nanofibre ( Nanoplate
i
@ |/ N1,
t
2r
All dimensions < 100 nm Diameter <100 nm ) \ Thickness < 100 nm

Fig.2.2: Nano-objects used for nanocomposites, as defmé&sQ/TS27687 (2008)

A nanocomposite is a multiphase solid material whare of the
phases has one, two or three dimensions of lessltb@nm [5]:

* One-dimensional nanofilleiin the form of plates, laminas
and/or shells;

* Two-dimensional nanofiller nanotubes and nanofibres
which diameter is lower than Ouin;

e Three-dimensional nanofiller: isodimensional nambplas
such as nanometric silica beads.

The use of nanofillers allows to achieve a theldydispersion in
the polymerlIn this way it is possible to obtain mechanicakrthal,
optical and chemical-physical properties, considlgra higher
compared to conventional composites [BYen at low contents of
nanofillers (less than 5% in weight) there is angigant quality
improvement in most of the properties [7].

2.3 Polymer-matrix composites (PMC)

The term polymer-matrix nanocomposite denotes a
multicomponent system in which the material presgntgreater
amount is constituted by a polymer, or a mixturgolymers, while
the minority constituent is given by a materialtthas a size which is
at least below 100 nm.

These matrices can be divided, according to therkability, in
thermosetting matrices (TI) and thermoplastic qiiéy.

The TI matrices are characterized by a high "wditgbin the
sense that blend easily with the fibers. The chahtond is very
strong and ensures continuity in the composite.
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Instead, the TP matrices, being viscous fluids,uireq high
operating pressures during processiflgs requires a more complex
technological system as well as a high cbse bond with the fibers is
not of a chemical type, but mechanidalstems from a compressive
hyperstatic stress state on the boundary, dueetdifferent thermal
expansion coefficient during the cooling.

Among the TI resins are widely used the polyeatet the epoxy
ones, both of organic type.

The polyester resins have low costs and low pefdocas and are
usually used with glass fibers, which are alsoosf tost, to form a
composite calledfiberglasg, much used in the production of boats.

Such resins polymerize very easily and in shorte§jmeven at
room temperature, and therefore can be used $brafad economic
works. As concerns their performance, this resins haverebs
mechanical characteristics up to 250 ° C, are flasestant and have
good dielectric properties[8].

Summarizing, PMC are very popular due these folhgwi
properties:

» High tensile strength;
* High stiffness;
» High Fracture Toughness;
» Good abrasion resistance;
» Good corrosion resistance;
* Low cost.

Properties of Polymer Matrix Composites are deteechiny:
* Properties of the fibers;
» Orientation of the fibers;
» Concentration of the fibers;
* Properties of the matrix.

Polymer Matrix Composites (PMC) are mainly used for
manufacturing: aerospace structures, , automotasts plbrake and
clutch linings), radio controlled vehicles, spomogds (skis, tennis
racquets, fishing rods), etc.
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2.3.1 The epoxy resin

Introduced on the market in the late ‘40, thesentlosetting resins
have a remarkable combination of properties suchessellent
adhesion to the fibers, good chemical resistanggeater mechanical
strength compared to polyester resins and goodntilemsulation
properties [9].

In fact, the epoxy resins are suitable to workeatgeratures up to
150 ° C and if realized with suitable additives,reup to 200 °C [10].

For these interesting properties they have fourdkvapplication
in many fields ranging from advanced aerospace eByst to
commodity plastics.Except for some special typese pesins do not
found applications but require addition of chemicampounds called
"hardenet to be transformed into rigid structural materi@aring).

The "curing agent$ usable for epoxy resins are many and their
reactions with the resins are varied and complegeneral they occur
without the liberation of volatile substances andhwminimum
volume change.

The epoxy resins are characterized by a molecut¢éatong two
or more epoxy reactive groups, usually locateth@teind of chain.

The number of this groups in each chain determities
functionality of the resin, which influence the cgwaity during the
curing process. The chemical symbol of an epoxymiie represented
in Fig.2.3.

7\
Fig.2. 3: Epoxy group

The low molecular weight of the uncured epoxy resand in the
liquid state gives them exceptionally high molecutaobility during
processing.This property allows the liquid epoxy resin to wbe
surfaces quickly and completelijhe wetting properties are important
when the epoxy resins are used in reinforced nadserand as
adhesives.

24 curing: is the set of reactions which leads to hardeninth® epoxy resin, in a range of appropriate
temperature; the process can take minutes to hours
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Acting on the formulation of the reaction blene, imodifying the
content of epoxy resin, the curing agents and dleyd, it is possible
to vary and balance the properties of the resimrder to obtain a
specific material for a particular use.

In fact, the chemistry of epoxies allows to prodaoee polymers
with a very broad range of properties.

For example, although epoxy resins are typicallgcteically
insulating, many their properties can be modifiedh the addition of
CNT, obtaining (for a phenomenon which will be itiaded in the
next part) thermal conductivity combined with goaectrical
conductivity for several applications.

In this context, the use of multi-walled carbon otabes rather
than single wall type is justified by two simpleasens. The first is
that the MWCNTs are obtained with a manufacturingcpss much
simpler than that required for the production of GMWI's and this
means at a lower cost

The second reason is that it is required the us®mductive filler
and the SWCNT can be only partially (about 33%) lua tbtal used
concentration. Moreover, the precise knowledge hié tontent is
indispensable for a correct characterization ofntiagerial.

2.4 Interface area with filler and synthesis
methods of nanocomposites

The interesting behavior of composites is typycalttributed to
the phenomenon called "nano-effect” i.e. the hugeact area due to
the use of nano-sized fillers.

This leads to the formation of a very large integfaare®
between organic and inorganic phase, typically marjpetween 2 and
about 50 nm, in which the interface material agpresent up to 50%
of the total volume of the material.

% Interface area: is the surface, or better to say, all the areasephration between the matrix and the
reinforcement in a composite.
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This does not happen in the conventional compositesre the
interface constitutes a very small fraction (org 1%) of the volume
of all the material

This large amount of reinforcement surface areansigaat a
relatively small amount of nanoscale reinforcemeah have an
observable effect on the macroscale propertieseotbmposite.

Therefore, it is scientifically confirmed that tivgerface controls
the extent of interaction between the filler ance tipolymer,
determining the final properties of the composite.

Thus, to improve the properties of hanocomposites, essential
to define a understanding and controlling procésgso preparation.

As regards the production of polymeric nanocompssitreated in
this research activity, will be now described samhehe techniques
most widely used in literature, such as:

» Direct mixing: traditional technique for the realization of
composite, it allows also to prepare nanocompaslies
technique requires the mixing of the phases, with a
mechanical processat the melting or softening
temperature of the polymer.. The process is fastsample
and presents the advantage of not use solventsevérw
for some polymers the introduction of a nanofillEn
cause the increase of viscosity (making the processe
difficult) or can lead to the degradation of thelypoer
[12].

e Polymerization in situ: this technique requires the
dispersion of nanofillers in the precursor of th@irperic
matrix, monomef, in order to allow subsequently the
polymerization reactionFig.2.3 represents the various
stages of the process.

%% Monomer: in chemistry, this term defines a simple molecwihg functional groups such that it is
capable of combining recursively with other molesu(identical to itself or reactively complementtoy
itself) to form macromoleculeshe term is also used to identify the repetitiveictural unit which forms

a polymer (more properly known as "repeat unittref polymer). The process of transformation of the
monomer to polymer is called polymerization. Whiee monomers are used to produce copolymers, are
called comonomer.
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Organophilic
clay Monomer Swi ellmg Curmg agent Polymerisation

Fig.2.4: Polymerization in situ.

The viscosity of the monomers is considerably lotan
that of the corresponding polymers and this caoomlit
certainly facilitates the dispersion of the fill¢1s3].

* Intercalation of the polymer in solution: is a two-stage
process where in the first one, the mixing of therganic
phase and the polymer occurs in the presence olfvarg,
while in the latter the solvent is removed [14]his
technique is shown in Fig.2.5.

T %% =

N H anewweD
C———=——" pesorbed =)

Solvated organophlllc Solvated Intercalation sclveat S

clay polymer
molecues

Fig.2.5: Intercalation of the polymer in solution

The limit of this method depends on the presencehef
solvent, and therefore from the need to remove it.

* Direct Intercalation of the fused polymer: the filler,
suitably modified, is mixed with the polymer to
temperatures above the glass transitigf [L4,15]. This
process is shown schematically in Fig.2.6.

%’ Glass transition Tg: is the reversible transition in amorphous mater{alsin amorphous regions
within semicrystalline materials) from a hard aethtively brittle state into a molten or rubbereligtate.
This transition coincides with the activation ofteén motions of the macromolecules that make @&p th
material.. Below the Tg, polymer chains have difig moving and have locked positions and theréfor
has a fragile elastic behavior.



52

N O = i

Blendmg N H

Organophlllc Thermoplastlc anneallng Intercalatlon
clay polymer

Fig.2.6:Direct Intercalation of the fused polymer

This method has a great potential for industrigdlexation, also
because it has been obtained by extrusion of diftethermoplastics,
such as polyamides and polystyrene.

This manufacturing technology can be applied withtypes of
nanofillers available.

2.5 Percolation theory

In 1957, BroadbeAt and Hammersle€y presented a statistical
theory, calledpercolation theory useful to explain the behavior of
disordered systems [16%ince the publication of these early works,
the percolation theory has been applied with egopéllresults in
different fields such as chemical, physical, biodagjand others.

