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Abstract

Nowadays the delopment of new technologies requirenaterials with
unconventional combination of propertid2lymers are classified aslectrical
and thermalinsulating materialswhich limits their use for severalmportant
technological applicationglowever, conducte polymers coulde used in order

to overcamalrawbacks in the use of metatsetal alloys and ceramic materials as
conductive media. Thermal conductive polymeossld be profitably exploited in
heat management applications (ehgatsink, heat exchangs), while electrical
conductive plymers couldbe used in differerfields depending on theglectrical
conductivevalues. To enhance the conductive properties of polymers, several
approaches has been reported in literature. However, the most estabkghed
achieve this goal consists in the development of suitable compoeaitrials by
means of the incorporation of conductive fillevithin the polymeric matrixThe
choice of the conductive filler is a crucial point in the development ofirlaé
material. Due to their extremely high thermal and eleckmoenductivity, coupled
with the low density, the nanmetric scale and the outstanding mechanical
properties, carbebasednanoméerials are the most promising fillers suitable for
processing condtive polymers. Since graphene nanoplatele(&NPs) are
considered young materials with potentials not yet fully exploiteditiwall
carbon nanotube@MWCNTSs) arenowadays the most established materials used
as conductive filler.

In this thesis workthermdly and electrically conductive polymer composites,
filled with carbonbased nanomaterials were investigated

In the first partof the experimental workparticular attention was devoted to the
development of GNPsbased thermdly conductive poymers. By properly
selecing severalpolymeric matriceand comparing several available processing
techniguest was possible to outline a guideline in the use of GNPs as thermally
conductive fillers.A strong filler characterization reveals that, in spite to the



amouwnt of defects and to the filler purity, the main GNPs properties able to
enhance the thermal conductivity of polymers is the lateral dimension.

With the aim of developing metéilee circuits integrated inamocompositea

laser printing process wasucceskilly exploited in order toobtain electrical
conductive pathion the surface of a polymeric materiantaining MWCNTS.
Starting from the literature knowhow ameéw experimental resultg, complete
comprehension of the parameters that affect the lagatingr process was
achieved by applying a statistical approa&dy analysing the experimental
outcomes with a statistical approach, it was possible to focus the attention on the
main laser parameters that govern the process, thus obtaining multifunatidnal
multidirectional conductive materials with surface electrical resistance per unit
length(i nsi de the tracks) l ower than 1 kq/cm
content.

Finally, by combining outcome®btained as described aboveybrid carbon
based nanocomposites wermeveloped, with the purpose of enhancing
contemporaneously thermahnd electical conductivity Hybrid mateials,
obtained starting from a commerciahasterbatch containing MWCNTS,
demonstrated theossibility to partially replacahe high amourst of carbon
nanotubeswith low cost carbon based materials without woirsgnthe good
conductive properties.

Not only conductive properties were investigated, but all the studied materials
were also characterized by means of mechanical and thermal stability tests, thus
demonstrating the possibility of adopting cardmased polymer nanocompies

as multifunctional materials.
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AIM

The main aim of this thesis is the study and the development of thermally and
electrically conductive polymers that can be usedthe automotive and/or
electronic sectors, at both academic and industrial levels. Graphene nanoplatelets
(GNPs), natural flakes graphite and multiwall carbon nanotubes (MWCNTS) were
used as conductive media.

With the aim to develop a general guidelinethie use of graphene nanoplatelets

as thermally conductive fillers, different matrices (both thermoplastics and
thermoset) were filled with commercially available graphige nanomaterials.
Starting from a strong fillers characterization, three therastigibased
nanocomposites were developed by using the same amount of several
commercially available GNPs and processed by means of the same dispersion
technique. Moreover, to evaluate the dependence between the dispersion
technique and the filler loading,commercially available epoxy resin was further
processed by means of several dispersion methods.

With the aim to create electrical conductive paths on the surface of a polymer
containing MWCNTSs, a new laser printing technology was adopted. By properly
combine the different set of parameters from a statistical point of views (design of
experiment) the full potential of the laser functionalization was exploited.

Finally, with the aim to develop polymers with enhanced thermal and electrical
conductivity the synergism of hybrid GNPFEWCNTs system was exploited.
Moreover, with the aim of reduce the cost of the final materials, natural flakes
graphite was used in order to substitute the most expensive nanofillers.






Chapter 1

Introduction

1.1 Polymeric compositematerials

Wit h the t etrisnpossipead inydicederadparticular class of mateyi
based on Carbon, Hydrogen and few otleéeemens, made up of repeated
subunits.In fact, the word polymer is a compound word derived from ancient
Greek that mean A ma n yThey ane tprgpared by a process known as
polymerization in which a large nhumber of identical suburtédled monomers,
react in order to form lorghain macromolecule$ schematic representation &f
polymerstructureis reported irFigure 1 . [1] Sincethe mid19" century, with e
development of the vulcanization process by Charles Goodyear, resséoctier

at academic or industrial levels) focused their attention on the polymer science
and technologyNowadays polymerare present and used in dhily life areas,
ranging fromno technological applications up to automotiserospaceand
micro-electronics sector$2] This is due to the possibility to modulate, by means
of organic chemistry modifications, the monomeharacteristics getting ta
specifc and ad hoc materialn Table 1 a list of the most commonly used
polymess is reported As observable garting from the easiest polyethylene
structure,up to the most complex ones such gmly(ethylene terephthalate),
polycarbonate nylon 6,Gtc, the polymer ompositionscan be very different,
leadingto a large variety of materialCommonly speakingt is possible to
classify polymers in two main group& polymer able to melt when heated is
called thermoplastidBy the combined effect of heat and pressusgassible to
processt into desired formln contrast a thermospblymeris a cross linked resin
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in which the effect othe heat source leads to a material degradatistead of
melting Moreover, it is insoluble in organic solvents ar@annot be therally
process Additional classificatios could be done on the bas$ chain structure
(linear,branchedcrosslinked ornetwork) or on the basis of the isomeric states.

monomer |

T
polymer

Figurel Schematic representation of polymer chih.

