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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,



Thermal conductivity in polymer 15

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.

12 :
< MAXIMUM DIAMETER OF ®
. 10k ANISOTROPIC STRUCTURE
E { 400 nm OR MORE
£ s
S~ 08} ;
= 4
> :
5 06 5
o S :
()
=
o)
O 04} :
.| :
g (]
o i LESS THAN 400 nm
w 0.2} :
T :
= :
0 1 ; L 1
10 20 25 30 40 50
RATIO OF ANISOTROPIC STRUCTURE (vol %)

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
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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
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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
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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.
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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
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Figure 19(a). By comparingFigure 18 andFigure 19(b)is possible to observe that

at certain filler concentrationsthe mar ked
electrical conductivity of compositegradually increase due to the formation of

some large cluster of conductive particles. Moreover, it should be noted that
despiteof the not completed formation of a continuous network, is possible to

observe an increasing in the conductive propertiestdutae tunneling effect

among neighboring conductive mediaurther addition of filler, promote the
formation of t he (répfesentadtbpthecen pathpughtithey e pat h
entire composites as reportedrigure 19(c). At this stagepercolation threshold,

the electrical conductivity increaseemarkably folbwing the percolation power

law. At filler concentration higher thari. the electrical conductivity of

composites further increase gradually due to the creati@lof of conductive

paths, until leveling off at a constant value that is generally lower than that of the
element of the conductive network sisownin the previous figurept6], [50],

[51]
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Figure19 Percolation process in conductive compo§ittls

As occus in the case of thermal conductivity of heterogeneous insulator
conductive system, also in the case of electrical conductivity, the filles filay
most important role in the overall conduction. Intrinsic filler electrical
conductivity as well as filleaspect ratio and filler affinity to the matrix, are the
key parameters that must be taken into accddoteover,the interfacialforces
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between the conductive and the insulating matepkdgs a crucial role for the
sudden increase of the conductivitytla critical concentratiodi.. Depending on

the polymer matrix, on the filler characteristics as well as the manufacturing
process adopted, percolation threshaddld be ranog from less than 1% of

filler content up to more than 108 volume of conductive fillersMany efforts

have been made in order enhance the electrical conductive properties of polymer
by using the minimum possible amount of fillers. In fdw use of ie lowest
possible filler contents not only provsl@ reduction on the cost of the final
technological comonents, but also providea lower cost in terms of
manufacturing process (by the reduction of the viscosity of the medium, and
therefore the reduction of the energy required), as well as density reduction that is
a crucial point in the most technologiegdplication.






Chapter 2

Carbon basednano-fillers

14" November 1985 was a great day for the scientific community. On this day,
Smalley and cavorker publishedn il L e ttd M a ts uthieie Wwork entitled Go:
Buckminsterfullerengs2] During their experimenfiaimed at understanding the
mechanism by which long chain carbon molecules are formed in interstellar space
and circumstellarshell®, a solid disk of graphite was vaporized by laser
irradiation, produgig a remarkably stable clusteonsisting of 60 carbon atoms
Carbon atoms are fixed at each verticésa truncated icosahedron based on 20
hexagonal faces linked together by 12 pentagonal faces leadingpteeroid and
hollow structure. This structursy{ch as a soccerball) satisfies all the valences by
two single bond and one double bondts diameteris ~ 7U providing an inner
cavity which appear to be capable of holding a variety of atoms. Moreover it
appeas to be an aromatic structurewhich boththe inner and outer surfacese
cover ed b-glecteons3hesautstahding material is known as one of the
allotropic phases of carbor€arbon can existas 3D diamond facecentered
cubic crystalin which each carbon atom $ieour nearest neigtirs arranged in a
tetrahedron. Unlike diamond, carbon atoms could be arranged in a hexagonal
array. This structureis referred to the graphite structure. Graphite is the most
stablecarbon allotropelt is based on a plan structure in which each atois
arranged in armoneycomb latticeand locatedat the vertices of an hexagdny
strong covalent bond. Three of four potentially bonds are satisfied. The fourth free
electronis able to migrate thought the plane. The interlayer distances is about
0.334 nm boding together via weak vader Walls force [53] Moreover, as

di amond and graphite are wel/ known

carb
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opered up to a research field aimed to diseoy other possible carbdorms In

light of this scenario, in 1991jilna [54] reported the preparation dfelical
microtubules based on graphitic carbomisT microtubules, actually knowas
carbon nanotubes (CNTsyre referredto be a 1-Dimension carbon allotrope
Theycould be represented by a single layer of graphite rolled up to form a tubular
structure.This arrangement is possible due to thenimizing of the internal
energypossessed by the single layer ofpdmige. In fact, from the theoretical point

of views, 2D single layer of graphite did not exist without a 3D baBeinitio
calculation showed thaingle layerof graphite is thermodynamically unstable

with respect to the other fullerenes structurescadbon nanotubes ar¢s5]
However, in 2004 Andre Geim and Konstantidevoselov,by using a simple

trick, were able to demonstrate the possipiid isolate a single layer of graphite.

[56] Sinceits first isolation, this material receideunbelievable attentions from

the researcher communities, due to its outstanding mechanical, electrical, thermal
and optical properties. From the IUPAC corssion, it must be referred to it with
term Agraphened to replace terms | ike #fgr
graphitic material§57] In Figure 20 the structures ofcarbon allotropes are
reported.

6 12.0107

CARBON

Figure20Different Carbon allotropes. a) Diamond, b) Graphite, c) Fullerene, d) Carbon
Nanotubes, e) Graphene, f) Amorphous Carbon, g) Lonsdaliete, h) C540.
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As observable, carbon can exist notyoin the above mentioned structures, but
also in other forms such as amorphous carbonsdaleite(known also as
hexagonal diamond) and different Buckminsterfullerkkee cages based on
different amount of carbon atoms such ag, Cs4o etc. Those mateals possess
different intrinsic characteristic that could be exploitecpolymeric composites
materials. However, due to the extremely high cost and/or low abundance from
both natural and artificial point of views (diamond and hexagonal diamond cases)
or due to the low aspect ratio of fullerene structures, those carbon materials are
not good candidates as fillen polymeric compositeaterials. In contraposition
carbon nanotubes and grapheme nowadays the most promisifiders used to
enhance the trinsic polymer characteristics.

In the next sections, carbon nanotubes and graphene will be presented from a
theoretical point of view in order to assess the actual sceahdotthe use of

those fillers as conductiveaterialsfrom both electrical andhermal point of
views.

2.1 Carbon nanotubes

Since the firsteportof helical microtubules by lijima in 1991, carbon nanotubes
get an outstanding attention from the academicldvatue to their exceptional
mechanical, thermadnd electrical propertiest is possible to imagin€NTs as

long, narrow fullerenesased on graphitic carbpstructure capped at each end.