In summary, the original model, , is based on theaiof treating
percolation as the passage of a fluid through eoysrmedium
represented by a cubic lattice, as shown in Fig.2.7

% Broadbent:Simon Ralph Broadbent was born in 1928: He studiedineering in Cambridge,

mathematics at Magdalen College in Oxford (wheralsewrote poetry) and started a PhD in statistic
Imperial College in London on “Some tests of deg@rfrom uniform dispersion”. During his PhD he got
some support from the British Coal Utilisation Resh Association to investigate statistical protldem
that could be related to coal production. In 195Ymposium on Monte Carlo methods sponsored by the
Atomic Energy research Establishment was heldeaRiyal Statistical Society in London.

» Hammersley: John Michael Hammersley (21 March 1920-2 May 2004% a British mathematician
best known for his foundational work in the theofyself-avoiding walks and percolation theory. Hasw
born in Helensburgh in Dunbartonshire, and educaedSedbergh School. He started reading
mathematics at Emmanuel College, Cambridge butaatled up to join the Royal Artillery in 1941.
During his time in the army he worked on ballistités graduated in mathematics in 1948. He held a
number of positions, both in and outside academiis. book Monte Carlo Methods with David
Handscomb was published in 1964. He was an advamfafgroblem solving, and an opponent of
abstraction in mathematics, taking part in the Neath debate. He was a Reader at Oxford University
from 1969, and elected Fellow of the Royal Society976.
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Fig.2.7: Percolation modelpassage of a fluid through a porous medium reptedelny a
cubic lattice.

The passage of fluid between the opposing facasgeieric cube,
or of a sequence of cubes, is considered a rapth@momenon.

Therefore, the model can be extended to all thoskelgms where
it is necessary to study the properties of glot@hnection of a
macroscopic system, whose connections are madme ahicroscopic
level in a stochastic manner [17].

In general, percolation theory is a statisticalotlyewhich studies
the formation of clusters and the existence of @aton phenomena
in certain sites and links. It requires that atlthse of the system there
is the existence of a regular lattice. The clugdhe set of adjacent
occupied sites within the lattice, while the peatimn threshold is its
probability of percolation in the system.

Different search algorithms are available to deted study any
percolative paths within the lattice.

Currently, percolation describes properties related the
connectivity of large numbers of objects which indually have
some spatial extent, and for which their spatidatrenships are
relevant for specific applications.

A percolation problem that had received great &tiann recent
years concerns the electrical conductivity of namagosites.

In fact, percolation theory also answers the gaestiabout the
electrical conductivity of an incompletely connett@etwork of
conductive particles as well as occurs in such nadsg19].

Just to give an idea, a simple electrical percatagroblem can be
represented by the random distribution of condecpuarticles (filler)
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in an insulator matrix. If two particles are suidctly neighbors
(tunneling distancethat will be clarified in the following paragragh
or in contact, a current could pass from one @ dtther. If the
number of filler is high enough to reach a criticdénsity, a
continuous connected path through particles caast&blished. This
path will conduct electricity.

In general, several factors, such as amount @f filts nature and
geometry, matrix type, technology process may erfe the
formation of the path and the resulting electraaductivity [20].

2.6 Electrical Percolation Threshold (EPT) and
conductivity in composites

The choice of carbon nanotubes, as conductive,filie polymeric
composites is adopted in many studies in the tileea and
scientifically justified since the substantial impement in electrical
conductivity composite, also for low concentratioh nanotubes [20].

Furthermore, the increase in current carry cagghibesn't affect
the others characteristics of material, such asgxample, optical and
mechanical properties, melting point etc.

The electrical conductivity of the nanocompositesseatially
depends on the amount (typically expressed in veluwon weight
percentage) of filler added to the polymeric matrix

For low filler content, the average distance betwia® conductive
particles is large and don't allow the electrdaw/f from one particle
to another.Therefore, the conductivity is limited and takeduea
typical of an insulating material which is the polgric matrix.

Otherwise, in composite materials, containing catiga fillers, is
observed an electrical conductivity increase wthenconcentration
of this charges reaches a certain critical valkeown as the
electrical percolation threshol(EPT) at which filler particles form a
percolating network through the composite.

Thus, an abrupt change occurs in the propertiesoafposites
near this threshold (see Fig.2.8), especially wtheme is a larger
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difference between the properties of the differemiponents of the
composites [22].

Properties
T d
% 2%
U
ﬁ

Fig.2. 8: Schematic of nonlinear changes in the properties four curves denote different
property parameters) of composites near the peiaolthresholddC (dashed blue line). The
insets show the geometric phase transition of réillédenoted by dark spots) in the
composites’ microstructure near percolation [22].

Generally, near percolation, these physical progeertof
composites can be described by the following ekpéey:

Properties « |® — ®|*¢ 2.1

wheree is a well-known critical exponent that is diffetdar various
properties, @ is the percolation threshold agdis the instantaneous
concentration of filler.

More specifically, as concerns the electrical cantidity, around
this critical concentration it changes drasticalfyseveral orders of
magnitude for small variations of the filler introted, as shown in
Fig. 2.9.
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Fig.2. 9: Dc conductivitys.filler concentration.

Achieved this threshold, the conductivity changesy aslightly
for further increase of filler.

In other terms, in percolation systems, thereasteal volume or
weigth fraction below which the electrical propestiare dominated by
the insulating component and above which the camtycomponent
dominates[ 23].

Such percolation systems are best analyzed usieg two-
exponent phenomenological percolation equation EEP that
describe the electrical conductivity of compositehe regions below
and above threshold:

(A=) — o) P —a’) _

+
1/s 1/s 1/t 1/t 2.2
o, — Aoy, o, — Ao,

This equation gives a phenomenological relationbleiveers, ,
oi, and o, , which are the conductivities of the conductingd a
insulating component and the mixture of the two ponents,

respectively [24]. Instead. is the percolation threshqldb is the

volume fraction of CNT A=(1-®)/d.,, s andt are exponents
depending on the topological complexity of the oit#d CNT
structure. It is generally accepted that values iofthe range of 1.6-
2.0 are representative of a three dimensional azghdon of the
percolating structure.
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The conducting volume fractio® ranges between 0 and 1 with
@®=0 characterizing the pure insulator substamgedg;) and ®=1 the
pure conductor substancg€o.) [25].

Fors=t=1 the equation yields the two limits:
DS

|0'C|—>00: O'm:O'im V(D<CDC 2.3
d-d)t
|o;| = 0: Om = 0, ((1_¢'c))t Vo> o, 2.4

In the case thatb.<< 1 and ®.<®P the equation 2.4 can be
rewritten in the form:

O = 0,(® — )" Vo>, 2.5
which is an equation known @®rcolation law universally used to
describe the composite conductivity for which théeceical
percolation threshold is reached or exceeded.

The distribution of fillers in a matrix plays a kewle in
determining EPT, which is influenced mainly by tlgeometric
parameters, such as particle size, shape, andatigan

CNT-based composites usually exhibit very low pkatoon
thresholds (concentration of the nanotubes fron0D®® to few
percent values) due to their higlspect ratio(ratio between lenght
and diameter of the nanotub€lhese low typical values of the
percolation threshold are mainly due to the qualftyhe dispersion of
the nanotubes, i.e. their spatial distributionhe matrix.

Furthermore, it should be noted that Van Der Wdalges
between the carbon nanotubes are generally strotigar those
between polymers.These interactions, in addition their size,
determine a considerable phenomenon of aggregatitre tubes that
typically reduces their aspect ratio and the nunabeeparate bundles
within the composite, increasing, therefore, theplation threshold.

This means that dispersion of the nanotubes isiatrua
determining the contribution to the final conduitfivof composite
[26].
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2.7 Tunneling effect

In general, electrons in a polymer cannot trandfem one
electrode to another through the insulator dueh&existence of an
energy barrierDue to the unavoidable layer of insulating polyimer
materials wrapping around the CNTs and short distanetween
them, the tunneling effect has been proposed tothHse main
mechanism responsible of governing the electrioataction in such
polymeric nanocomposites. In fact, CNTs-based pelyrexhibit
conductive behavior, which can be explained onlyhastunneling of
electrons one by one from the first CNT electrodéht next-nearest
CNT electrode, forming a CNT/polymer pathway accaydin the
percolation theory [27].

This means that, when a voltage is applied, therggnbarrier
shape changes and there is a driving force thaemelectrons across
the barrier by tunneling. This results in a ovepiag of the electron
wavefunctions extending from the two surfaces #rah in a low
current when the distance among neighboring pastid sufficiently
small, as shown in Fig.2.10.

+ |
Tunnel current 1L
i\~
Polymer y* N
% CNTs

Fig.2.10Schematic diagram illustrating pathways of electrtumneling through a
nanocomposite.

Therefore, for this assumption, the conductivity
nanocomposite should follow that of CN'Really, the resistivity of a
nanocomposite isn't governed by the interconne@ids, but the
polymer between neighboring CNTs because tunnai@sjstance
plays a dominant role in the electrical conducjivibf carbon
nanotube—based composites [28].
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This approach is consistent with the significarduetion of the
composite resistivity with the addition of CNTs

There are many pathways for the electrons passirgugh two
opposite electrodes placed in the compoditeerefore, the total
current passing through the bulk nanocomposite® iadd up the
tunneling currents in each of the pathways.

An analytical expression for this tunneling curremis been
formulated by Simmons referring to the electricneiheffect between
similar electrodes separated by a thin insulating [29].