In spite of the chemical structuresolving chain conformationmolecular groups,
degree of crystallinity presence of heavy atoms, side ckaamd/or pendant
groups, most of them exhibit similar characteristics, in particular if compared with
otherclassof materials, such as metaimetalalloys and ceramis. Polymes are

not stiff and rigid materials. Fromechanical point of views theysh@av Yo un g é s
modulusin the range between 7 MR#or highly elastic materiajsand 4GPa

while metalmodulus is in tk range of hundredsf GPa.Again maximum tensile
strength isabout 100 MPa, one order of magnitude lower with respect to metal
alloys. h contrast, metals rarely elongate plastically to more than 100% as occurs
for elastic polymersFurthermorethey are dectrically and thermally insulators.

[3] In some instanceshese properties limited theiuse with respect to the
metallic or ceramic counterparts especially in technological applicaB@ayand
thosedrawbaclk, polymers show offnteresting advantages in their us@st of

all, most of them are chemically inert with respect to solvent as well as to
oxidatve processFurthermore they possess a density value lower than those of
the lightest metals which result in@mparablestrength per unitof weightvalue.

In addiction they are eastp form in complex shapé] [5] In light of this
scenario,it is obviously thatfor different applicative areas, the possibility to
replace metals or ceramic materials with lighter andf@micallyinert materials

is nowadays an important issu@olymeric composite materials, could be used
order to achieve this goal.



Polymeric composite materials 3

Polymer Short name Repeat Unit
Polyethylene PE _%«_%_
Poly(vinyl chloride) PVC —%—%—
Cl
Il
Polytetrafluoroethylene PTFE e
F F
el
Polypropylene PP i
|
Ll
Polystyrene PS PN
~
T
e
Poly(methyl methacrylate) PMMA L Lo,

Q O
Poly(hexamethyleneadipamide) Nylon 6,6 —h—{—c—]—q—é—{—c:f—]—g—

& 4

Poly(ethylene terephthalate) PET —c— >—(‘1—n—c-—c—( —

||
- I
T 1
Polycarbonate PC —o~( ¢~ )H-o—c—
—/ —/

Tablel List of repeat units for the most commonly used polymers.
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The developmenbf new technologiesequire materials with unconventional
combination of propertie®A composite materials is a system composed of two or
more insoluble constituents, thdiffer in chemical compositionand shape. The
final system can take advantages frthra properties of all the constituentt is
clear that from the technological point of view, the possibility to modulate
materials properties by meansaoinstituent combinations, is an attractfiedd of
research asdemonstrated bythe increaseof the total amount ofscientific
publicatiorsin the last yearg=igure 2.

25000
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10000

Journal articles related to
Composite Material

5000

l

1
1970 1980 1990 2000 2010 2020

Year of Publication

Figure2 Number of publication per year regarding t@mosite Material". Results
from iWeb of Science Core Collectiodatabase.

A composite materials composed by three partmatrix, filler and interface. The
matrix is the main constituentit is the continuous phase that surround the other
ones It has the main purpos# transfering stress to other phases, protect them
from the e@vironment antbr confer its specific properties to the final materials.
The dispersed phasalso named as filler, is the secominponenbf a composite
material. Compositean take advantages from the intrinsic filler characteristic.
However, the finalenhancement could be affected by a poor midiltec
interaction trough the interfacg¢3] [5] It is possible to classify composites
materials in thredifferent categorieaccording tahe matrix naturemetal matrix

[6], ceramic matri{7] and polymer matri¥8] composite. From the filler point

of view they are classified as #ipreinforced, particleeinforced and structural.
[3] Due to the extremely low density, lowostraw materialassociated to bbw
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manufacturing costand easy processability (also in complex shape), high
corrosion and chemical resistae, the field of polymeric composite materials is
probably the most important and attractive composite research area.

It is possible taclassify polymer composites in two maigroups: structural or
functional mateals. In structural materials, mechanipabperties are exploite
while in functional materialpolymess take advantages from the intrinsic filler
characteristics[9] While the reinforcement aspect pblymers is a primary area
of interest, nowadays the attentions is focusedhe design ofpolymer with
specific intrinsic characteristics This include condictive properties [10] [11]
flammability resistance[12] optical properties[13] batteries [14] membrane
[15] etc. for different application aresmranging from automotive and aerospace
[16] industries upto microelectronics systempasing trough medcal and
biomedical fields [17] The improvement of the fal propertiesdependson
seveal parameters, including physitiller characteristic, fillermatrix interaction
controlled bychemical filler compositions, particle dimensions, their aspect ratio
and of courseon the amount of filler and from its dispersion degrgeg] It is
obvious that the filler propertieplays an active role on the lmancement of
polymer properties. s possible to dividehe fillersin 4 main groups, agported

in Figure 3.

Virgin Polymer

Ceramic Fillers Metal Fillers Carbon Fillers Hybrid Fillers

L Copper L Combination of
— Oxide Fillers Aluminium, Silver, | - Carbonn Fibers .

two or more fillers.
Steel etc.

Graphite,
—  Nitride Fillers L Graphene,
CNTs etc.

Others: Silicon,
Cardbide etc.