In another way it is possible to visualize carbon nanotubes as a sheet @ngraph
rolled to form a tubular structurdhe walls of CNTs, arentirely composed of

spf carboncarbon bonds. This kind of bond, stronger than tHecspnterparts,
provides extrme | y hi gh mechani cal properties
1.2 TPa and tensile strengthrobre than 5@Pa. [58] Moreover, the ddole bond

is expected to provides electron and phonon transpbd.properties of CNTSs,

are strongly affected by their atomic arrangement (in terms of how the graphitic
sheet are rolled), by their diametarsd length, and by their morphology.

Due to its fourth free electron, that is able to migrate thought the plane, graphite is
consideredto be asemimetal. In contrast carbon nanotubes could be either
metallic or sengonductor.The semiconduot or metallic behaviors deperfidm

the atomic structure of nanotubes, in terms of chirality defined by chiral vector as:

6 &d G e (17)

uc
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in which And and Amod are integer numbers
along thezig-zagcarbon bonds of the hexagonal lattice, whitp andc are unit

vectors. Moreover, CNTs properties depend® as the chiral angle thas formed

between the chiral vectors and theanda, directionas reported ifrigure 21.

Figure21 Schematic representation of chiral vector and angle.

The chirality has hug weight on the CNTs properties, in particular on the
electronicones [59] In fact, the diameter and the helicity of CNTre ainiquely
characterized by the chirgkctor. It was predicted that (n,m) indices determine
the metallic or semiconducting behawaf CNTs. The tubes will be metallic
when n/3 is an integer in zizag (n,0) configuration. Otherwise they are classified
as semiconductors. Moreovechiral (n,m) configurations are possible with
electronic properties similar to the zgg configuration when (2n+m)/3 is an
integer number. In ttsecase the tubes are metallic while in tlo¢her cases are
semiconducting. Fally, (n,n) cases are possible when the chiral vector rotates
30° relative to (n,0). This kind of tubes, named as armchair tubes are expected to
be truly metallic. Armchair tubes has a band gap crossiilj at ¢fo of the

first 1-D Brilluoin zone. [60] On the contraryit was demonstrated that the
chirality has a relatively low influence on the mechanical propeiidg, [62]
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Schematic representation of the formation afbon nanotubes isported in
Figure 22.

¥ Armchair:n=m

Zigzag: (n,0) é
%, 0) :

Chiral: (m,m)m £ 0

(a) (b)

Figure22 Schematic representation of the rolling up process of CNTs starting from the
graphite sheet along lattice vectors which leads to armchaizagignd chiral nanotubes
(a)and (b) The three types of nanotuba®represented as long and narrow Fullerene
capped at the end. Black line in armchair anezzaig nanotubes represent how vectars
anda, move on the graphitic lattice.

Carbon nanotubes are classified as singld watbon nanotubes (SWCNTs) and
multiwall carbon nanotubes (MWCNTs)Yhe circumference of SWCNTSs is
usually composed by only 10 carbon atoms while the thicknesdyisona atom
thick. The diameteis lower than 1 nmMWCNTSs aredescribed as a multi stack
of graphite sheets rolled up to form concentric cylinddilse diameters of
MWCNTSs is in the order of magnitude of ten nanometers. The concentrg tube
are bonded together via van der Walls forddse distance between ealeyer in

the tubes is 0.34 nm athe interlayer graphiteistances. However in both the
cases (single or multi walthe length of the tube could be higher than tens of
microns providing an aspect ratio (lengthdiameter ratio) higher tima1000.
Therefore it is possible to considerddth SWCNTs and MWCNTs as- 1
dimensional structure§63]

Schematic representation lvdw SWCNTs and MWCNTSs are formed, is reported
in Figure 23.
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Figure23 A) Schematic represeniaih of SWCNTs and MWCNTSs andtv they are
formed starting from a sgle or a multi graphene sheets and B) Transmission electron
microscopy images of MWCNTSs with different numbers of layer respectively 5, 2 and 7.
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2.1.1 CNTs synthesis

Since carbon nanotubegere discovered, different techniques were developed to
synthesizethem. Main synthesis methods for multi and single wall carbon
nanotubes include aischarge, laser ablations, gatsase catalytic growth from
carbon monoxide (CO) and several techniguesed on chemical vapor
depositions (CVD) from hydrocarbor{4], [64]i [69]. The basic feature of these
methods is the addition of energy @& carbon source in order to produce carbon
fragments (such as group or single C atoms) that can recombine in order to
generate CNTSs, as occurred in the case of the fullerene synthesis.

Arc-dischargewasused by lijima in 199%or the first preparationfocCNTs. By
creating an hot plasma discharge between two graphite electrodes, that are
connected to the power supply (fixed at 20 Volts, providing a current of 100
Ampere in the presence of a inert He gaaphotubes are generated from the
condensation of hagaseous carbon atoms generated by the evaporation of solid
graphite Arc-discharge provides the synthesis of MWCNTSs. In order to obtain
SWCNTs ametal catalyst, such as Co, Rh, Pt or Pb is requi&al, [71]
Schematic representation of alischarge system is reported Figure 24. The
graphite rods arérought together ured a helium atmosphere and a voltage is
applied. The vaporized carbon materials pass from the anode to the cathode were
re-condense forming a shell of fused materials and a softer fibrous core containing
nanotubeg59]

o linear motion
0 cathode yﬁde feedthrough
L b N
:5j growing
nanotubes L

electrode _| electrode
connection connection
L |

Figure24 Arc-discharge system used to obtain CNI1H.
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Laser ablation, the technique firstly used for the production of fullerene by
Smalley and cavorker, [52] has been improvefbr the production of SWCNTSs.

An evaporation process was used in ordervaporize carbon atoms from a
graphitic rod. The graphite source is doped with small amount of Co and/or Ni
usedas metallic catalysts to obtain SWCNTs. The starting material is vaporized
by the laser source at very high temperature, approximately 1200d€r a
constant pressure of 500 Torr in argon atmosphere. Cetbon atoms finally
condens®n a watercooled target generally based on copp&2] However, both
arcdischarge andaser ablation techniquagequire high amount of energy with
respect to the amount produced nanotubes. In fact it is reported that by using
those techniqueis is possible to synthesizeo more thariew grams of CNTs per
day.[53], [63], [72] For application in polyntrecomposites, large quantitatioé
CNTs are required. Moreover, during the above mentioned procgssities in

form of catalyst particles or amorphous carbon as well aguimrar fullerene are
producedwhich requiresa further purification steps. For all of those reasons, the
arcdischarge and laser ablations are not good candidatevaasive CNTs
synthesis techniques.