If the thickness of the insulating layer, in thentaxt area of the
nanotubes, is assumed uniform and the variatiaheheight barrier
along the thickness negligible, the formula foreatangular potential
barrier can be employed.

When two metallic electrodes are separated by sulating film,
the equilibrium conditions require that the toptlué energy gap of the
insulator be positioned above the Fermi level & #lectrodes, as
shown in Fig. 2.11.

INSULATOR

BAND

Ll

ELECTRODE 1 |INSULATOR | ELECTRODE 2

Fig.2.11:Rectangular potential barrier in insulating filmween metal electrodes for V=0
[29];

Thus, the action of the insulating film is to irduece a potential
barrier between the electrodes which impedes the Bf electrons
between the electrodeshe electronic current can flow through the
insulating region between the two electrodes if:

* the electrons in the electrodes have enough theeneigy to
surmount the potential barrier and flow in the aactébn band;
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» the barrier is thin enough to permit its penetratby the
electric tunnel effect.
Conditions that can be favored by applying a sietabltage.The

current density penetrating the insulating film t@nexpressed as:

J =6.2x 1010(At)_2[(pe—(l.OZSAt(pz)

— ((p + U)e_(l-OZSAt((p+U)O.S)] 2.6
where:
- U(t +t,) 575 t(t—t)
P =P 2t 1 2 KAt Tltl(t — tz) 07

t is the thickness of insulating film (iA) and At = (t,—t;) is the
difference of the limits of barrier at Fermi leweikh:

t; = 6/Kg, 2.8
t, =t[1 —46/(Bpy Kt + 20 — 2UKt)] + 6/K ¢, 2.9

The symbolg, denotes the rectangular potential barreis the
dielectric constant of insulating material whideis the voltage across
the film and can be evaluated by:

U=e/C=ext/A:K¢g 210

wheree is the electron charg€, represents the capacitance, apds
the permittivity of vacuum.
The tunneling resistivity (iflcm?) of the insulating film can be
given by:
Prunnet = U/] 2.11

and therefore the tunneling resistance obtained by:
Riunner = ptunnel/AC 2.12
As shown in Fig.2.12, the thickness of insulatiagelr between

neighbors CNTs plays a significant role in the tdimgeresistance,
which increases very rapidly with increasing latygckness.
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Fig.2.12: Tunneling resistance as a function of the thickrefsan insulating layer and the
CNT diameter [28].

When the thickness is 1.0 nm, the tunneling rest&ta are in the
order of 100GQ, which is several orders of magnitude larger ttien
contact resistance evaluated between CNTs withoutinaulating
layer.

Instead, the CNT diameter has a negligible effecthentunneling
resistance even if with the increase of the dianwtéhe tube, slightly
decreases the resistance of tunneling.

2.8 Industrial applications of nanocomposites

Nanosciences and nanotechnologies are new saerdifid
technologic approaches aim to check the structack lehavior of
matter at the atomic and molecular level.

Nanocomposites offer to industry a number of adages mainly
related to their weight and singular performarités not obviously
possible to bring together the individual benefits a single
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compositelt is therefore necessary to find a good balanceranhe
most important properties and the possible sidecesf such as, for
example a more complex rheological behavior andeatgr difficulty
in processing.

The application fields of nanocomposites can bersgyas shown
in Fig.2.13, because the properties that can lreased are many and

varied.
Coating and Electromaterials Automotive
pigments \ ] / components
Drug . Packaging
Delivery Nanocomposnes materials

N

Actuators Sensor materials

Fig.2.13: Some nanocomposites applications.

Among this applications there are:

Nanocomposite solar cells: polymer-based solar cells can
be used to make cheap large flexible panels. THg on
downside is substantially low efficiency comparea t
commercial solar cellsSeveral efforts are being taken to
improve the efficiency of the celldn general, it was
observed that a higher density of nanoparticles is
advantageous

Nanocomposite membrane for gas separation and gas
permeability: various inorganic filler have dispersed in
polymer matrices to improve pure polymeric membrane
properties and form mixed-matrix membranes (MMMSs).
The presence of minimum amount of nanoparticldsyal
significant increasing in permeability of membrane.
Nanocomposite with gas barrier performance: by addition
alumina silicate layers to polymer matrix can béaoted a
nanocomposite with gas barrier function.

Aerospace application: composite materials are
particularly attractive to aviation and aerospace
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applications because of their exceptional strengtil
stiffness-to-density ratios and superior physicapprties.
Initially, composite materials were used only ic@edary
structure, but as knowledge and development of the
materials has improved, their use in primary strreesuch

as wings and fuselages has increa$bd.use of composite
materials in commercial transport aircraft is aittirse
because reduced airframe weight enables better fuel
economy and therefore lowers operating costs.
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Chapter 3

Electromagnetic properties of CNT-
based composites

Although in recent years considerable efforts hiawen dedicated to
the production of nanocomposites, many aspects ecoimy the

underlying physical mechanism responsible of thpgwperties still

remain to be clarified. To reach this goal intecghBnary research
activities are required.

In this perspective, the electromagnetic characagan of

nanocomposites is of considerable scientific impae helping to
understand, adapt and optimize their properties:.tRkis purpose in
this thesis simple CNT-epoxy systems or multi-phasenposites
(epoxy/CNT/clay) have been considered in a wide exmntal

characterization activity. The aim of this chaesitation is to

highlight possible correlations between morpholabicharacteristics
of the different fillers and electrical propertigisthe nanocomposites.

3.1 Motivation and objectives

Research activities in CNT-based composites have ewalenous
progress towards the production of next-generatadvanced
structural materials characterized by thermal, ocgptiand electrical
advantages.

However, some questions about these compositeung for
example, the filler dispersion, its alignment,enfidce with matrix
remain only partially clarified.

With reference to the interesting properties obseérvn the
nanocomposites and to issues still open, the expetal research
aims to investigate to electrical properties, resgs and possible
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connections between performance and morphology,welf as
variations due to different dispersed phase conagoms.

To highlight possible correlations between perfaroea and
morphology, research activity has focused on twass®#s of
nanocomposites, kindly provided by the group of Cisam for
Technology (proff. V. Vittoria and L. Guadagno) tfe Dept. of
Industrial Eng. Of the University of Salerno. Bottmgposites contain
the same conductive filler (MWCNTS) but they difftezcause one of
them presents also a nanoclay (Hydrotailiteat two different
concentrations (0.1% and 1% in weight).

The latter was introduced in order to evaluate #ffect of
morphology on the dispersion of carbon nanotubeheénmatrix and
the possible influences on the final performancthef composite.

The systems were tested at various filler conceatrs, which
were  nearby the percolation threshold to highlighbssible
connections between the  percolated structure  disdectric
performance.

In any case the reference for the comparison opérormance is
always the pure polymeric matrix while the compami between the
different systems is carried out at the same caotngifiller content.

The electrical characterization has involved DC aA€
conductivity measurements of the systems at diftelmperature.

The activity was conducted on innovative compogsitaterials
since of multi-phase type (polymer/CNT/Clay) andré¢fere a
novelty in literature.

A preliminary investigation seems to be appropri@teorder to
assure the basic influence that the nanoclay eglirc the material
especially in terms of the electrical conductivifyo this aim, DC
measurement are performed and presented in theaext

The aim is to identify the combination of factohat maximizes
the performance of the composite and to pursuadmdc design”.

This can give the possibility of having a tailonedterial as well
as build systems with controlled and reproducibtpprties.

30 Hydrotalcite: is a layered double hydroxide of general formulgsM(COs)(OH).6 4(HO) whose
name is derived from its resemblance with talc isidhigh water content. It is an anionic clay found
nature. It has also a variety of pharmaceuticaliegions.
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3.2 Preparation and characteristics of the
composites

The composites are manufactured by using as basey epsin
DiGlycidil-Ether Bisphenol-A (DGEBA), with 4,40-diamodiphenyl
sulfone (DDS), as hardener agent.

The MWCNTs (3100 Grade), obtained from Nanocyl Sate
characterized by a diameter of about 10 nm andvanage length
variable in the range of 0.1+1 um . A SEM imageshiswn in Fig. 3.1

Mag= 40.00 K X

Fig.3.1:SEM image of the adopted MWCNTs

Epoxy and DDS were mixed at 120 °C and the MWCNTheatey
with Hydrotalcite (see Fig.3.2), for the secondetypf composite,
were added and incorporated into the matrix by gisia
ultrasonicatiort* for 20 min.

Such an incorporation method has been chosen artmey
different techniques since it leads to the compssttharacterized by
the best mechanical and electrical properties [1].

3! Ultrasonication: is the act of applying sound (usually ultrasoundgrgy to agitate particles in a
sample, for various purposes. In the laboratoryis iisually applied using an ultrasonic bath or an
ultrasonic probe, colloguially known as a sonicat®onication can be used to speed dissolution, by
breaking intermolecular interaction. may also be used to provide the energy for cer¢hemical
reactions to proceed and commonly used in nanotéatm for evenly dispersing nanoparticles in
liquids.
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=

Fig.3.2: SEM image of Hydrotalcite

At the end of the production process, the samppgear in the
form shown in Fig. 3.3

1° Side 2° Side
g
g S -2 mm
'2]
™
|22 mm | . 35mm_|
27 mm

Fig.3 3: Sample geometry

The same figure shows also the metallization ¢coedance with
CEl Standard 15-29 on the samples made with silver paint (Silver
Coated Copper Compound Screening - RS 247-4251, seurfac
resistivity 0.7 Q-square and thickness of about 50pm) and the
possible guard ring for the characterization of glas with low
resistivity.