Figure3 Schemat representatioaf fillers useal in polymersomposites materials.
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Metal particlesmade ofiron, copper, nicke]19] but also noble meta[20] have
been used as fillersMetals possess excellent amanical and conductive
propertiescombinedwith a good thermal stabilityHowever, the addition of
metallic particlesto polymersalso cases an increase of the material density
limiting their usein lightweight applicationsMoreover, it is very difficul to get a
good filler-matrix interaction, in spiteof filler functionalization. In contrast,
chemically modifiedceramic particles,such as inorganic clay§l6] [21], [22]
were widely investigatewith the aim to increase the fillecompatibilization
leading toa better filler dispersionand better final properties. Metal oxide or
metal nitride ceramic mateds, were also used as thermahd/o electrical
conductive fillers.[23]i[26] Ceramic are known for their high compression
resistance, excellent thermal stability and high corrosion resistance. However also
in this case, the high density coupled with a lemsile strengthand high
brittlenesdimited their use as filler§17] Carbon basethaterial is the third class
of materials ged as fillers. Starting from carbon fibers up to graplusebon
black and most recently carbon nanotubes and grapbBenthey show
extraordinary mechanical and conductive propertiet) btectrical and thermal.
Moreover due to the low density, with pest to other counterpayrtcarbon based
fillers are the most promising materials, able to enhance the intrinsic polymers
properties.[27]1 [30] Finally, by using a hybrid fillers system, for instance a
ceramic material coupled with a metallic on#sis possible tatake advantage
from all the constituenproperties[1]

As mentionedbefore, polymes are classified as insuiag materials, from both
electrical and thermal conductivity limiting their use in different and important
technological applicationDue to the extremely high conductive properties of
carbon based materials, suahigraphite, carbon nanotubes (CNT) and graphene
ard graphene nanoplatelets (GNR)searcherfocused their attention on carbon
based conductive polymeric composite mater[8lk]

The main aim of this thesis, is to exploit the field of conductive polymers filled
with carbon based matersdifom both thermal and electrical point of view. In the
next sections, thermal and electrical conductivity will be discudsem a
theoretical point of viewfollowed by a theoretical fillers presentation. State of the
art will be exploited in ordeto assess the actual scenario to each result and
discussion topics.
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1.2 Thermal conductivity in polymer

Before starting tdalk abaut thermal conductivity in polymers, we need to define
thermal conductivity and its basic equations.

Perdefinition, heat is atoms or molecules in motitm solids the atons vibrate
neartheir mean podibn. Higher the temperature isigher the amplitue of the
vibration is.In solid stateatonsc a n 0t vi brate indegendently
coupled by their inteatomic bonds. As reportad Figure 4 an atom can vibrate

in three differentmodes:one longitudinal and two transee to the plane The

atom vibrations involvahe propagadn of elastic wavesThese elastic waves,

called phonons can propagate through thentire material At each of them is
associated an energy relateditoowavelength. Higher the wavelength is, Ew

the energy associated to it is. The minimum wavelength value is twice the atomic
distance. In a materials composed by N aatmat can vibrate in three different
modes, there are 3N discrete wavelengthd each has energgT, whereksg is

the Boltzman 6 s ¢ o n s t &HHK). The Amo8n8 of dnérgy required by 1 kg

of materials to be heat of 1 K, at atmospheric pressure, is defined as heat capacity
or specific heat, & Sincethe volume occupied by an atomgs the number of

atoms per unit volumesirepresented by N={/meaning that the heat capacity per

unit volumeis § C,,

OOO

&)
v O
&)
-~ a-

O Q O-'-O---O O O 0

©O 0O

Figure4 (a) Three atomic vibration modes. @®Y)ow of atomsplaced at theifixed
positions. (c) Longitudinal vibration. (d) @of the two transveesvibrationmode[5]
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In solid state, heat is transmitted in three different ways: by thermal vibrabypns
the movement of freeelectrons(in metals) or by radiation (in the case of
transparent materials). Thermal conductivitghe measure of the capability of a
material to conduct heat, and it is expressed as a power divided by a distance per
unit of temperaturek( or in certain case; defined as W/m*K)[5] Considering

the thermal conduiwity as a transport propertyt can be defined as the ratio
between a flux and the directional driving force. In the case of thermal
conductivity, the flux is representéy the heat flux q (that is the rate of heat flow

Q across an area A) while the directional driving force is the thermal gradient
between two material surfaces fixed afl T,. [32] Mathematically speaking
conductivityis representedybthe followingequation:

0 ATQIQG 016 T wHo 1)

As for any elastic waves, also phanonove with the speed of sourithe phonon
can propagate trough entire material as function of a thermal gragient
However due to scattering process that occurs bete@emof them, and between
phononlattice impurities orphononlattice imperfections, the covered distance
(Im, also called mean free patis typically in the order ofew nanometers (0.01
pm) resulting in a lower speed propagati®monon conduction carelunderstood
by using a net flux modeln Figure 5 a schematic representation thie phonon
conduction is reported.

Mean free path Im

! qwﬁ ! High-energy phonon
Unit area

iLow-energyphonon M /
T |
W Y- /&fr! % % gh e

Temperature T4

. dT Temperature Ty |
Gradient o I

Temperature T

Distance x

Figure5 Heat transmission by phonons moftn
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Phonon posss three degrees of freedomxny, andz directions. Focusing the
attentions onlyon the x axis, on average, onsixth of phonons travel in thex
direction (from hot to cold zone), while ogetth move from the right to the left
zone(-xX). The energy a®ciated to each of them J€,(T+ad) and ) Cp(T-g)
respectively, wherd is the tenperature in their positionsd =(dT/dx)l, andthe
energy fluxq across unit of arelsl-M per second is:

—a

| Q

, P,w + . P, . = QY
M M 2
d (0} 0w ¥ Qw (0} o ¥ 'Q(g @)
, P,. ~. Q7Y
P 3
T 5 2% 9w ®)

By combining equation (3) with equation (1) is possible to defimermal
conductivity as:

Q

6 da (4)