In light of this scenario, differertechniqus based on gas phasepositionhas

been developed. Chemical vapor deposi{owD) involves the decomposition of
gaseus carbon species, catalyzed by metallic nanoparticles that are used as
nucleation sites for the CNTs growth. Different hydrocagne used as carbon
species. First of all Kong dnco-worker demonstrate the possibilitp use
methane as purchase gas. GWI's were obtained at relative low temperatures
(1000°C) with the help of E®; supported on alumina used as catal{88]
Nikolaevet al. reported the gas phase growth of SWCNTSs using caniooioxide

(CO) as carbon source operating at different tempesaturd pressures in the
range of 80aL200 °C and 410 atm respectively. The highest yield of SWCNNTs
was olserved by working at 1200°C and 10 atj66] Furthermore, at Rice
uni versity, Smal | ey 6s g-upahe process dbtainiegd t h e
large quantitiesof SWCNTs. The so called HiPC@rocess(high pressure
conversion of carbon monoxidg)rovides the synthesis of SWCNTs with
remarkably purityand ithas been widely used for largeale production. In fact

CVD syntheses are considered continuous presessice carbon source is
continually replaced byhe flowing gas[53], [72] Moreover,CVD techniques
provide the synthesis of aligned carbon nanotubes with controlled length and
diametersFigure 25 show the micrograph of multiwall carbon nanotubes obtained
via plasmaenhancedchemical vapor deposition (PECVIO)Y4] As observable,
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the plasmagriginated by a DC source is able to generate well aligned multiwall
carbon nanotubes with high control in tubes length and diameters with a growth
direction that is parallel to the plasma. Plasma could be also genésatad
microwaves source (MPECVD) atso reported by Bower et §if.5]

Figure25 MWCNTSs growth via PECVIY4]

Unlike plasma enhanced chemical vapor deposition, conventional CVD
techniques could be used to obtain carbon nanotubes by using tubular furnace.
The resulting material is charadimsd by the presence of tangled spagHubdti
nanotubes with diameters that range from 10 to 50 nm and with less control over
length, diameter and structyr@s observable irFigure 26. However this
technique provide an easysynthesis for large scale productiorarticularly
indicated as filler in polymeric composite materials fi¢%8]

‘\" = .— cvg:l
p .’ -

Figure26 Micrograph of tangled spaghielike MWCNTs obtained via conventional
CVD technique.
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2.1.2 CNTsproperties

In spite of its configurations as multi or single waks, well asindependently
from synthesis routesCNTs possess extraordinary physi@ld mechanical
properties.

Since thefirst isolations, it was expected that techanical properties of CNTs

could exceed tto f al | the other materials. I n f ac
related to the cohesion of the solid, or in other words is strictly related to the

chemical bondingf the constituent atoms. Covalembnd is well known as a

strong bond that provideelastic modulus higher than 100 GRe& occurs in

graphite, diamond, SiC, BN ef@.6] Different computer simulatia@were used to

estimate CNTs propertiesirst of all, Overnay at alreported thestructural

stiffness of CNTs composed of 100, 200 and 400 atoms, in terms of low

frequency vibrational modes by using-iaiiio models. Tk r eported Young
modulus was 1500 GPa, similar to that of graphi®3], [77], [78] Further,
theoreticalinvestigations,on both single and multiwall carbon nanotubesre

conducted by several researgnoups revealing that the theoretical elastic

modulus ofisolated CNTs is higher tharTPg associated to tensile strength in

the range of 50 to 200 GH&23], [61], [62], [72], [78] [80]. Moreover, Vaccarini

et al. [81] observedthat the chirality and therefore the tube diametersnato

influence to much the mechanigabperties of carbon nanotubesghservable in

Figure 27.
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Figure27 Young's modulus for zigag and armchair CNTs. The values are given in
the unit of TPa per n (left axis) and converted to TPa (right part). Moreover, BN
nanotubes are also reported in order to compare both chirgjuwations and modulus
values[81]
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The first direct evaluation of tk mechanical properties of CNTs, was carried out

by Wong and cavorker. [82] By using an atomic force microscopy (AFM) they

were able to measure an average valuéofungdés modul us -of 1.28
discharge MWCNTSs in good agreement with the theoretical sakwethermore,

Yu at al.have investigatethe tensilebehaviorof multi and single wall nanotubes

by attaching single tube to two AFMips and loaded under tension as
schematically reported iRigure 28.

1

ﬁl L+dL
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Figure28 Schematic representation of tkeperimenial set up

They derived an elastic modulus ranging from 270 to 950 GPa for MWCNTs
while for SWCNTSs it was observed an higher modulus up to 1470 GPa. Moreover
the tensilestrengthwas in the range of 11 to 63 and 13 to 52 GPa respectively.
[83], [84]. However, different works Wwa been reported on the mechanical
properties of arbon nanotubes by using several direct and indirect techniques.
[72],[76] The results indicate that in spite of the typology of CNTs as well as the
synthesis oute that provdes an higher anadt lower amount of defestin the
tubes, thestrengthis one order of magnitude higher withspect to other carbon
form and themodulusis higher than 1 TRaesulting in a promising material for
enhancingnechanical properties afianypossible matrices.

CNTs, do not show only outstanding mechanical propertiasle3 reports the
main physical properties of CNTs, also with respecbtteer carbon allotrope
phasesAs observable, their propertie® not change to much in the case of
SWCNTSs with respect to MWCNTS. Electrical mobility, as well as electrical and
thermal conductivity exceed those of carbon allotr@resthey areoupled to the
lowest specific gravity and the highest thermal stabititgking them sugble for
specific applications.
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Property Graphite Diamond  Fullerene SWCNTs MWCNTs

Specific
gravity 1.92.3 3.5 1.7 0.8 1.8
(g/cnt)
Electrical 4000,
conductivity 10%-10%° 10° 10%-10° 10°-10°
(S/cm) 3.3
Electrical
mobility 2.0*10" 1800 0.56 ~10° 10%-10°
(cnPIVs)
Thermal 298,
conductivty 9002320 0.4 6000 2000
(W/mK) 2.7
Coefficient ]
of thermal  -1*10™P 16 o4 5 . .
expansions  2.9*10%° 2*10 6.2*10 Negligible Negligible
(K™
Thermal
stability in 450650 <600 ~600 >600 >600
air (°C)

Table3 Physicalproperties of different carbon allotropes. ppiane; c=eaxis[58]

As was explained in the previous section, CNTs couldther metallic or semi
conductive, depending on the chiral vectors. Mintmire anevaxdker [85]
reported a theoretical calculation of the electronic structure of an infinite long
fullerene tube (aliasSWCNTSs) by using a sk-consistent method useith
principle to treat long chain macromolecules. By using Gausgpan orbitals,
they were able to calculate the valence band of CNTs within -aiomensional
band structure in the first Brillouin zone as reporteHigure 29.
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Figure29 Localdensityfunctional valence band structure of Fullerene tubule
(CNTSs). Fermi level is represented by the dotted [B%%.