The size and characteristics of the individual daspare
illustrated in the following tables.

32 CEI Standard 15-23:defines methods of the test for volume resistigitg surface
resistivity of solid electrical insulating matesal
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A first family of samples, classified as “C1-Epox§EBDS-NST”

Is made with epoxy resin and carbon nanotubes atous
concentrations, as reported in Table 3.1.

Table 3.1:C1-Epoxy-80DDS-NST

Samples Col<(l)T TéF,)\?TOf Col/gy Té?;y()f C-Irgtfgle Thickness[mm]
Epoxy-80DDS-NST 0 MWCNT I I 0 1.8
Epoxy 80DDS0.05% | 0,05 | MWCNT I i 0.05 2.4
EPOXYSIDOS 0% | 0.1 | MWCNT I I 0.1 2.38
EPOYS0D0S0.3% | 03 | MWCNT I I 03 2.18
EPOY IO O5% | 05 | MWCNT I I 0.5 2.28
Epoxy-SO'I\DJSD_?-l% CNT- 1 MWCNT /I /i 1 2.38

Instead, as shown in Table 3.2, a second famisaaiples, called
“C2-80DDS-01HT” always made with epoxy resin and MWIE\at
various concentrations contains also Hydrotaliciteoncentration of
0.1% in weight.

Table 3.2C2-Epoxy-80DDS-01HT

Samples COI/\(I)T Té;:\le_rof Col/gy Té?:y()f c-lr-gré;]le Thickness[mm]
Epoxy-80DDS-0.1HT 0 MWCNT 0.1 Hydrotalcite 0.1 1.95
EPOXYSODDS0.05% | 0.05 | MWCNT | 0.1 | Hydrotalcite |  0.15 1.88
FPOYEODDSO% 1 01 | MWCNT | 0.1 | Hydrotalcite | 0.2 2.32
FPOXy8ODDS0-3% | 03 | MWCNT | 0.1 | Hydrotalcite 0.4 2.68
EPOXy 8ODDS0-5% | 05 | MWCNT | 0. | Hydrotalcite | 0.6 2.36

EPOYSODSI | 1 | MWCNT | 01 | Hydrotalcite | 1.1 2.24

Finally, the features of a third family of samplé§3-80DDS-1HT”,

equal to the second but with a slightly higher @mration of
nanoclay (1 wt%), are summarized in Table 3.3. flinther increase
of the clay is aimed at defining an optimal concatiin of the clay.
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Table 3.3C3-Epoxy-80DDS-1HT

Samples C(VI\CI’T Téﬁ’\?.rm Col/gy Téﬁ’:y()f c-ll;(;t?gle Thickness[mm]
Epoxy-80DDS-0.1HT 0 MWCNT 1 Hydrotalcite 1 1.95
Epoxy 80DDS-0.05% | 0.05 | MWCNT 1 Hydrotalcite | 1.05 1.88
EPOXy80DDS0.1% | 0.4 | MWCNT 1 | Hydrotalcite 11 2.32
EPoy80DDS0.3% | 0.3 | MWCNT | 1 | Hydrotalcite | 1.3 2.68
EPoxy 80DDS-0.5% | 0.5 | MWCNT 1 | Hydrotalcite 15 2.36

EPOYBODDS% | 1 | MwCNT 1 | Hydrotalcite 2 2.24

3.3 Percolation and electrical conductivity

The performance of a CNT-based composite is seesit the
dispersion and arrangement of filler within the ymoér matrix,
therefore it is important to control the produntiprocess of the
polymer/particle mixtures but also the resultingrpimlogy, topic
not still sufficiently clarified. Literature datanfirm that morphology
is important with respect the electrical DC proesr{l].

The introduction of an additional filler togetherithv carbon
nanotubes can be an alternative and a novelti, tivé respect to the
classical nanocomposites, for changing their progser

Therefore, nanoclay such as Hydrotalcite (hendeféi®), are
used in the preparation of our polymer-based caitg® hoping to
improve the dispersion of MWCNTs and hence the fomadductivity
of the nanocomposites.

For this purpose, the two different concentratiohslay (0.1 wt%
and 1wt%) must allow to detect any benefits ordirsatages deriving
from the greater or lesser percent loading offités.

Such a response can be provided through measurefetite dc
volume conductivity that also allow to determinetife analyzed
sample presents or less percolation phenomena.

The measurement system, remotely controlled by sibitware
LABVIEW®, is composed of a pico-ammeter Keithley @5{min
current 100aA), multimeter HP 34401A and a suitasieelded cell
with temperature control.
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For sensitivity purposes the applied electric fiets been 3 kV/m
for samples at low CNT concentration (0.05 wt% antl @t%),
whereas in order to avoid Joule heating of samipleas been set to
1.5 kV/m for the ones above this concentrationsviausly taking
costant the electrode areas. Instead, an eleaitd ¢f 5 MV/m has
been applied for the samples without CNT regardiédbe presence
of clay.The analysis of the conductivity as a tiorcof concentration
v of MWCNTSs allows to evaluate the behavior in tewhgercolation
of the different nanocomposite systems.

Some of these obtained experimental results arsepted and
discussed. For example, the Fig.3.4 shows theumtivity for the
system C1 (Epoxy 80DDS-NST) as function of conceiotnav of
MWCNTSs, at room temperature (30 °C).

10° ]
10° ]
£
) EPOXY 80DDS-NST
B .
10 10 1
107} :
0 02 04 0.8 1

0.6
wit[%0]

Fig.3 4: Conductivity for the system C1 at the room tempeea(@0°C)

DC conductivity vs the filler concentration showse thypical
percolation curve of the composite.
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In fact , in this range of CNT content (0.05 — 2A)taccording to
the percolation theory, a threshold appears, ajuing of more than
5-6 order of magnitude in the dc electric conduttiis observed.

Instead, the Fig.3.5 shows the DC conductivitytfa system C2
(Epoxy 80DDS-01HT), always at room temperature°@)

Also in this case, for all CNT concentrations peatok
phenomena are present . In fact, in the absengeem@olation the
material behaves as an “insulator” and an eleciieductivity very
similar in the value to that of the unfilled matris (110" S/n) is
obtained.

On the contrary, beyond the percolation threshaldpnductive
composite is obtained and a DC conductivity of abbuS/m is
expected.

10° _ o
EPOXY 80DDS-01HT
10° 5
= —
= £ = 1.47% + 3
?, 5 O
5 &,
10™° g» 5
-10
6 4 2
101 log(v-v )

0 0.2 O.4Wt[(%)l6 0.8 1

Fig.3. 5:Conductivity for the system C2 at the room tempeeaf{80°C)

In the inset of the Fig.3.5, the fitting curve eported in order to
obtain the classical parameters of the percoldéan

In fact, the DC measurement leads to calculatecliaeacteristic
parameters of the percolation law, such as thieakigxponent or the
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percolation thresholdv,, by adopting the following equation of
conductivit:

o = ap(v-v.)* 3.1

This expression rewritten in logarithmic terms pd@g a linear
equation:

log(o) =log(oy) +t-log(v-v.) 3.2

useful to extract the desired information by meamtgrpolation
technique. The equation (3.1) is valid for the DQGadabtained for
specimen after the percolation.

Moreover, the DC measuraments have been permormeather
values of temperature (30, 50, 70, 90, 110 ° Cylitepto obtained the
classical parameters of the percolation law, regbirt Table 3.4.

Table 3. 4:Characteristics parameters for the system C2 ERORDS-01HT

Tl C2 - Epoxy 80DDS-01HT
T Log(60) | v %] R?
30 1,4697 | 3,0025 0.049 0,995¢
50 1,4799 | 3,0571 0.049 0,996¢
70 1,4815 | 3,0646 0.049 0,996]
90 1,4815 | 3,0663 0.049 0,996¢
110 1,4802 | 3,0623 0.049 0,997

W W N VU)W

By looking at this Table it is possible to see tha estimated
percolation threshold is 0.049 wt %. The high vafié?, close to 1,
confirms the goodness of the interpolation.

The measurements of the dc volume conductifotythe system
C3 (Epoxy 80DDS-1HT)performed at room temperature (T=30°C)
and at various MWCNT loadings, are reported in3:ty.



76

10° _ o
EPOXY 80DDS-1HT
10° } .
£
a _ y = 1.29% + 2.6
1) UE) 0
g '
®
-10 .
s 6 -4 -2
10} log(v-v )
0.2 04 0.8 1

0.6
WH[%]

Fig.3.6: Conductivity for the system C3 at the room tempeea{30°C)

As expected, already the sampleva0.05 wt % assume a very
high dc conductivity with respect to the unfilledatarial, i.e.
6=5.6110"* S/m ands (110" S/mrespectively.

It is possible to observe that this is a conceiatnanbove the
percolation threshold and therefore the composiié agsume an
ohmic behavior. The characteristic parameters efpércolation law
can be obtained by inspecting the fitting curveorggd in the inset of
the same figure. Also in this case all the measargmresults, relative
to the other temperatures (30, 50, 70, 90, 110 a@)shown, in terms
of characteristic parameters, in Table 3.5 rathan graphically.