Qlo

The sameexplanation could be dorfer electronsin that caseg, and |, become
the velocity and the mean free path of the electrdhsrmalconductivityis the
sum of the phonons and the electrons contribution as

b Q (5)

In metals, kis dominant due to the presence of large concentration of free carries
(electrons seawhile the phonon contribution is irrelevant. In fact, it was
demonstrated that the phonon contribution in copper 1430 W/mK) is limited

to 1-2% of the total[33] In contrast, due to the presence of covalent bonds, in
polymeric materials, the effect of the electron is negligible leading to a thermal
conductivitythat is affected only bygkindependently fronthe carriers, asan be
seenfrom equation 4, thermal conductivity depends on several parameters. Is
possible to demonstrate, that the volumetric heat capgcly (s still the same

for all the materials~2*10° J/nTK) [5] and also the propagation velocity is a
constant parameter, meaning that the parameter that affect the thermal
conductivity is the phonon or electron mean free patRdcusing the attention on
phonon transportationghonon mean free path is related to its relaxation time
expressed ak=0 where Uis the phonon relaxation time amwdis the phonon
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group velocity(in principle @). In the relaxation time approximati, various
scattering mechanism are additive, limiting the phonon mean free path. Acoustic
phonons, are scattered by other phonons, lattice impurititsse defect and
interfaces.[33], [34] In this scenario is possible to distinguish two different
phonontransport regimes. Thermaknsport is called diffusive when the size of
the samplel., is much larger than the phonon mean free patthis case, phonon
undergo many scattering events. In contrast, whed I,, thermal transport is
called ballistic. In the appramation of infinite crystal, without any defect or
impurities only phonon to phonon scattering occurs reaching the so called
intrinsic thermal conductivity. In contrasbnductivityis called extrisic whenit

is mostly limited by extrinsic effects such as phobonndary or phonedefect

or phonorimpurities scattering.When the phoncboundary scattering is
dominant, thermal conductiyiis strongly dependent fromas™Q © 0. [33]

A macromolecules chain can be descripted asigaag arrangement of the
backbone atoms iwhich single chain bonds are capable of rotating and bending
in three dimensianresulting in anacromoleculeharacterized by the presence of
a multitude of bends, twist and kinks, as schematically represerfaglia 6.

Figure 6 Schematic representation of single polymer chain mole[3]le
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In a bulk polymer, each chaiain the state of twistecandom oriented molecule,
coupled by weak intermolecular bansuch as &n der Wah, dipoledipole and
hydrogen bonds (also covalent bond in crosslinked polymer). This means that in
polymers, atore and molecules, are not in an oriented configuration as happen in
the case of ordered structures (metal, alloys or ceranhg amorphougphase is
something that isery far from the theoretical perfect cryktand this resulin a
therma conduction that is extremelyffacted by extrinsic effect. Mean free path

in amorphous polymers iin the range of few angstrorf5] leading to a poor
therma conductivity. Fromthe theretical point of viewit was demonstrated, by
using molecular dynamics simulation approach, that single molecular chain can in
principle have rathehigh thermal conductivity with respect to bulk polymer.
Henry and Chen|36] found that thermal conductivity of a single polyethylene
chain, with length over 100 nm, could be hegthan 350 W/mK.Single PDMS
(Polydimethylsiloxangchain still res a thermal conductivity of 7 W/mK37] It

is obviougy that single polymer chain hasuch higler thermal conductivity with
respect to the corresponding bulk materials. Both heat capggieynd phonon
group velocityv of bulk polymer are almost the same as those of individual single
chain. Itis known that phonon mean free path along a chain is much larger then in
transversedirectionssince covalent bond lattice vibrations are less anharmonic
with respect to those associated to secondary bdmalgover, in bulk polymers

the presence of defect, such asidg, impurities, polymer chairends and
entanglements further reduce tphonon mean free path resulting in a lower
thermal condutvity. [38]

A list of the commonly used polymer and their related thermal condyctiaiues

is reportedin Table 2. As observablehtermal conductivity is in thealues rangeof

0.1 up to 0.5 W/mKThermal conductivity is affected by different parameters.
The chain structure (including molecular composition adl vas molecular
conformation)is probably the most important orfewas demonstrated, by using
large scale molecular dynamic simulations that higher thermal conductivity can be
achieved in”-conjugate polymesr This is due to the rigid backbone that can
suppresssegment rotation and promote high bond strength for lgppenon
group velocity. Strong intethain interaction can also limihe segment rotation,
as occur in polyketwe, Kevlaf™, Teflon™ and Nylon™. [39] Furthermore,
thermal onductivity decreasewith the increasing of the temperature, due to the
higher molecules mobility, as observabld-igure 7.
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Polymer ﬁgr?qré Therm?\}\/(;%nlguctivity
High density polyethylene HDPE 0.330.53
Low density polyethylene LDPE 0.300.34
Ultrahigh molecular weight UHMWPE 0.41-0.55
polyethylene
Polypropylene PP 0.11-0.17
Polystyrene PS 0.100.15
Poly (ethylene terephthalate) PET 0.15
Polytetrafluoroethylene PTFE 0.27
Polyvinyl chlorid e PVC 0.130.29
Poly (ethylene vinyl acetate) EVA 0.340.35
Polycarbonate PC 0.190.21
Urethane base TPE TPU 0.19
Poly (acrylonitrile butadiene ABS 0.150.33
styrene)
Polyamide 6,6 PAGG 0.240.33
Poly (methyl methacrylate) PMMA 0.21
Epoxy resin 0.12-0.20