As observable, at 0.69 of the widdh the half Brillouin zone from the origin, a
bands crossing occursi{a) reveling a metal behavior. Fermi levé) (coincides

with this crossingAt the same time, Hamada et al. showed that the graphitic
microtubules, known as CNTs, exhibit differezlectronic properties depending

on the tubule structur¢86] By choosing different chiral vectgrthey evaluated

the band structure of the difenttubes observing that the band gap is tunable by
choosingthe tubule structurélheir local dengy fundions are reported iRigure

30. Figure 30 (a) and (e) represent the possible tube configurations, obtainable by
changing the chiral vectors while (b) and (f) represent the corresponding first
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Brillouin zone of graphene sheet and the wave vectors allowed by the periodic
boundary condition (n = 6) respectively.
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Figure30Band structures of CNTs in terms of chiral vectors as axgdain the
text[86]

Different tube configuratia leads todifferent band structures. Band structure
marked as (c) and (d) Figure 30 are reléedto zig-zag configuration (related to a
different tube diameters) while (g) is related to the armchairs nano{@édn

the first two cases, the band structure exhibits an energy gap locptadtai. A
drastic change in the energy gaps observed by increasing the tube diameters
passing from an energy gap of 8 meV to 0.697 eV by simply increasing of 1 unit
the number of construction units on the tube circumference. Morebvwers also
obseved a truly metallic behavior with a bands crossing at fermi level, in
armchair configuration aK point (ndicatedin figure g as a black harrow)
confirming Mintmire and ceworker prediction.[85], [86]. Practically, one third

of the naotubes are metallic, and two third would be moderate gap
semiconductorg53], [60], [72], [78], [86]

These predictions, generated considering interest in the direct evaluation of the
electrical conductivity, as well as electrical resistivity of carbwnotubes.
However, initially measurements weneery difficult due to the tube nanoscale
dimension therefore only bulk conductivity has been measuvegdaling a
electrical conductivity o~100 Scm. This value isunderestimatedince the bulk
conductivity is obviously Imited by the contact resistanci87] Fourprobe
measurement adifferent isolated nanotubes were firstly reported by Ebbesen

al. [88] The designed experimatsetup is reported iRigure 31. They observed

that for metallic tubes, the current density is higher th&hAtin?. Moreover,

they were able to measure thectileal resistivity of eight different nanotubes
with different radius. The obtained result indicates that carbon nanotubes possess



Carbon nanotubes 47

an electrical resistivity value in the range between’ 10 10%qm, further
confirmed by several authof85], [58], [59], [63], [72], [78],[89]

Figure31 Experimental setupsed tcevaluate the electrical conductivity of isolated
CNTs. A single nanotube is connected to foun8Dwide tungsten wires.

Thermal conductivity is another important conductive propesty carbon
nanotubesAs for the electrical conductivity, the main challerng to determine in

an unequivocallyway the thermal conductivity value of both SWCNTs and
MWCNTSs. As for the other normmetallic materials, thermal transport in carbon
nanotubes is rated to the phonon dispersion and therefore is strictly related to the
number of available phonon active modes, phgoloonon scattering, phonon
mean free path as well ktice defects[35], [90]

Since the nanometric scale of CNTs is a limitation to the commonly analytic
techniquestheoretical Bnulatiorns were used to predict CNTs thermal transport.
Berber and cavorker [91] reported amolecular dynamic simulation for the
temperature dependencéthermal conductivity of isolated (10, 16anotubeIn

this work, theyobserved thaCNTs thermal conductivity is proportional the

heat capacity andb the phonon mean free pattt low tempgerature, phonon
mean free path is essentially constant meaning that thermal conductivity is strictly
related to the specific heat. CNTs, show an unustiadlymal conductivity value

of 37000 W/mK at T= 100 K as reported Higure 32. This value is very close to

that of pure 99.9%"“C crystal at E 104 K (41000 W/mK). Howeveat high
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temperatures, thermal conductivity is more affected by thenxghanean free
path. Due to the kiklapp process, the thermal conductivity decreagéh the
temperatures increasirag 1/T. At room temperature, CNTs thermal conductivity
was evaluated as higherath 6000 W/mK which is comparable with the
hypotheticakthermal conductivity of isolated single graphene sheet.

4x10*
2 3x10% |
E ,
= 2x10% |
< )

1x10* |

0x10*

0 100 200 300 400
T K]

Figure32Themperature dependence of the thermal conductivity of (10, 10)
CNTH92]

Hone et al [93] repored the measurements of the thermal conductivity of high
purity mats of tangled nanotube bundleased on sigle wall carbon nanotubgs

in the temperature range of 8 to 350 K. Because of the irregularity of nanotubes
samplesgeometry and because of the assumptions adopted in this study, they
observed a room temperature thermal conduction in the range of58080
W/mK. More important they observed thadespite the linear temperature
dependence of the thermal conductivity below 30tiermal conductivity is
always dominatetdy phonon conduction and not by electrons as occurs in metals.
Few years laterpy using @ adhoc micro-suspendeddevice, basedksilicon
nitride/silicon oxide/silicormulti-layered systemKim and ceworker were able

to determine the thermal conductive properties of isolated MWCNI4.
Thermal conductance, measured in the temperature range of 8 kg 8¥fiease

by several orders of magnitude with the increasing eftéimperate, reaching a
maximum value of~ 1.6*10° W/K at RT. The estimation of the thermal
conductivity from the thermal conductance measurements, pso@deoom
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temperature, &alue of thermal conductivity that exce2D00 W/mK. Moreover,
it was obseved that thenal conductivity is temperatudependent as following:

1 At low temperature, between 8 50 K, thermal conductivity increase
with the increasing in the temperatures following a power law with
exponent 2.5

1 At intermediate temperature§0 + 150 K, the thermal conductivity
increase following a quadratic law a T

1 At high temperature, the temperature dependence deviates from the
quadratic law, and has a peak at 320 K.

The temperatures dependence is observable in the lower inset of the thermal
conductance graph reportedrigure 33
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Figure33 Thermalconductancef individual MWCNTSs as functionf the
temperatures. The solid lines represent the linear fits of the data reported. In the upper
inset is reported the SEM image of thelaat device used in the resela while in the
lower insetthermal conductivity is reported. Solid line represéinérmal conductivity

behavior of isolated MWCNT while broken and dotted line represent the thermal
conductivity of a small and large MWCNTs bundigg]

Furthermore, thermal condianice of isolated SWCNTs waseasuredy Yu and
co-worker[96] by using a similar device used by Kif@5] The obtained thermal
conductivity is of the same order of magnitude of MWCNTs (at same
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temperaturesdetermined byusing the same experimental setup. However, it
seems to beolver with a maximum thermal conductivity valeé about 2000
W/mK at room temperature. This is duethe fact that the outdMWCNTs wall
thatmake good thermal contact the thermal bath gigan higher contribution to

the thermal transport with respdct the inner tubes and the ratio between the
axial to the radial thermal conductivity may influence the conversion of thermal
conductance to thermal conductivity, leading to an overestimation of the
MWCNTs thermal conductivity valugo5]

2.2 Graphene

Graphene is the-8imension carbon allotrope. Carbon atoms are arrangea in
honeyomb lattice. As mentioned bef@ the International Union of Pure and
Applied Chemistryrecommendedeferringto the single layer of graphite withe

terms AGrapheneo as the bys7]l ding bl ock

It could be:

1 Wrapped into OD fullerene
1 Rolled up into 1D carbon nanotubes
1 Stacked into 3D graphite

as schematicallyeported inFigure 34.

ok
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Figure34 Graphene as the building blockadf the dahercarbon allotropef7]