The estimated percolation threshold is only 0.04% wI he results
for the exponent t, indicative of the topologicalnplexity of the
obtained CNT-based structure, are in the nearbth@ftheoretical
prediction. Values in the range of 1.6-2 are regméstive of a 3D
structural organization while values of t in thexga of 1.1-1.3 are
typical of two-dimensional systems [2],[3].
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Table 3.5: Characteristics parameters for the system C3 EBORDS-1HT

T[°C]

C3 - Epoxy 80DDS-1HT

t Log(60) | v [%] R"2

30

1,2904 | 2,6005 0.047

0,997

50

1,2946 | 2,6317 0.047

0,997¢

70

1,3025 | 2,6804 0.047

0,998

90

1,3008 | 2,6756 0.047

0,998

110

1,3014 | 2,6853 0.047

WiV = U

0,998

With reference to this parameter it is importantntte that the
increase of the clay content (HT) from 0.1 wt% tavtPb causes a
decrease of the exponent t, i.e. 1.469 and 1.29feotively. This
means that nanoclay favors a bi-dimensional diipos somehow
forcing the nanotube in its orientation.

Finally, in a single graph, as shown in Fig 3.%& turves of the
conductivity for the three systems are compared.

0 :
10 ......... @cnrrrnnannnnnnn AN @
PORRREES s -: ----------- P
g
5| =
10 ¢
£
2}
o :
-10|: =@+ Epoxy 80DDS-NST
10 Epoxy 80DDS-01HT
; --®- Epoxy 80DDS-1HT
-15
10 : : : : :
0 0.2 0.4 0.6 0.8 1

wit[%]

Fig.3.7: Comparison of the electrical performance
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Analyzing this plot some conclusive consideratioaa be drawn.
This results leads to confirm that the introduct@nCNT induces a
significant enhancement to the conductive propertief the
nanocomposites.

The different systems exhibit an appreciable condiiyg
(> 10%S/m) already for low values of the concentratiolVWCNTs
(v <0.1%) showing a very low percolation threshold.

These so minimum concentrations to achieve the ofsion
threshold are certainly due to the use of epoxgthassin in which
carbon nanotubes can be easily dispersed withstmecation
technique.

In fact, it is widely recognized that the dispers&tate of CNTs
has a significant influence on the electrical tiegty and percolation
threshold of CNT-filled polymers.

Always as regards the percolation threshold, tivestigation of
the dc conductivity of two supplementary specimé&ee Table 3.6
for the details ), puts in evidence a remarkabfieeidince between the
two analyzed composites, i.e. with or without clay.

Table 3.6: Supplementary samples for inspection around theogstion threshold

0,
Samples CﬁT Type of CNT | % Clay | Type of Clay | ¢ (S/m)
Epoxy-80DDS-NST| 0.025 | MWCNT 0 Hydrotalcite | 9.3010*
Epoxy-80DDS-1HT | 0.025| MWCNT 1 Hydrotalcite | 5.1410%

The corresponding values of the conductivity asstinat
1v=0.025 wt% of CNT content is a concentration aftencplation, only
for the composite without clay, i.e. 80DDS-NST (&&g3.8).
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Fig.3.8: Comparison between EPT
This means that the presence of nanoclay inducsgnaible
increment to the percolation threshold. The Fi@ Gan provide a

possible justification.

Carbon
Nanotubes
CNTs

79
- K

Hydrotalcite HT

Fig.3. 9:lllustration of the influence of HT on the perdida threshold of the composite

The presence of Hydrotalcite, and therefore of ,ctagy hinder
the formation of continuous paths useful for thecteical percolation
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which is thus achievable only with a higher concaidn of
conductive filler (CNTSs).

Another observable peculiarity is that, for low centrations of
CNT the conductivity of composites with clay (HT)lswver than the
composite without clay whereas it become highehhe increase in
the CNT concentration (see Fig.3.7 and Fig.3.8)pdnticular the
conductivity of the composite C2 and C3 overcomes@i family
for CNT content higher thany = 0.2% (see Fig.3.7), value at which
the blue line intersect the red and green ones.

The Fig.3.9, used to justify the increase in thecgation
threshold, could provide also in this case an dedxg motivation.

Incorporation of such nanoclay into CNT-filled polgrs can
reduce the space available for CNTs to form condectetworks and
thus could increase the conductivity, since CNTshoanliffuse into
the fillers which are solid particles. This meahnattin the percolative
paths the distances between the CNTs can be s@mify reduced
and since the tunneling strongly depends on thetadce follows an
increase in the conductivity.

The role of clay was to assist dispersion of thda@a nanotubes
and thus result in better electrical proprieties.

Therefore, the production of polymer compositestamimg a low
guantity of nanoclay can be an alternative to pay blends for
changing the properties of polymeric materials.

3.4 Optimization of the electrical conductivity

Multi-phase composites (polymer/CNT/clay) may eomt
different amounts of HT or CNT and exhibit differgmrformance
based on these values.

Therefore, we have tried to improve the propertodsthe
composite.

In particular, the objective is to find the rigtumbination of these
parameters to achievethe enhancement of the ielatonductivity
of such multi-phase systems.

The growing complexity of engineering systems haswated a
deep interest in design methods able to ensure tti@atsystem
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performance might vary in a predictable range, grily in presence
of variations of either the constituent physicakgmaeters or the
operating conditions [4].

Therefore, a theoretical approach able to predidome way the
real performance of the samples is fundamental neure that
production meets the complex demands of requirefdmeances.

To use this approach in designing and analyzingxgeriment, it
IS necessary to have, in advance, a clear andsprétdea of exactly
what is to be observed, how the data are to beatell, and at least a
gualitative understanding of how the data are tarmyzed [5].

A guideline for a possible procedure is shownig3:10.

- Optimization
[S'ra‘remem‘ of the pr‘oblem] A 2 min
- Parameter sensitivity
PRE-EXPERIMENTAL Design - robust design

PLANNING parameters YES

Criteria
satisfied?

‘ Conclusion and ’
Performing Response
the experiment parameters

reccomendations

(Choice of the factors,
levels and ranges

Statisitical analysis
of the data

Selection of the Choice and execution
\_ response variable | lof the experimentation

Fig.3.10:Guideline for designing an experiment

A brief discussion of of some key points adaptethe purposes
of the research activity is presented.
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3.5 Approximation of the performance function

The use of interpolation models for analyzing phenomena that
occur in a given system regarded advlack box is very common in
systems of engineering interest.

In fact, if the performance function is not knownalosed form
but through the points obtained, for example, byamse of
experimental results or circuital simulations,sitpossible to use of a
suitable interpolation and operate on it [6].

From the experimental data an analytical model ¢berelates the
output variable to the input ones, by means of amate
interpolation techniques can be obtained.

Thus the behavior of the under test system caefresented in a
synthetic manner and the output values can bluaea also for a
generic inputs.

On the obtained model, all necessary tests capebermed. In
particular it is possible to apply optimization te@ues to find the
combination of inputs for which the performanceduon meets one
or more requirements.

In this research, the performance function is regméed by the DC
conductivity ‘c”. It is a property that must be maximized, (for
example as required in shielding applications) mdeo to have a
conductive polymer and on which it is of interest dvaluate the
effects of the design parameters.

In the present case, the parameters are the caoveluiiier
concentration (f1%), the clay content (f2%) andtdraperature (T°).

It is worth noting that f1% and f2% are fixed iretiproduction
phase while T° is taken as operating temperatunéraiéed by means
of a special room.

Analytically it is possible to summarize this coptas:

0= f(To' fl%'fZ%) 3.3
This problem is classically tackled by means oftaal’ and

error” approach that requires a large number of produeetbles,
increasing so the costs and the material deploytimaet
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Instead, goal of this work is to propose a theoattapproach to
face this problem, leading to the individuatiorntled most influencing
parameters and their best combination for optingiZime electrical
conductivity.

The concepts of Design of Experiments (DoE), whish
responsible for planning the experiments and adofotieour purposes
and the Response Surface Methodology (RSM) thaivallm obtain
an analytical model are presented in the follovwpagagraphs.

3.6 Design of Experiment (DoE) applied to the
experimental activity

The techniques of DOE are a systematic approadbtain the
maximum amount of information from various typesesfperiments
trying to minimize the total number of experimentany methods
are developed and available for different typeaplications [5],[7].

In general, the experiments are used to studypénmrmance of
processes and systems which can be representechatitally as in
Fig.3.11

Controllable factors

NI Xp
y
Inputs — Output
— 3 PROCESS >y
) Zq

Uncontrollable factors

Fig.3.11:General model of a process or system

Briefly, the process can be seen as a combinatiamazhines,
methods and other resources that transform inptdsan output that
can has one or more observable responses.

Some process variablesi(x,. ..,%) are controllable, whereas
other variables (z z,...,Z;) are uncontrollable. These variables are
calledfactors
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The objectives of the experiment may have the vahg
purposes:

» Evaluating which variables are most influential dhe

response y.

» Evaluating where to position the controllable viales x so
that y is almost always near the desired nominalevar in
any case that its variability is minimal.

» Evaluating where to position the controllable vihles x so
that the variability of y is minimal

» Evaluating where to position the controllable viles X so
that it is minimized the influence of uncontrollablariables z
on the output y

The first two aims are pursued in the reseaidch.fact, an
objective is to identify the parameter that mo&t et the performance
of the composite Moreover it is also important to identify the
combination of parameters that provides the desesponse.

The general approach to the planning and realizatd an
experiment is called "strategy of experimentation”.

A strategy widely used is the approach "one-faateime", i.e.
changes by a factor at time between an experiarghthe next.