Table2 Thermalconductivity of some polymej85], [38]
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The pesence of disordered structupeomoted by the presence of lateral or
functional groups as well as heavy atonesluce the thermal conductivity due to
defectphonon scatteringrocessAn ordered structure can promote the formation
of crystalline domain in the bulk polymer. Ctgfline polymers show higher
thermal condativity with respect to the amorphoosies In amorphous théeat

flow follows the chain conformatiomvhich resultsin a condudive path that is
essentially randopand ina reduction othe phonon mean free pablecause of
scattering process.rgstalline domain can increase the intrinsic order which is
responsible for high thermal conductivitiligh density polyethylene (HDPE)
preserg a thermal conductivity value higherittv respect to low density
polyethylene (LDPE), due to the presence of higher amount of crystalline phase.
Moreover, it hadeenalso reported that the crystal form can affects the thermal
conductivity. In fact, it was demonstrated thae increase othe lamellar
thickness of ultrahigh molecular weight polyethylene (UHMWREIN ~20 nm

to the range of 16@50 nm resu#f in an increase of37% of the thermal
conduction[40] In contrastdue b the low chain stacking density and due to the
presence of lateral methyl group (that involve incoherent phonon scattering)
polypropylene is an exception. It & crystalline polymers with low thermal

conductivity value[38]
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As mentioned before, single oriented chaxhibits high thermal conductivity. In

fact heat is transferred more easily along the chain than in transverse direction.
This meas that thermal conductivity can be significantly higher along chain
directionswith respect to the perpendicular onAsmechanical stretching is able

to orient not only a single chain, but also crystalline domains leading to an
enhancement of ordered wgttures resulting iran enhancement of the thermal
conductivity. Simple shear, or mechanical drawing as well as gel spinning and
superdrawing [38] are nowadays available techniques ableot@nt semi
crystalline polymers such as polyethylene. The genetaerved trend suggsst
that the thermal conductivity along strain direction rapidly increasgh
increasinghestrain or draw ratiod). Choy et al[41] investigated both transverse
and longitudinal thermal conductivity of HDPE at differentobserving that at
relatively low draw ratio &25) the thermal conductivitglong stran direction
increass up to 14 W/mK at 300K. Moreoveisuperdrawing UHMWPE with
highly orientedcrystalline lamellae can exhibit a thermal conductivity value of
more than 37 W/mK. Concerning amorphous polymers, suchlPag(methyl
methacrylate)and polystyrendt was demonstrate that thermal conductivity of
stretched polymers could be incredse the stretching direction. Howevehis
incrementwas relatively smallThis meas that in draw crystalline polymers, the
dominant phonon scattering mechanism is anharmonic phgimamon scattering

and are notelated to structural disorder. Ejgtesome degree of chain orientation

(in amorphous stretched polymgtise interchain scatteringrelated to the owvall
disorder is still dominanin order to increase thermal conductivity of amorphous
polymer, an engineered intehain interaction is required. This interactioould

be done with the help ahiscible polymers. Therare several requirement for
amorphous polymer blends to have high timadr conductivity: first of allstrong
intermolecular bonds are required in order to replace weakdhgen interaction.
Furthermore, the intermolecular connectiotust be as closely gsossible to
polymer backbone and an homogeneous bonds distributions at a concentration
above percolation threshold necessaryto form a continuous network38]
Similar to the thermoplastic materials, thermoset resin possess low thermal
conductivity. This is due, also in this casethteincoherent scattering process that
occurs in disorderednaterials Liquid crystalline thermosets, possegsingid

roadl i ke Amesogend groups can fornrnngorder ed
materials with enhancedthermal conductivity. Typically nonrmesogen
thermosets, can only formsotropic amorphous structures, while the presence of
ordered structureike liquid crystalsleads to an increasing of the thermal
conductivity of more than 5.5 times with respect to amorplomes Moreover,
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the relationshipbetween liquid crystalline domain and thermal conductivity is
mostaffected by the size and by the cent of anisotropic structureBefining the

ratio of anisotropic structur@s the ratio between orderaddamorphoustructure

in the whole matrix, as a way to indicate the content of liquid crystalline domain,
it was demonstrated thédr a crystal domai larger than 400 nm and for a content
ratio over 25%, an enhancementtbathermal conductivity could be achieved as
reported inFigure 8.
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Figure8 Relationship between ordered domain size and coniéimtespect to
thermal conductivity of DGEB[88]

Curing conditios, as curing agent and temperature, is a key factor to the
formation of liquidcrystal domainFinally, to achieve an effective enhancement

of thermal conductivityof liquid crystalline thermoset polymerdifferent efforts

have been made on the alignment of ordered structure by external electrical or
magnetic field. As an examplddarada and coworkef42] cureddiglycidyl ether

of terephtalylidenebis-(4-aminc3-methylphenolY\DGETAM) epoxy within4,4-
diaminodiphe nylethane(DDE) curing agent under the presence of a magnetic
field up to 10T at 170 °C. It was demonstrated that by applying an external
magnetic field, the thermaloaductivity increasefrom 0.43 up to 0.89 W/mK.
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This is due to the direct alignment of the mesogenic group during curing process.
The high themal conductivity is due to thieetter phonon traamission along the
ordered chairthat minimizes phonon scatteg. Moreover, it was also observed
that DGETAM cured wittDDE curing agent, shasva thermal conductivity value
(0.43 W/mK)higher with respect tthat of the ordinary epoxy resin system even
for system cugd under the nonmagnetic fiettlje to the curinggent.

1.3 Electrical conductivity in polymers

As for thermal conductivity, before starting to talk about electrical conductivity in
polymers, we need to define some basiocept anéquations.