Since graphene is an integral part of larger 3D graphtteyas supposed that
single layer could nagxist without a graphitic B structure. In fact, as argued by
several authorsnore than80 years ago2D materials were thermodynamically
unstable, therefore they could not exj8%] However, in 200MNovoselov, Geim

and ceworke[98] reported the first isolation of an atomic thin filrh graphite,

well known as graphene. Starting from high oriemgdblytic graphite (HOPG)
and by using a simple peeling methtltky were able to isolate and characterize
the electronic properties of few and single graphene layers. The employed method

iskn o wn

as

Aiscotch t ape om¢g Egwelb)s

Scotch tape method of making
graphene

from HOPG

of

Figure35 Scotch tape method used to isolate graphene from HEIPG
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The honeycomigraphene lattice is characterized by the presence ofliffevent
interpenetrating triangular suattices asreported inFigure 36. The siteof one
sublattice (green atoms in the figure located at the center of the trideg

defined t he

by

fi

rst

t hree

nei ghbor so

The resulting unit cell is invariant under a rotation of 120° around any lattice
point. Moreover the unit cell is characterized by the presence of two atoms,
marke as A and B in the figureThe ones and the two implanep orbitals, provide
a strong spcarboncarbon bond. Its length is 0.142 nin. contraposition with

graphite, the thirgoor bi t al
[99], [100]

provi de

an

0 u tbandsf

Figure36 Graphene honeycomb lattice based on two interpenetrating triangwar sub
latticd99]

Since the first observation, it was immediately clear that the obtained material,
was not completely based on segjraphene layers. By using a combination of
optical, electrorbeam and atomidorce microscopy, different fewayer materials
were observed by Geim and-amrker.[98] Obviously, per definition, only single
layer pased on single atomic plane) is considered to belim&nsional material,
while onehundred layes should be considered asdBnersional thin film. As
happen in the nanotubease, the term graphene is used in a gemegicnerin

order toindicate many gaphene based materialks reported in literature we
must to refeto graphene as the singdéomthick sheet arranged infoneycomb
basedsp’ lattice, that is not integral part of a carbon material but is freely

c

ar

pl ane
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suspended or adhered on a foreign sutesfiE01] With the increas of the layers
number, it must toefer as bi or trayer graphene as fretanding films or flakes
consisting of 2 or 3 welllefined and couable graphene layeMulti-layer
graphene is referred ®-dimensional materials consisting of a small number of
well-defined and countable stacked graphenerk [101], [102] Moreover, it
must be refer tgraphitenanoplateletso 2-D materials having a thickness lower
than 100 nmGraphenenanoplatelets aranother important class of graphene like
materials, based on-R2 structure with micro-scale lateral dimensigomomposed

of few graphene layefhickness in << 100 nm)101] However, it is possible to
demonstree (see graphene properties pahat the limit case between graphene
and the approaching to bulky graphite is represented by the presence of 10
graphene layer$97] Further classification must be done on the basis of the lateral
size dimensions, on the basis of the oxygen conientgraphene or graphite
oxide) as well as on the mechanisised to fabricate them (exfoliatgdaphite
intercalatedgraphite reduceegraphene oxidetc).

2.2.1 Graphene andyraphenelike materials synthesis

Starting fom the first graphene isolatipdifferent techniques were developed to
obtain graphene and graphene like materials. Essentially tvayatithpproaches
have been used:

1 Top down approach refeto those process by whichit is possible to
obtain graphene and graphene related materials starting from graphite

1 Bottom up approach referto those process by which graphene and
graphene like matelimare produced starting from carbon precursors.

Typical examples of top down approach are the mechaagcalel as chemical
exfoliation and thechemical synthesisvhile the most important bottom up
synthess are represented by the graphene epitaxialvthrochemical vapor
deposition and other synthetic rositeuch as pyrolysis and unzipping carbon
nanotubes. A schematic flow chart is reporteHigure 37.
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Figure37 Flow chart of graphene synthd4i@3]

The firstrecognizednethod to isolate graphene was made by top down approach.
[98] The energy bond associatett® van der Walls forces established between
two graphene planes in 3D graphisStructures were estimated to be equal to
2eV/nnt. An external force, provided by a longitudinal or transverse stress could
be able to separate one meastomic layer from gramte. Therequired force is in

the order of magnitudes of300 nNim?® [103] Starting from HOPG, single
crystal graphite as well as natural graphite, very different exfoliation methods
could be used in order to obtairgphene sheetof different thicknesg57], [72],

[104], [105] The obtained materialvary in terms of tltkness and size where the
sizerange from nanoto micro scale[103] Even thoughmechanical xfoliation
provides well defined high quality single and few layer graphene, its yield is too
low for commercial productionsChemical exfoliation is one of the most
commonly used methods to obtain graphene starting from graphite bulky
materials. Chemical exfoliation is a tvetep process. In the firstep graphite is
dispersed in a mineral acids mixture which initiates cleaving process. The acid
moleculescan penetrate withithe graphene layers providing an incesasthe
graphene distancesdreducing the van der Walls force. In the second step, the
intercalated graphite is heated or sonicated to get single grapherse Fayérer
purifications are neededSingle layer ofgraphene oxide could be obtained by
Hummer 6s met hods involving siianddNaNQ oxi di zir
in H,SOJ/H3PO, solutions. Under moderate ultrasonicatitime oxide layers are
exfoliated in water resulting in single or few layers graphendeof(GO). The
resulting material is characterized by the presence of different functional group
such as hydroxyl, carboxyl and epoxy groups which are present on the edges or on
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the basal planes of graphene sheet. Due to the presence of oxygen based group
GO is strongly hydrophilic (respect to the hydrophobic graphene or graphite)
resulting in a well dispersed material in water solution. However, due to the

presence of extraneous species on the graphene sheets, physical properties are to

worsewith respecto single and or few layer graphene. Further GO reduction is
required. To do this, thermal annealing (T > 1000°C ) as well as chemical
reduction has been propos¢al7], [104] Chemical reduction of GO is one of the
most canmonly procedures to prepare high quantitative of graphene. Park et al.
[106] reported a simple method to reduce graphene oxide in water solution by
using KOH. The addion of KOH to graphene oxide solution, prowdthe
formation of slightly darker suspension caused by the reaction between potassium
hydroxide and oxygen group anchored on the graphene shesetitng in an
extensive coatedyraphene with negative chasggyeThe KOH treated graphene
oxide was than mixed with a hydrazine solution (1:8 by weigHtdrazine
provides a good stability of the reduced graphene suspension in water solution up
to 7 mg/ml. This methodology is recognized as a good procedures to l(ztpe

guantitative of single | ayer graphene.

is reported irFigure 38.

Scl
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Figure38 Park's method for obtainingrmmogeneouaqueous solution of graphene

shees starting from graphitgl03]

Bottom up approads represent avell-known class of techniques that provide
good thickness control, large size and high quality single and few layer graphene.