However the approach "one-factor-at-time" don'etako account
the interaction between the factors and the resulin inefficient
approach to the project.

The correct approach is the "factorial" experimgata A full
factorial experiment (as that adopted in our casegn experiment
whose design relies on two or more factors, eacth wliscrete
possible values or "levels", and whose experimamts take on all
possible combinations of these levels across alh $actors. Such an
experiment allows studying the effect of each facto the response
variable, as well as the effects of interactionsvieen factors on the
response variable. The disadvantage of this vargatitat when the
number of factors of interest increases, the nundfegxperiments
required grows exponentially.

In our case, the parameters of interest and thkitive levels are:

» T°, the temperature variable in the range [30-TTgnd with

a discretization at 5 levels: [30, 50, 70, 90, 1@0Q]
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* 1%, the carbon nanotubes content (CNTs), variabléhen
range [0.05-1]% with a discretization at 5 levd&05, 0.1,
0.3, 0.5, 1]%;

» %, the clay content (HT), variable in the rangel]@ with a
discretization at 3 levels, [0, 0.1, 1]%.

In this context, Dex Scatter Plot (DSP) and Mtdntor Plot
(MfP) are tipically graphics used for the repreatinh of the
processed data.

The Design of experiment (Dex) Scatter Plot is apgic
technique very useful in determining which are thest important
factors influencing the response function.

The DSP shows the values of the response functiorsdlected
levels of each independent variable for differenmbinations of
levels of the remaining variables. The graphicauls are shown in
Fig.3.12. For example, just to suggest a readidgation, in the left
graph of the same figure, for each value of CNT eatration
available (0.05 0.1 0.3 0.5 1 %) is plotted thedwectivity obtained
varying the other two parameters, temperature ahddhcentration,
in all their possible combinations.Instead, the Mizictor Plot (MfP)
Is a graphic technique that allows to detects #q@ddency order, the
direction of dependency and eventual independeme &€ach factor
(see Fig. 3.13). It is obtained frm the DSP by abersng the
escursion at the lower and higher level for eactarpater and by
graphing the segment between the corresponding male. The
slope of this straight-line represents the inflleerat the particular
design parameter on the performance function. Avalle indicates
the indipendences; a positive/negative gives in&tiom about the
direction of the dependence (increasing/decreasifghigher value
corresponds to a higher dependency order.

From the analysis of these graphical representtibms possible
to observe that the final conductivity of the comip®, is strongly
positive influenced by the concentration of thedwtive filler (f1%)
as can be expected. In fact, the MfP in Fig.3.J®ms a straight-line
with a positive high slope for the design paramégér. It also detects
a significant positive dependence of the condigtifrom the inert
filler (f2%) and a weak positive influence from ttemperature (T°).
In fact, the MfP for £ and T° highlights a positive slope, very small
for the temperature.
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Fig.3.13:MfP for measurements results

3.7 Response Surface Methods (RSM) for
performance optimization

Response Surface Method (RSM) is a collection oharattical
and statistical techniques that are useful for pheg, improving
and optimizing a product or process [8].

RSM finds applications in the industrial world, peularly in
situations where several input variables potentiaifluence some
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performance or characteristic of the product/pssc This measure of
performance or feature is callegsponse

The input variables are calladdependent variablesr factors
and are subject to the control of the designeleadt during the test
phase. The term Response Surface Methodology ddrimesthe use
of the graphical representation of the responsa &mction of the
independent variables.

Since the shape of the true response fundtiesnunknown, it is
necessary to obtain an approximation and the éffswss of the
RSM strongly depends on the ability of designer tevetop
adequately this approximation.

Typically, a polynomial model of low order results
appropriate. This empirical model is called Respdhgdace Model.

In many cases polynomial models of the first mosel order (as in
our case) are requested while in other situationsolynomial
approximations of order higher than second are.used

A second order model have an expression as:

k k k k
=5+ zﬁjxj +Zﬁjjxj2 +223i1xi’€j 3.4
j=1 j=1 ]

i=1j=2
j>i

This technique applied to the collected experimaesults allows
to derive the graphical representation of the respof interest (DC
conductivity) as a function of each independentipaater (T°, 1%,
f2%) as shown in Fig.3.14.
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Fig.3.14:RSM obtained by measurement data

The analysis of this graph allows interesting obstons. As
regards the variation of the conductivity due te thariation of the
carbon nanotubes contenio) it is possible to observe a dependency
approximately linear.

This is also expectable observing the conductilaty. In fact,
when the concentration of conductive filler incregsup to the
extreme case of 100%, the conductivity of the cositpdends to that
of the filler.

Op = 0 (®— D) - 0, 0, when ® > 1 3.5

The temperature dependence appears not particulaidyant.
Instead, of particular interest is the predicteshdr of the conductivity
as a function of the nanoclay concentratiofolf which appears of a
parabolic type.

This means, if the prediction is correct, that ¢heis a
concentration of HT (around 0.6 wt%), intermediat¢hat employed
in the production of the observed samples, in spwadence of which
the composite conductivity is maximum, as highleghin Fig.3.15.
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A 3D representation of the response surface fer dbnductivity
related to the clay concentration is reported 316

150

T [T] HT content [%wi]

Fig.3.16:3D response surface
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It is possible to conclude that for maximizing tenductivity, a a
1 wt% of CNT and around 0.6 wt% of HT must be addpte

3.8 Experimental verification

Only the experimental characterization can confirnise
theoretical prediction.

Therefore, in order to verify the predicted “opt@d” parameters
design, a set of additional composites, havingefanile composition,
was required and kindly provided by UNISA DICA Unitheir
characteristics are reported in Table 3.7

Table 3 7: Samples on request

Samples CO/I\TT Té’ﬁTOf C;)I/;y T)(/:p;:yof C-Lc:f;e Thickness[mm]
Epoxy BODDS- 1 MWCNT 0.3 | Hydrotalcite 1.03 2.26
Epoxy 80DDS- | 1 MWCNT 05 | Hydrotalcite 1.05 2.29
Epoxy 80DDS- | 4 MWCNT 0.7 | Hydrotalcite 1.07 2.14

As can be seen, from the data in Table 3.7, to miaei the
conductivity composite, the concentration of nabetiwas fixed at 1
wt%. For the clay, three values around this comeéioh that ideally
maximize the performance functios) (have been committed (0.3, 0.5
and 0.7 wt%). For a correct comparison these samplere
electrically characterized in the same conditionthe others.

The measurements of thBC conductivity vs all concentrations
of Hydrotalcite now available is shown in Fig.3.17.

The results are really interesting because it ipesmentally
confirmed that there is a suitable concentratianttie clay that must
be used for the production of a composite so theam presents the
highest conductivity.

The collocation of the experimental results respethe estimated
response surface is shown in Fig.3.18.
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The adoption of this approach, in the experimefigddl, aims to
"ad hoc design" of the material. In fact, until notve composite is
first created and then characterized to deterngnearformance.

Instead the research efforts aim to predict thbopmance of the
composite through an accurate theoretical studysatdequently to
request the production of the composite, with trdentified
specifications, to have an experimental confirnmatio
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Chapter 4

Numerical Modeling

A complete understanding of the relations linkirge telectrical
properties with the geometrical and physical charastics of the
composite and the topological structures formestiiisto be achieved.
Therefore, additional efforts aimed at providingtHer information

about the correlations among electrical charadiesiand the variable
parameters seems valuable. In this vision, oneilgesapproach to
overcome such a gap is trying to compare the esflexperimental
investigations with predictions obtained by suigabumerical models.
For this purpose, a structure simulating a polym@anocomposite
loaded with carbon nanotubes (CNTS) is developedaogidering, in
a three-dimensional space, a random distributioningfenetrable
conducting cylinders inside an insulating cubic nmatThe variation

of the electrical conductivity of the composite thiferent conductive
content is estimated through a 3D resistor network.

The tunneling effect between neighbor filler whidgs deemed
responsible of the global conductivity is takeroiatccount. By using
a Monte Carlo method, the electrical conductivity déime percolation
thresholds of the obtained structures are analy=e@ function of
geometrical and physical influencing parametersd Ainally, unlike

the models available in the literature, the prodos®del allows to
conduct studies in AC by means of an appropriaten@Bvork of

capacitors.
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4.1 Development of the 3D structure

The CNTs have been modelled as straight cylindessng the
desired length L [um] and diameter W [nm],and tfergean aspect ratio
AR=L/W, as shown in Fig.4.1.

Fig.4.1: Simulation model of the CNT

They are added one at a time, according to an ramifirobability
distribution, into the 3D elementary cell volumeigthdimensions are
Lx, Ly, Lz along respectively the x, y and z axes as shovfigr.2.

Ly

Fig.4.2:3D elementary cell

More specifically, the cylinders are randomly otéshin space and
dispersed in the volume [1]. By indicating respest$i with (X, Vi, z)
and (% W, z), the initial and final axis coordinates of therremt
dispersed CNT (see Fig. 4.3), the condition ofamiity is ensured by
using the following analytical relations:

xp=rand(Y):Ly, y;=rand(Y):L,, z =rand(Y)-L, 4.1

Xp = x; + LOicos(uy), yr=yi+LO;ysin(uy) ,zr =z + LI, 4.2
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whererand (Y)is a random number in the interval Y= [0, 1].
Instead, @ W, 91, are the parameters related to the angular
distribution, defined as follows:

9, =1-=2-rand(Y), 0, = /1 —9%, i, =2m-rand(y) 43

(x£yv:izd)

Z
Fig.4.3: Coordinates of the individual CNT
In this generation process, a strict control abdhé contact, the

position or overlap of each CNT (Fig.4.4) is essé¢rfbr a correct
determination of the percolation paths.