Electrical conductivity is defined as the capability of a makerto conducthe
electrical currentMathematicallyit isr epr esented by the Ohmos
relationship between thadectricalcurrentl andthe applied voltag¥ as:

®w YO (6)
whereR is the resistance of the material through which the current is passieg.

electrical resistanc®, depends from théntrinsic materials characteristics. The
material property that determines the resistance is the electrical rgsjstivi

5
"2 (7)
0

in which A is the crossectional area perpendicular to the current direction, while
L is the distance between the two point at whiwh potential drop is measured as
reported inFigure 9.
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Figure9 Schematic representation of the apparatus useddsuneeelectrical
resistivity[3]

Combiningt h e O h mith& equadiom 7, electrical resistivity b@ues as:

wo
” 8
B0 (8)

Its unit in the metric system is ohm per metegdng) but it is also commonly
used the subunits @& gtcm or q*cm. As mentioned before, the capability of a
material to conduct the electrical current is defined as the electrical cortyuctiv
that is essentially the reciprocal of the electrical resistidi§ined as:

"W (9)

Both electrical conductivitfS.l. S/cm orq **m™) and electrical resistivity are
interchangeable, and usually are used both depending on the context.

Solid materials, show an immense range of electrical resistivity valt@ging
from conductive materials (8 *m) until insulators (10*°%*m) there is a range
of more than 2 order of magnitudesn between Materials that present
intermediate valueare krown as semiconductor$his discrepancy is related to
the capability of a charge tpass througtihe entire materials. Conductivity is
essentially promoted by electron or by ionic carriers. Howenaonic solids(as
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an examples NaCl) the diffusive matiocof ions is possible only atlevate
temperaturedn fact it is possible to demonstrate that the ion mobility is inversely
proportional to the temperaturihereforein spite of the ionic conductivity most

of them are insulatsr[3] Regarding the electns contributionsin all conductors,
semiconductors and in many insulating materials, the conductivity is strongly
dependent on the number of available electrons that can participate to the
conduction process he number of availablelectrons is related to the electron
arrangement states and to the occupieergylevels. Asknow from the quantum
mechanicgoint of view,for each atom existliscrete energy levethat may be
occupied by electrons into shell and subshell arrangententr@asing energy
level. In according to the Pluexclusion principle, each state is occupied by two
electrons of opposite spin. Moreover, the electrons fill only the states having the
lowest energiesin solid materialsithe atoms are bonded together form an
ordered atomic arrangemenhitially, an atom separated from anothene is
independent and its energy state is related to its electonfiguration. When N
atoms, are so closely to interact with each other, the elsaremacted upon, or
perturbed by the electrons and nuclei of adjacent atoms. This influence is such
that each distinct atomic state may split into a series of closely spaced electron
states to form the so calletectron energy basds illustrated irFigure 10.

1 Atom 2 Atoms 3 Atoms N Atoms

Figure10 Energy bandformation. Starting from one single atom, the available energy
states are represented by the each energy level. Passing from single isolated atom up to N
atoms in solid materials, the pertudetomic state split into a series of closely electron

energy leved named as baad



Electrical conductivity in polymers 19

The extent of splitting depends on the interatomic distance and by the external
electronic shell§number of available electron levelhce they are the first to be
petturbed by theneighborsatoms.At the equilibrium distance, band formation
does not happen ffehe electrorsubshells neahe nucleus, meaning that the band
formations is related only to the external electrons shells as reporfgplia 11.
Between different energy basmica gap in energy could exist. The eledtic
properties of solids, depemh the band structure and on the energy gap between
them. In fact, whether the materialsare insulatos or conductos or
semiconductors depends from how full the band are, and by their separation or
overlapping. Conductors, such as copper, iron and metals in general, have a
partially filled outer band. Just above the last occupied levels there are many
unfilled levels used Y the electrondcceleratedy an external field) to conduct

their charge freely though the material. In contrast insulating matearals
characterized by the presence of an energy gap between the filled valence band
end the empty conduction band highkart 2 eV. Semiconductors, exhibit the
same band structures, but in this case the energy gap is lower thaf8P eV.

Energy

Energy

Interatomic _
separation

Equilibrium
interatomic
spacing

Figurell Band structure repsentation agunction of the interatomic separatif8].
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In this scenario, polymers are classified as insulating materials. They present an
electrical conductivity value lower than 1qQq * nt) Looking at the property
chart of materials, also known ash®y maps of material selectionsy which
thermal conductivity Vs electrical resistivity is repori@iure 12) it is possible

to observethat for metalsthis two properties are linked together because both
dependsnainly on free electronsnlcontrast polymers are in the bottom right part
of the chart located at high electrical resistivity and low thermal conductivity
because of the unavailability of large number okfedectron able to promote
electrical (and also thermal) conductigh] Moreover, free electrons, moves
throughthe materialsinder the force of an applied field with a current density that
is proportional to itThe external figd imposes a electrondrift velocity vyg=peE,

in which pe iIs namedelectron mobility resulting in a current density that is
effected by theexternal field, by the electron mobility and therefore by the
number of available mobile electrons as well as leyalectron charge as reported
in the equation@
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Figure12 Ashby map of material selection: Thermal conductivity Vs Electrical
resistivity[5]
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As can be seen, the current densjtyshouldincrease with ta increasing of the
electrical field. However, the electrons collide with scattering centers bouncing
off in a new direabn, resulting in an electron mean free path that leads to a
reduction in the electrons mobility.

j=- £¢Q@0O (10)

Scattenng centers are represented by impurities, by lattice imperfections and by
thermal vibration of atoms themselves. For this reason, coupled with an extremely
low number of free carriers, the electrical resistivity of polymers ishigl. The
electron mobiliy could be promotedy conjugated -electron consisting in a
alternation of single and double bonds along th&irc backbone or ring structure

as schematically representedrigure 13. [4]

Double bond m-bond — Allows the easier
elocalisation of electrons Single bond
Carbon atoms \ / -~ /
e g SN \
| . G ] | o9

® ®\“ ® @ ®\ )