Chemical vapor deposition ike most commonly used botteup approachCVD

provides large scale synthesis of single and few laggaphene, with low amount

of defects. Differently from carbon nanotubes synthesisn which metal
nanoparticles are used as catalyst, in the producfigraphenea metal foil is
usedto catalyze the procesd05]Due to the fAdi mensi

onal

the shape of the obtad sheets are strongly affected by the foil shape and
dimension.[72] Somani et al. repted the first synthesis of graphene sheet by

ef f
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using a thermal CVD by using camphor as carbon precuesat Ni foil as metal
templatein a moderate operating temperature rangg-800°C). Furthermore,
different metal substrateand many strategies were adopted in order to have a
better control on the layer numbers, and to minimize the graphene fahag.

et al [108] reported the synthesis of highly crgitine fewlayer graphene. By
optimizing the CVD parameters, instead of growth time, quenching rate, and
carbon sourcethey were able toobtaining high crystallindargearea(up to 1

cm?) few layer graphene. The substrate used as catabstavolyNi substrate

while a mixture of GH./H, was used as carbon sourteand coworker reported

the possibility to sustitute the nickel catalyst with copper fqiL09] By using this

new substrate, they were able to obtain film predominantly composed by single
layer graphene with less than 5% of two or three layer flakeghérmore
Bhaviripudi developed asynthesis ofgraphene flakes by using atmospheric
pressure and low pressure CVD (APCVD and LPCVD respectively) by several
gas mixture as carbon sources and copper foil as catalyst RGVD synthesis
provides the formation of large area graphene sheet with thicknedsrmity,
confirming the previously study of Land ceworker. CHWAPCVD provides
graphene growth that varied from a monolayer to multilayer domain depending on
the concentration of the gas source (methane). At a concentration of few ppm, the
resulting magrial is characterized by the presence of large area single layer while
increasing the methane concentration leads to the synthesis of multilayer graphene
structures[110] Plasma enhanced chemical vapor deposition was also reported as
another route of graphene synthesis at a lower temperature7@e08C) with
respect to traditional thermal CVD. The advantages of plasma deposition include
short time deposition (lowethan 5 minutes), and lower operation temperature.
[57] However,to complete the CVD process, the deposited metals were etched in
order to remove the graphene layers amhdfer themon the new subsite
minimizing the complicated mechanical exfoliation procgsq, [72], [103],

[104], [111]

Other bottoms up techniques, such as epitaxial growtlgraphene on single
crystal of silicon carbide and/or pyrolysis of grapleenwere reported in
literatures. However, as the unzipping CNTs methodssethpproaches are not
good candidates to obtain single or few layer graphétiehigh purity levels at

industrial levels.
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2.2.2 Graphene properties

Before starting to t& aboutgraphene properties,special mention must be done

on the relation between 3D, 2D and 1D materials, as graphite, graphene and
CNTs. Graphene could be treated as a single sheet of graphite or as an unrolled
carbon nanotubes. h& rapid progress on graphesgnthesis and property
characterizations has certainly benefited from the mature research on the related
3D or 1D structures. Therefora few years many importargraphene properties

were investigatedncluding extremely high charge (electrons and Hatesbility
(200,000 cni/Vs), thermal conductivity5000 W/mK), and the higktrength(130
GPa),coupled with the higltheoretical specific surface area (2608gy and half
integer quantum Hall effect even at ambient temperatuvoreover, it is
transparat to the visible light[57] However, as for the CNTs case, the most
important exploited properties in the polymeric composite materials field are the
mechanical, thermal and electrical propertj2$2]

In general,mechanial properties of a crystallineolid are controlled bythe
characteristics of its pristingrystal lattice and structural defects like dislocations
and grain boundariefl13] Since graphene is based sp’ covalentbond, it was
predicted that its mechanical properties could exceed those of all the others
materials. Starting from theoretical studies above mentioned on the meditt
carbon nanotubes mechanical properties, several researchedetermined the
intrinsic mechanical properties of single, and few layer graphene by using several
techniques. First of all Lee et 4lLl14] reported the measurement of the elastic
properties and the intrinsic strength of single graphene layer by using atomic force
microscope nanrndentation technique# monolayer was deposited @ilicon
substrate. This substrate is characterized by the presence of circular holes,
providing an empty space under the graphene layer. By using a diamond based
AFM tip, they were able to characterize the elastic modulus and the intrinsic
strength of sigle layer graphene. Schematic representation of the experimental
setup is reported irFigure 39. The obtained values (E=1.0 TH&; 130 GPa) are

in good agreement with theoreticmputer simulatior{113], [115]

Further investigations (by using the same technique) performed-lagens and
tri-layers graphene revedl that the elastic modulus and intrinsic strength are
almost constant. In factwasobser ved t hat t he I&biungds
and trilayer graphene are all identical, within the experimental error, and are
equal to the modulus of bulky graphifg#16] However, mechanical properties are
strongly affected by the presamof defects. Typical defects in graphene are: (i)

mo
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vacancies, (ii) dislocations, (iii) StofWales defects and (iv) grain boundaries
(GBs) composed of dislocatiorf&17]i [120] Dislocations can serve as carriers of
plastic flows, while GBs areesponsible of graphene strength decre@bkE3]

Figure39 Schematic set up used to measure ggaphmechanical properties. (A)
Graphene layer deposited on Si stdtst (B) AFM non in contact measurentest
graphene deposited on silicon hole substrate, (C) schematic representation of
experimental set up, (performed graphene layer (AFM imaggk)4]

In addition to mechanical properties, graphene shows interesphygsical
transporting behaviomsreported inTable 4
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Property Graphite  Graphene SWCNTs

Electrical 4000,

conductivity 10* 107-10°
(S/cm) 3.3
Electrical
mobility 2.0*10" 2.0%1¢° ~10°
(cnPIVs)
Thermal 298,
conductivity ~5000 6000
(W/mK) 2.
Coefficient 3
of thermal  -1*10*° . -
expansions  2.9%10° Negative  Negligible
(K
Thermal
stability in 450650 >600 >600
air (°C)

Table4 Main physical graphene, graphite and SWCNTSs properties.

As mentioned in the introduction part, graphene lattice could be represented as
two interpenetratig triangular sulbattice. Thesingle s and the two in plan@
orbitals provide strong covalent band/hile the third out of plang orbital
hybridize to form” (valence) and * (conduction) bands. It is possible to
demonstrate that in the Block band deswmns, the orbital energies depend on
the momentum of the charges in the first Brillouin zone. In it, the valence and the
conduction bands are decoupled frdme G-0* bands providing that and”* are

closer to the Fermi level forming a conical vallelgatttouch aK andK §9] as
reportedn Figure 40.
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Figure40 (A)Band structures of graphene, (B) Representation of the honeycomb
lattice of graphene as two interpenetrating-laitices(left) and its relative Brillouin
zone.[99][121]