Paraliel Overiap
CNTI CNT2 CNT! CNT2
Separated Contact
CNT? CNT2
CNTY CNT2

Fig.4.4: Possible positions between the CNTs

Therefore, at each time, before the allocation ofew CNT, a
check is made to ensure the physical feasibiligy,by controlling that
a carbon nanotube cannot penetrate inside theso#imer that it must
be totally contained in the representative volumkdurther check is
also made on the minimum distance between two Ciik#lg into
account the Van der Walls separation (0.34 nm).this two
constraints are not fulfilled by the current CNTistis automatically
deleted and a new one generated again until treeyadisfied.
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This generation procedure ends when the CNTs haached a
number related to the selected volume fractionbésteed at the start.
Typical examples of the obtained structures areveha Fig.4.5.

y - axis X - axis y - axis X - axis

Fig.4.5: 3D simulation cell with straight CNTs at differeiitdr loading (0.015 volume
fraction, left ; 0.035 volume fraction right)

4.2 Percolation resistor network

Once the structure is built, the presence of onmane direct path
between two opposite sides of the considered agdk tme identified.

For this purpose an appropriate search algorithsadmpted. The
choice was that of Dijkstra's algoritfin

In fact, according to the percolation theory, thesence of at least
one available continuous path for the current dedde sharp
transition from the insulator behavior to the coctdee one.

Due to the unavoidable distances between CNTs amhgitieir
clusters the percolation path depends on the diefinof a minimum
distance consistent with the tunneling phenomenon.

A 3D resistor network model is then introduced stireate the
electrical conductivity.

3 Dijkstra's algorithm : conceived by Dutch computer scientist Edsger Digkgt 1956 and published
in 1959,is a graph search algorithm that solvessthgle-source shortest path problem for a grapgh wi
nonnegative edge path costs, producing a shoréistiiee. This algorithm is often used in routingl as

a subroutine in other graph algorithnis. particular, the algorithm can be used to pdytiéihd the
shortest path that joins two nodes of the graphllyato find those that combine a source noddltother
nodes or more times to find all possible paths tioanhect each node to every other oflais algorithm
can be applied in many contexts.
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Each branch in the equivalent circuit representssiagle
percolative path composed of two types of ressstas shown in Fig.
4.6.

Fig.4.6: 2D view of the conductive paths inside the matuixd the associated resistor
network.

Rnn takes into account the metallic behaviour of CNVolaed in
the path and it is simply its intrinsic resistams@luated with Ohm's
law:

_ 1 b 4.4

Ocnt Sent

R mn

whereoc and St are, respectively, the electrical conductivity and
the cross-sectional area of the CNTs, whilgid the distance between
two generic pointsn andn.

Typical values of conductivity for multiwall nandtes
(MWCNTS) are in the range 5xif 10 Smi'[2].

Due to the unavoidable layer of insulating polymennaterials
wrapping around the CNTSs, the tunneling effectlieen proposed to be
the main mechanism responsible of governing thetredal conduction
in such polymer nanocomposites.

For this reason aRneis considered in the model for taking into
account the charge transport between two consediNTs [3],[4],[5]:

1% h2d

4md
—/2mA
Riynner = A_] = eivs ) 45

exp( h

mA

whereJ is the the tunnel density curreny the CNT cross-section
area,V the voltage across insulating materibl,is the Plank’s
constant ,d the distance between CNTesthe electron chargen the
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mass of electron anédl represents the height of barrier that takes
values typically of few eV [6]

From the above expression, it can be noted thaheling
conductance decays exponentially as a functiondaftance with a
characteristic decay length in the order of a famameters, typically
not larger than 2nm [7].

Finally, once examined the individual conductivarwhes, the
equivalent resistance of all paths in parallel Riat be determined
and the electrical conductivity (for example alahg z axis) can be
computed by:

1 L,

o, =—"
P Reor LyLy

4.6

Obviously, to make the obtained data more reliadlglonte Carlo
approach with a sufficient number of simulationadepted.

The model allows to estimate the average percaolaticesholds,
the electrical conductivity of composites and tlleeos parameters of
interest, for a given CNTs concentration.

4.3 Conductivity numerical results

The electrical conductivity of the composite afuaction of the
volume fraction of the filler is reported in Figr4.

10 .

i
[ ]

'_\
o,

Conductivity [S/m]
H
o,

16Y9
0.005 0.01 0.015 0.02 0.025 0.03

Volume Fraction [/]

Fig.4..7: Electrical conductivity of the randomly oriented Tdolymer composites as a function
of volume fraction. (CNT AR=100);




101

According to the classical percolation theory, lfow values of the filler
content, the composite conductivity is almost tifehe pure polymer [8].

As already discussed and now confirmed also by lsitions, as soon as
the CNTs concentration reaches a critical value, gh-called Electrical
Percolation Threshold (EPT), a sharp conductivityp occurs.

Further increments of the filler content tends atugate the composite
conductivity.

Just to have a feedback of the goodness of our Imibderesults of our
simulations were compared with those obtained fromadels in the literature
[9], as shown in Fig.4.8.

10"
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0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

Fig.4.8: DC conductivity: comparison of results with thodelierature models. In red our
results.

Above percolation, this behavior is described by ¢feneral empirical

percolation law:
o =0o(p — pc)* 4.7

whereo is the electrical conductivity of the compositg the theoretical
filler conductivity, p the concentration of CN, the percolation threshold.

The exponent is a critical parameter depending on the topoklgic
complexity of the obtained structure. Values in ttamge of 1.6-2 are
representative of a 3D structure.

From the Fig.4.9 reporting the log-log plot of (4.Zhe unknown
parameters of the percolation law can be determined

It can be noted that the exponentvalue 1.70) obtained in our
simulations reveals a 3D organization of the contpadructure.



102

-2
[}
y=1.70t+0.86 . -
-2.5 ,/’
—_— ,
S 7
% %
= -3 e
Re) e
(@] ’/
o ,
e
-3.59 .
-,
.,/,
|~
-4

26 24 22 -2 -18
log(p-pc) [/]

Fig.4.9: log-log plot of the electrical conductivity of tre@mposite as a function of log (p}p
with a linear interpolation.

4.4 Estimate of electrical percolation threshold
(EPT)

From a practical point of view it is important toedict the EPT
from the knowledge of the geometrical filler paraens, for example
the aspect ratio (AR). In order to evaluate thisethelence on the AR,
different simulations are made by fixing the refere volumeln Fig.
4.10, it can be observed that the EPT decreasksimiteasing AR.

10°

10

107

10°

EPT (Volume Fraction) [/]

10™

10° 10" 10° 10°

Aspect Ratio [/]
Fig.4.10: SimulatedEPT (blue points). The curves are theoretical beusfdthe percolation
threshold calculated with excluded volume theory.
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This is in accordance with theoretical predictiafipercolation, namely
with the Excluded Volume Theory [10].This theoryoyides a general
relationship between the percolation threshold ystesns of various objects
and the excluded volum&associated with these objecEhe results yield
predictions for the dependencies, of the percalatidtical concentration of
various kinds of "sticks," on the stick aspectaraind the anisotropy of the stick
orientation distribution.The usefulness of the tkieory for percolation-
threshold problems is relevant because this approgiges analytical
relationships between the AR and the EPT.

In particular, upper and lower bounds for the platon threshold are
expressed by the following mathematical inequality:

1— e(_<11;lev>) <EPT<1- e(_%)

4.8
where< V, >= %nW3 + %WZ + EWL is the excluded volume and
is the volume of CNT.

It can be concluded that the Excluded Volume Thdends to
underestimate the EPT with respect to the congidapproach, but,

according to the evidenced behavior, can be usedaftast EPT
estimation by using the following expression:

EPT « ﬁ 4.9

Also in this case is still useful a comparisontwather numerical
results available in the literature [9], as showifrig.4.11

** Exclude volume: the excluded area (volume) of an object is defiagdhe area (volume) around an

object into which the center of another similareajis not allowed to enter if overlapping of theot
objects is to be avoided
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4.5 Variation of parameters and their effects on
the conductivity

In addition, in order to predicting the electromatic behavior of

the composite, the influence of variation of soraeameters has been
analyzed.

4.5.1 Variation due to CNT conductivity

As already indicated, due to the unavoidable inggafilm of
matrix material between adjacent nanotubes theelintn resistance
plays an important role in the electrical condutgivwof CNTs-based
composite whereas the CNT intrinsic conductivity sloet exhibit a
significant impact.

In fact, as depicted in Fig.4.12, variations inypid¢al range of the
conductivity of the used CNTs, have negligible iefige on the final
electrical performance of the composite.
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Fig.4.12: Variation of electrical conductivity as a funeati@f conductivity of CNT in a
nanocomposite with 0,025 volume fraction of CNTs

4.5.2 Variation due to height of energy barrier

The tunneling effect, as thoroughly discussed ia titerature,
depends strongly on the separation distance betwieenCNTSs.
However, it is also important to consider the heighenergy barrier
of the host matrix and how its changes affect thedactivity of the
composite.

The simulation results are shown in Fig.4.13 coersm typical
values for a common polymer (epoxy) [10]. Thesaigalare strongly
influenced by the composite manufacturing processes
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Fig.4.13:Variation of electrical conductivity as a functiohthe height of barrier for epoxy in
a nanocomposite with different volume fractiorGNTs

In this case, it is possible to note how small ¢gesnin this
parameter cause considerable variations in termsthef final
conductivity of the nanocomposite.