L=

Hydrogen atoms
6-bond - Ensures the strength of the chain

Figure13Schematic representation of a conjugated backbone containingptitigrn
single and double bond43]

In this kind of conductive polymers, single and double bonds possess strong
localized(-bond while the double bonds possess less strongly locélibemds
resulting in an overlapping gs-orbitals in the series of-bonds allowing the
electrons to be moreasily delocalized and move freeglong the chain. The
resulting materials, possess an electrical conductivity value L@*tb0° S*cmit,
However, since the first conductive conjugated polymerspsasuced in the late
1970s, today there are at least f'smductive polymer systemgl3]
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1.4Polymeric composite materials with enhanced
conductive properties

As reported until now, polymers possess poor conductive properties and it is
obviously that there are differeenhgineering approacto enhance both thermal
and/or electrical conductivity. Howey, the most established way to enhance the
intrinsic polymer properties is bycorporatingconductive fillers into polymer
matrices. Conductive polymers with a thermal conductivibynfapproximately 1

up to 30 W/mK can be used as heat sink in heat exghisand heat management
applicationswhile electrical conductive polymers cae hsed in different fields
according to their electricalonductivity values. In fact, polymer with electrical
resistivity in the range between®1® 10°q*cm can be used igtatic dissipative
applications while conductive polymer with electrical resistivity in the range of
10%-10'q*cm can be used for moderately electrically conducting applications.
Polymerbased materialsith electrical resistivity approximately 76 *cm can

be used inelectromagnetic interference (EMI) and or radio frequency interference
(RFI) shielding application$44]

1.4.1 Polymeric composite materials with enhanag thermal
conductivity

Thermally conductive polymerompositesoffer new possibility to replace metal
parts in different applications including power electronics, electric motor and
generadrs, heasink, heat exchangers, heat recovery|[8t], [45].

Therearemany theoretical models developwddesribethe hermal conductivity
of heterophase polymer composites. The commonly adapted madethose
developed to describe thtoung®s modulus of two phase systeModulus is not

a transportation properties, but looking at itardgbns is possible to obsexthat

it is described by a force imposed over a cross sectional area dividad by
increae in therelative dimension with respetd the originalone,as reported in
the following equation:

o T OB T o (11)
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Comparing equation 11 witbquation 1lit is possible to observéhat a strong
comelation between the two expressiagst Sincethe prediction of the tensile
modulus in compositesis represented by a lower and @perboundby means

of rule of mixturesand Reuss equatipralso thermal conductivity could be
estimatedstarting from this approacii32] The geometry and the orientation of
the fillers are keys parametetbat influence the thermatonductivity of
composite materials. he possible scenario incluglgarticulate (spherical or
irregulan andflakes particles as well as short, long or continuous fiber oriented in
an irregular or regulgtaminated)structure.

¥ 1

Fiber reinforced composite Laminated composite

Figure14 Composite materials with different formsfafers [45]

Startingfrom the easiegpossiblescenario in which sphericaconductive fillers
are added to polymeric aterials, it is possible t@redict the final thermal



24 Introduction

conductivity by using two basic theoretical approachiée first approaclhs used
to predict the thermal conductivityf a percolatiorsystem as reported #Figure

o
Bl o

Figure 15 Basic model for predicting thermal conductivity of two phase system in
which a fully interprenetrating spherical particles are dispersed into polymeric fi3&fix.

This model tensl to maximize the effecof the dispersed phasén fact in a
percolation systeneach component contriteito the thermal conductivity of the
compositein an amount equal to the volume fraction of that component.
Mathematically spaking it is represented by the simple rule of tane as:

— _ (12)

in which k., kn, andk: arethe thermal conductivity of theomposite, of thdiller
and of the matrix respectively, whilai, and G are the matrix and the filler
volume fractions.

The second approadbr modelling the thermal conductivigonsists in assuming

that the composite material responds as a homogeneous system in which each
particle is isolated with respect to the other ones, as schematically represented in
Figure 16
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Figure16 Basic model for predicting thermal conductivity of two phase system
based on nopenetrating spherical particldsspersed into polymeric matrif32]

Such model assumes that there is no particiegaction and that each of them
exhibits an isolated effect minimizing the effedttbe fillers on the composite
thermal conductivity especially at lowfiller concentrations. This behavids
represented by equation 132]

0 ' (13)

These two models are referred the upper and the lower bound of thermal
conductivity and are represented by the linear mixing rule, also known as the
parallel model, and by the inversnixing rule (series model) respective]$8]
Moreover, equation 12 and 13 could fvritten in most commonly ways as
equationsl4 and 15 rgszectively [35]

0 Q0 0 (14)
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As observablghe parallel model maximisethe cortribution of the conductive
phase assuming a continuous conductive network in which the contacts between
each particles are perfect.nd series models, assumes no contact between
particles thereforé is confined to the region of matrix embedding theiplad.

Figure 17 shows how the two modelsstimate the thermal conductivityof
polymeric composite materialflled with spherical particles that possess a
thermal conductivity 1000 times higher with respect to the makyik£1000)

The upper bound (black line) predict an increasing of more than 10 times of the
ratio between composite and matrix thermal conductivity at very low filler
contents while the lower bound prediction (blacsltedline) shows how the
increasing of thehermal conductivity ofthe composites (with respect to the
matrix) strongly dependsn the amount of filler contenHowever, most of the
experimental data (white dots), were found to fall in between the two models.

ke/km

10

-~ | I I | |

10==""1

0.0 0.