As observable, gragme is a zero gap semiconductar which valence and
conductionbands(that are linear function of the momentyimmeet at the mas
symmetric poinK andK @n the first Builloun zondreported inFigure 40 b). The
electron speed is independent from the momentum and it is a cofisfant/s)
likely the phonon speed is. From the quantum mechanics point \aéws,
electrors in graphene, are represented as ntass particles (also vanishing their
intrinsic small massjlescribedas Dirac fermions able to cross between valence
and conductive bands at the boundaries.[97], [99] This paricular band
structure provided by the honeycomb lattice symmetrgonfers particular
electronic properties to graphene such as ambipolar field effbet effectis
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related to polar inversion of the charge carriers as function of the applied external
voltage.In positive gate bias Fermi level rise abd¢eand K 6points promoting
electron population into conduction band, while when the applied voltage is
negative the Fermi level drop below, promoting holes transport in the valence
band.[57] Charge carriers, electrons as well as holes, can be tuned continuously
in concentratiome=ny, > 10"* cm? associated to anobility carriersthat exceed
15000 cm/Vs evenat ambient conditionsHowever, charge moliy is weakly
affected by the temperatures, meaning that it is limited by impurities scattering.
[97] Electrical conductivity estimated up 10" Sicm (see table 4js provided by
those exceptionaletativistic conductive behaviors. Howewtis band structure

and therefore this behavior related to single layer graphene that for several
applications in polymeric composites materigsich as industrial polymers
masterbatch preparation)s not a well suitable candidate.On the contrary
graphene nanoplatelet®uld be more indicateto overcomethis drawback. As
mentioned beforewith the term graphte nanoplatelets is possible to indida a

class of graphene like materials, based ons2icture wih thickness lower than

100 nm. f the thickness is much less than 100 nm (i.e. 10themgraphene like
material is refered as graphene nanoplateleRemembering that, interlayer
distance btween stacking graphitic layer@s34 nm, grapite nanoplatelets could

be represented as a thin film composed~3p0 graphene layerddowever,
several authors considered 100 graphene lagersa thin film of 3D materials
opening questions on how manyéas are needed before the structure is regarded
as 3D. It was shown that the electronic structures, rapidly evolve with the layer
numbers approaching the 3D limit at 10 lay¢®3] In fact, Partoens and Peeters
[122] reported a theoretical study in which they exaithe band structures near

K point for bi, tri and few layes graphene The obtainedband structuresire
reported inFigure 41 for single layer (a), blayer (b) and bulky graphite Xc
respectively. As mentioned until now, single layer graphene shmamé crossing

atK point as zerggap conductors. The upper inserFigure 41 (a) also show the
linear dependence between energy and momentum near the sympoattic
While single layer is characterized bye presence of one energy level;layer
graphene is characterized by two different energy levels, providing a parabol
energymomentum relationship. There is a clear small band overlap between
valence and conduction bands of only 1.6 meV provided by the interaction
betweentwosub at t a¢ ® m8 B . The system based on twi
semimetal but with an eximeely small band overla@-his overlap is also present

in bulky graphite. However, graphite show three distinct energy bgrieh,B; as
observablein figure. Energy band g is twofold degenerate leading to a band
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overlap of ~41 meV which is 25 times lagg than e overlap of biayer
grapheneBy considering how the band structure ni€gpoint evolves to graphite
structure researcherwere able to estimate the band overlap (difference between
the last and the first buildingsEevel) of finite layer sy'em. The horizontal line in
Figure 41 (d) is related to the limit of bulky graphite. Is possible to observe that
for more than 11 layers the difference between few layer graphene and graphite is
smaller than 10 % demonstratingttihe approaching 3D electronic structures of
graphiteoccursat 10 graphene layers.
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Figure41 Calculated band structure of (a) single graphene layer,-{ay&i
graphene and (c) graphite. The upper insert in (a) and (bfacasanear K point
respectively. (d) is the energy band overlap value estimated. Horizontal line at 41meV is
related to the graphite bulky limits.

As reported in table 4, graphene thermal conductivityanether important
intrinsic characteristic thabald be exploitedto increase the #rmal conductivity
of polymers.

Starting from theend of the last century, thermal conductivity of graphite and
related materials (i.e. amorphous and pyrolytic carbon) has been studied due to its



64 Carbon based narfdlers

fundamental importancen nuclear industry.Figure 42 shows the thermal
conductivity values of bulk carbon allotropes as function of temperature.
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Figure42 Thermalcondudivity of bulk carbon allotropes as function of the
tenperatures[33]

In all bulk carbon allotropes, thermal conductiond@minatel by the acoustic
phonons. As observable, in amorphous carbon, thermal conductivity varies from
~0.01 W/mK up to~2 W/mK and it increasemonotonically with temperature as
expected for disordered materialBamondshowsthe highestvalue of thermal
condudivity. At room temperaturat is estimated higher than 2000 W/mK.
Pyrolytic graphite and pgtrystalline graphite are refexs high purity oriented
pyrolytic graphite and highurity pitchbonded graphite respectively.As
observable fronthefigure pyrolytic graphite has an iplane thermal conductivity
that is more than two orders of magnitude higher with redpeits crossplane
conductivity. Despite of one order of magnitude in difference betwsgolytic

and polycrystalline grapte, the differencebetween cross and in platieermal
conduction,n polycrystalline graphitas less pronounceddoth the materials are
polycrystalline. However, pyrolytic grapgh is based on highly oriented
crystallites providing higher thermal conductivity while polystalline graphite is
based on different largaotin-plane orientedcrystalites leading toa higher
amount of incoherent scattering process but resulting in a lower discyepanc
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betweencross and ifplane thermal conductivityThis means that, the thermal
conductivity of graphitic planes is strongly affected by grain size and by their
orientation andof course by their quality and purity33]

Ferrari and caworker [123] observed the evolution of the Raman spectra from
single to multilayer graphene demonstratitfte possibilityto estimate the layer
numbers fromthe Raman shiftlt was demonstrated from several authidr24],

[125] thatthe temperature variation of Raman spectra of carbon based materials,
such as CNTs, is related to a downshift the mode frequenciewith the
temperature increasing. Starting from these resdifferent efforts have been
made on the use of Raman spectroscopy as a tool to evaluate the thermal
conductivity of graphene and graphene like materials. First of diizdCat al.

[126] reported for the first time the temperature dependéndbe range between
-190° to 100° C) of the Raman spectra of graphene and ntayters graphene
observing a linear dependence between G peak position with the increasing
temperatee for both single and Bayer graphenas reported iffigure 43.
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Figure43 Raman G frequency for (a) single and (b) bi layer graphene as function of
temperature.

The relationship between mode frequeand thetemperature is represented by
1 7 ?4 where the temperature coefficieat(curve slope)determing the
frequency shift(y) of the G peak mde o) when the sample temperatuse
increased by 1 K.

Starting from this observation, Balandin andvearker reported the thermal
conductvity andysis of suspended single graphene lalygrusing optothermal
Raman techniquenlfact the frequency depdence of G peak Vs temperature
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allows us to convert Raman spectra intopti cal t 38 momet er

Experimental setup is reported Rigure 44 in which single graphene layer is
suspended on &i/SiO, hollow substrate clampeid a heat sink. The temperature
increase @) is related to the heating powep) provided by the laser source.
Locally, g is determined bygl=g¥ac. It is possible to demonstrate thidie
thermal conductivity could be evaluated by knowing the peak shift provided by
the power source variation ntiplied by temperature coefficient and by several
geometric factors.