A factor of ten in the energy barrier is able toedaine a variation
of 12 orders of magnitude in the composite condiigti

One of the major impacts due to this dependence bean
incorrect assumption of the occurrence or non-geoge of the
percolation inside the composite.

In fact, percolation paths could be formed phy$cabut
significant changes in conductivity could not bedewced. This
consideration could also justify the different esipental values,
reported in the literature, related to the conditgtiand percolation
threshold of composites with the same filler anthwhe same host
matrix.

Due to the different manufacturing process of tlamges,
different values for the energy barrier could hé&ween obtained
influencing strongly the tunneling phenomenon intpam the
measured electrical conductivity and on the predicpercolation
threshold.



107

4.6 AC numerical model

Due to their light weight, versatility and procdsisity, CNT-
based composites are attractive materials for egpdns as
electromagnetic interference (EMI) shielding ancenthfor the
production of electronic and electrical devices chhi satisfy
electromagnetic compatibility (EMC) requirements. efidfore the
study of composites in the frequency domain andatiedysis of their
AC properties can provide useful information alibig applicability.

In addition to the experimental results the freqyedependent
behavior of CNT/epoxy nanocomposite can be modelgdREC
circuit, ,as shown in Fig.4.14.

| | CEXT
I
| L | LE
Rexsr [ Rexr | Rext
Rtunnd R(um\tl
— __________C____
| 1C l_
Rexr | | Rext
dtu;\m‘; R(uf\nel
-

Fig.4.14:R-C model for CNT-based composite

The model is simple and intuitive. Starting poistthat in the
compound are inevitably established different céapa effects.

In fact, if we consider for simplicity only two rgfibors CNTSs, as
shown in Fig.4.15, since they are conductors aacktls an insulating
layer of resin that separates them, the set isctsmally a real
capacitor.
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Fig.4.15:Formation of the capacitive effect between CNT

This effect can be taken into account and quantthedugh the
introduction of a capacity C, approximately similer that of a
parallel-plate capacitor, and therefore so evatiate

c=so-sr-§ 4.10

whereg, is dielectric constant of the vacuung,, is the dielectric
constant of the insulating material,is the distance between CNTSs,
and A, with a good approximation, is the cross-sectiarala of the
carbon nanotube given by:
W 4.11
A=mn 2 .

Given the origin of this effect is logical to inde these
capacitances in parallel to the respective tungetsistances.

The second capacitive effect is due to the resifimed between
the measurement electrodes.

Also in this case, with reference to a parallekgplaapacitor, its
contribution is quantized with a capacitangg{iven by:
i=xoryorz

jEk#i

L:-L
]L k with {

i

4.12

Cepxr = & " &

where L, Lj, Lx are the dimensions of elementary cell volume
along the x, y and z axes, written in this geneealiform because
there are three different directions (x, y ,z) mterest for the analysis
of electrical properties.
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4.7 AC observable properties

By using the RC model is possible to have a wideggeaaf
information about the behavior of the system inftequency domain.

All the following illustrations refer to a composiwvith CNTs at
0.025 volume fraction.

One of the first possibility is the Bode diagram tpig which
allows to have the frequency response of the systetarms of its
magnitude and phase.

A particular advantage of a simulation model, ia #tudy of this
diagrams, is the chance to analyze separatelydhtiloution of the
two different capacitive effects, as shown in Figye4

=—without Cext

—with Cext

o

-Phase,[Deg]

LN
o
S

=
[S)

Frequency [Hz]
Fig.4.16: Bode plot for the composite with and without the tcbtion of the external
capacitance (CNT content at 0.025 as volume fraction

Moreover from Bode diagrams, it is possible for rapke as
shown in Fig. 4.17, to investigate also the infices on the final
composite behavior due to the potential barrieriati@ns, as
previously observed in DC regimen.
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Fig.4. 17Bode diagram and variations due to potential barrier

Of course in the frequency domain, other clasgpeahmeters that
provide information useful for the characterizatiohthe composite
are, not only the conductivity, but alsos and ¢, which are
respectively the real and imaginary parts of thenutéivity.

All these quantities are easily obtainable and yaradille by using
the numerical model, as shown in Fig.4.18.

Even for these quantities it is possible to evaustfects due to
variation of the potential barrier since it is swaered a crucial
parameter for system performance

The Fig. 4.19 shows, for example, these variatidms the
parametet .
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4.8 Benefits of the numerical model

Based on a 3D numerical model, the electrical ptegseof CNT
nanocomposites, are predicted in this work. Theerigal simulations
are based on a resistor network model that takes ancount the
percolation paths and the tunneling effect.

The electrical conductivity of the nanocompositaghva specific
concentration and geometry of the CNTs can be éffdgtevaluated
as well as the percolation law. The excluded voltime®ry is verified
by numerical simulations too.

The numerical analysis has been conducted to igadst the
effects of processing parameters and material ptiepeon the
electromagnetic behavior of the CNT based-composisving
useful hints for the CNT-based composites optinonat

The use of a 3D network of capacitors allows toestigate the
behavior of the composite in the frequency domain.
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Conclusions

This thesis has been focused on the electromagnetic
characterization and modeling of CNT-based compositéopic of
recent interest and highly attractive for its vaga@pplications. In fact,
in these last years, there has been a strong emplas the
development of polymeric nanocomposites, a newsotdanaterials
characterized by a dispersion of ultrafine phaisgscally of the order
of a few nanometerdDue to their dispersion, they possess unique
properties not shared by conventional compositdteriog new
technological and economic opportunities rangingmfradvanced
aerospace systems to commodity plastics. Therefiam@ocomposites
represent a excellent alternative to the convaeatidilled polymers
and polymer blends. The incorporation of low nambplas content,
such as carbon nanotubes, have resulted in propeftgncements
with respect to the neat polymer. This lower logdinfavourite
processing and reduce composites weight.

Since CNTs can be exploited with varying structamadl physical
properties, geometry and functionality, an overviawthe state of art
that collects all these information has been regbrt

Moreover, some fundamental phenomena underlying the
performances of nanocomposites such as the peaoldbeory,
responsible for the change in their conductivityd ahe tunneling
effect, primary mechanism of electrical conduction these new
materials, have been accurately presented.

Although research activities in CNT-based compodi@sge made
enormous progress towards the production of nexéeggion
advanced structural materials, some questions megge of their
properties still remain to be clarified.



116

For this purpose in this thesis CNT-epoxy systemsuati-phase
composites (epoxy/CNT/clay) novelty in literature,have been
considered in a wide experimental characterizaditivity.

The aim of this characterization was to identifpsgible
correlations between morphological characterist€sthe different
fillers and electrical properties of the nanoconifess The analysis of
the conductivity vs the concentrations of nanefgl MWCNTs and
MWCNTSs/HT) have revealed interesting aspects aldwmipercolation
threshold and the maximum value obtainable forcthreductivity.

The application of the Design of Experiment (DO&as adopted
in order to analyze the combination of factors thaximizes the
electrical performance of the composite and in ipadr its
conductivity.

This problem is classically tackled by means ofral'and error”
approach that requires a large number of produaetbkes, increasing
so the costs and the material deployment time.

In fact, until now, the composite is first createshd then
characterized to determine its performance.

Instead, goal of this work has been to propose erétical
approach to face this problem, leading to the iiddiation of the most
influencing parameters (between CNT and HT conctot& or
temperature) and their best combination for optingzhe electrical
conductivity.

Therefore, in order to verify the predicted “opta®d” parameters
design, a set of further composites having the iBpations
(concentrations of fillers), identified through ghstudy have been
required and then characterized.

The results are really interesting because it ipegrentally
confirmed that there is a suitable concentration tfee clay, as
predicted, that must be used for the productioa cbmposite so that
it can presents the highest conductivity.

This can give the possibility of having a tailoredhterial as well
as build systems with controlled and reproducibtpprties.

As concern the numerical modeling, it has been Idpee in
order to provide further information about theat&ns linking the
electrical properties with the geometrical and jtaischaracteristics
of the composite and the formed topological stres.
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This is possible for example by comparing the isswf
experimental investigations with predictions obgéginby suitable
numerical models.

For this purpose, in Matl&b enviroment, a 3D structure
simulating a polymeric nhanocomposite loaded wittboa nanotubes,
schematized as cylinders, has been developed.

The variation of the electrical conductivity of tkemposite for
different conductive content was estimated throaghassociate 3D
resistor networkThe model take into account also the tunnelingceffe
between neighbor filler.

By using a Monte Carlo method, the electrical comgitg and
the percolation thresholds of the obtained strestwvas analyzed as a
function of geometrical and physical influencinggraeters.

These simulations have shown, for example, a gtimofluence
on the composite performances by the variatidnthe energy
barrier, a topic that is still not fully explored the literature and thus
it deserves attention.

Unlike the models available in the literature, gfreposed model
allows to conduct studies in AC by means of an gmpate 3D
network of capacitors.

Also in this case, in addition to the obvious congmn with the
experimental data, it is possible, for example,utate and evaluate
the impact of the dispersion of CNT on the permiiivof the
composite even for different values of geometria groduction
parameterdMoreover, it is possible to obtain, in easy wakie Bode
plot for information about the frequency respon$¢he system in
terms of its magnitude and phase or to investigag conductivity in
the frequency domain.
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