1 0.2 0.3 0.4 0.5 0.6
Volume Fraction of Metal Particles

Figure17 upper and lower bound predictions of a two phase system in wich the
dispersed particles are spherical and the ratio between filler and matrix thermal

conductivity is over 100(32]

The noninteractive lower bound model, provides aseomatb to the data with
respect to the rule of the mixtures. In fact, the upper bound model has some
relevanceonly in the case of continuous fiber composites, in the diregizoallel
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to the fibers. In the other cases it tends to overestimate thietimesl. [35] The

main problem with the statistical approaches is that more information are required
about the microstructure of the systems. In faetlower bound gpoach results

in a composite thermal conductivity that inherently includes the effect of the
geometry of the filler particles giving to the development of a class of models
based on the assummti of isolated filler particles[32] The relative thermal
conductivity of two phase system (partictematrix) can be expressed as a series
expansion of the localized average thermal conductivity determinaddralized

heat transfer. This approach is defined as the second order low bpoumatiels,
including equation of Hashin and Skirian that describe the effect of randomly
dispersed spherical particles on the thermal conductivity of two phase system.
[32] Moreover Hamiltonand CrosserHatta and TayaAgary as wellas Cheng

and Vachondiscovered independently equasotinat provide better fitting by
including experimental constant and geometrical parameters. These equations are
weighted averages of the thermal conductivities and volume concentrations of the
two comnponents bt in a more complex averaging schewmlait thanthe simple

lower boundmodel This equations leatb a better theoretical fitting witrespect

to the experimental data for composites based on isotropic particles, fiber and/or
flakes up to a fille content of about 30% in volume. FinaMielsen introduced

the maximum packing factors into the fitting equations, providing the best fit with
respect to the rapid increasf the thermal conductivity above 3© of filler
contents[32], [35]

Filler concentrations and fillers thermal conductivity are the key factors that
determine the thermal conductivity of heterogeneous randomly dispersed two
phase polymer composite3hemal conductivity of polymers is particularly
important at low filler loadingacting asthermal barrier andecomingrate
limiting in the thermal conductivity channelTo achieve high thermal
conductivity significant amount of fillers is needed in orderfdon thermally
condutive pathways. However, high filler contamot only can cause the final
composite to be brittle, but also can limit its processabikiller size is an
important parameteo be takeninto account. Composites with large fillersyba

less filler/polymers interface lading to a lower amount of interfacial resistance and
thus high thermal conductivity. However, for nanoscalaterials the filler
properties could also change. To achieve high thermal conduchrityybrid
system suchasa mixture of filles of different type size and shape can help to
achieve high oriented and isotropic pathways at low filler cont&imally, filler
surface treatmentsan be used in order to provide better interaction between filler
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and matrix leding to a betters filler dispersion and high thermal conductive
composites[38] Under ideal conditions, the thermal conductivity paflymeric
composite materiatan beas high as 20 times that of the base poly{i32y.

1.4.2 Polymeric composite materials with enhanag electrical
conductivity

Polymer composites containing electrical conductive fillers, are of great interest
due tothe potential applications in differes¢ctorganging from radar absorption

up to sensors passing through electrical dissipative system and/or conductive
applications[9], [44], [46]

As reported in the previous sections, polymers aresified as insulating
materials with a resistivity value higher thar® tp‘cm. The sudden increase of
the electrical conductivity of polymeric matrix filled with an electrical conductive
filler at a critical filler concentration is a welinown phenomenorcalled
percolation. This phenomenon is usually explained with the help tloe
percolation theory[47] Percolation is aprobabilistic process which exhibits a
phase transitionDifferent percolation systesrmay contain clusters of different
shapes and size$he statistical study of the clusters helps to identify the critical
value of density tdorm infinite or longrange connectivity in randomly dispersed
system. This critical value lnown as percolation thresho[d8] Percolation is a
general phenomenon that can be applied at every area of science as tast simpl
model for spatial disordeand has application to a broad range of topics including
mathematics, physics, hydrology, ecology as well as biology, chemistry and
material science and engineering.

In most of the cases, the presence of a continuous network of filler particles does
not change the basic mechanism of thermal transport in a composite §§&iem

but acontinuous network is required to form an electrical conductive pathway
able to promotehe electrons transport leading toemhancment of theelectical
conductive properties of polymeric composite materifitss is due to a different
mechanism in the electron propagation with respect to phofidws.electrical
resistance in a composite system is the result of a large number of resistors
combined inseries and parallel. When an electrical field is applied to two media
in contact with each other, charge polarization occurs at the intettecéo the
differences between the ratios of the electrical resistij4®] In order to have
conduction in heterogeneous system, like polymeric composite materiats fill
with conductive particles, @onductive pathways is required. Tiegossible only
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at a specificfiller contents(ic known as percolation threshold. The percolation
threshold of an infinite system is well defined by a distinctive phase transitions at
a specific value of filler content. In the case of electrical conductive composites
materials, thisphasetransition isrepresentedy the changdrom insulator to
conductive behavier Mathematically speakingoercolationis represented by an
exponential poweralv:

Qe . (16)

Wherek. is the property under congdhtion,(. is the percolation threshold while
Uis the dimensionless critical exponent. The percolation threshold and thal critic
exponent may be determined with the help of differnputational methods
like series expansions, Monte Carlonslation and other complex numerical
methods.[46], [50] However, in most offte casest is possible to estimatigs
valueby curve fitting of experimental results Figure 18, the typicalpercolative
S-shaped curve is reported.

Figure18 Typical SShaped curve related to tbkectrical conductivity of composite
materials as a function of filler fractigfl]

Itis possible to divide the percddkbati on cu
d 0By gradually addinga conductive filler (e.g. Carbon Short Fiber, CStes)

insulating polymersthe electrical conductivity of the compositeincreass with

the filler contents.At low filler loading, the electrical conductivity of the

composites is close to that of the polymer maffixis is due to the absence of a

filler network able to promote the charge transfer as schematically represented in













































































































































































































































































































































































































