Micro-Raman spectrometer

]

Focused laser light Suspended graphene

Heat sink

Optothermal Raman
measurement technigue

Figure44 Experimental setup used to determine the thermal condyativsingle
layer graphene by Balandin andworker.

By using optothermal Raman spectrogy, Balandin and eworker were able to
estimatea thermal conductivity of single layer graphene as high as 5000 W/mK.
[127] Moreover they also confirmed that the thermal conductivity in graphene is
carried out by phonon dispersion ahdtthe eleatons contribution is negligible.
Furthemore, Ghosh andcto-worker reported the optotermal Raman analysis for
different few layer graphendrom n=2up ton=10 were n indicates the number of
layers). Roorrtemperature thermal conductivity is reported FHigure 45. As
observablestartingfrom themaximumthermal conductivitypreviouslyreported
from Balandin for single graphene layefd27] a decreasing in the thermal
conductivity was observed related to thereasing of the layers number reaching
the bulky graphite limits at n=4This is due to an increasing of the available
phonon disprsion modes resulting in a transverse component different to zero (as
occurs to single layer).

C
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Chapter 3

Materials and methods

In this chapter, the lists of the starting materials and the methods used to fabricate
andto characterize the nanocomposites are reported.

In this thesis work, several polymers were used as eceataind different carbon
based nanomaterials were used as fillehe polymesfiller coupling was chosen
according to the final purpose.

This chapters is divided in three masectionsaccordingto the three main
chapters dealing wittesult and discussion.

3.1 GNPs based polymeric compositematerials with
enhanced thermalconductivity

To investigatethe effect of the graphene nanoplatelets on the thermal conductivity
behavior of polyreric composite materials, different polymers (both
thermoplastic and thermosetgre used as matrices while three different graphene
nanoplaglets and a natural graphite were used as filler.

The polymer matrices, used as starting materials were:

1 Polypropylene, PP HP500N purchased from Basell
1 Acrylonitrile Butadiene Styrene, ABS Cycolab by Sabic
1 Thermoplastic polyurethane, TPU Desmopan fromeBa



70

Materials and method

1 Bisphenola-epichlorhydrin epoxy resiooupled with Triethylenetetramine

used as curing agent, Stru&soFix purchased from Struers.

The carbon based materials used as fillers were:

1 Graphene nanoplatelets GAbcr, purchased from ABCR Gute Chemie, with
a thickness of 6 to 8 nm x Bn wide

1 Graphene nanoplatelets GAbcr_25, purchased from ABCR Gute Chemie,
with a thickness of 6 to 8 nm x 26n wide

1 Graphene nanoplatelets Grade 4, @ddduced by Cheaptube Inc. whit a
plane dimension of 1 to Pm and thicknes lower than 4 nm when
exposed to high shear or sonication.

1 Natural graphitdlakes purchased from Alfa Aesar with median size of 7
to 10pum, metal basis with a purity level of 99%.

In Table 5 the specific properties of thariousfillers are reported

All

Filler Short name Thickness (nm) Wide (um)
GNPs Abcr GAbcr 6-8 5
GNPs Abcr  GAbcr_25 6-8 25

GNPs Grade< G4 <4 1-2
Graphite Graph >10 7-10

Table5 Main filler properties.

the purchasedmaterials were used without furthe modification and

purification.

Fillers characterization waserformed by exploiting several techniques

1 Field Emission Scanning Electron microsgpy: FeSEM from Zeiss
Merlin to investigate fillers morphology at diffetemagnification

1 X-Ray Diffraction: XRD measurements were performed using a Siemens
D500 diffractometer (CUKU radiation) in the range between 10 to RD
degr ee 2dsiep di 0.02° fapa step time okBconds
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1 Raman spectoscopy:the spectravere colected by means of a Rehaw
Ramascope MicroRaman, 554 m excitation in the range between 500 to
3500 cnt'

1 Thermogravimetric analysis: TGA was performed in inert atmosphere
(Ar) with a MettlerToledo TGS/SDTA851e instrument in the temperature
range betwen 25 to 700 °C with a heating rate of 10°C/min.

1 Filler density: it was measured using an automatic density analyzer
Ultrapyc 1200e from Quantachrome industrids.was used as gas probe
at 18 psi.

To process thermoplasttompositesthe meltblending echniqueollowed by the
injection molding process was uséddrst of all,the required amount of polymers

and fillers were mixed together in an internal mixer Brabender operating at 190
°C for PP and TPU or at 240 °C for ABS. Since the loading process was
conducted at 30 rpm, the mixing process was conducted at 60 rpm for 3 minutes.
The obtained composites, weregmnulated by means of a RSP 15 cpgre

rotor granulator made by Piovahhe obtained pellets were finally process with a
Babyplast injection moulding machine, operating on molten materials
temperature of 190 °C for PP and TPU and 240 °C for ABS. The injection time
was of 7 seconds at 75 bar and 6 second at 55 bar for a total time cycles of 20
seconds in order to obtain the final dogne speimens (ISO 527 standard,
specimens 5A). The processing parameters were selected in accardimg
supplier datasheet.

Thermoplastic based compositesre characterized by means of:

1 Optical microscope: Leica DMI 5000 M. A surface, parallel to the
injection molded flow was observed at 200 X after polishing process by
means of Jum diamond paste.

1 Field Emission Scanning Electron microscope:FeSEM from Zeiss
Merlin. Cryofracture surface was observed. To avoid charging, a few
nanometers layer of chromium waesposited on the sample.

1 X-Ray Diffraction: XRD measurements were performed using a Siemens
D500 diffractometer (G4KU radiation) in the range between 24 to 29
degr ee 2dsiep di 0.02° fapa step time of 2 seconds

1 Tensile test:it wascarried out at room temperature on dmme samples
by using a Sintech 10D testing machirn experimental procedure

accordingto 1ISO 527 standardvas adoptedYoungoés modul us

y
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strength and elongation at break measurements were determined by using
an extensometer with a gauge length of 50 mm at a crosshead speed of 10
mm/min.

1 Thermogravimetric analysis: TGA was performed irinert atmosphere
(Ar) with a MettlerToledo TGS/SDTA851e instrument in the temperature
range between 25 to 700 °C with a heating rate of 10°C/min. DTG curves,
were calculatedromTGA thermograms. TGA was also used to evaluate
the degradation process of thelymeric composites, using an isothermal
treatment carried out for 90 minutes at the starting degradation
temperatures.

1 Differential scanning calorimetry: DSC were performed with a Netzsch
DSC 204 F1 Phoenix System in the temperature range-80rto 50 °C
for PP and P®ased nanocomposites, and for TPU and -based
nanocomposite, and from 30 to 350 °C for ABS and ABSed
nanocomposites, with a heating/cooling rate of 10°C/min under nitrogen
flow (50 mL/min). For each experiment the sample was Heétem
starting to final temperature and then cooled for two times. The first
heating/cooling cycle waperformedin order to eliminate the thermal
history of the samples. The thermal transitions of the materials studied
were measured on the second heétimgling cycle.

1 Thermal conductivity: it was investigated at room temperature using the
Hot Disk Thermal Constants Analyser equipment (Hot disk TPS 2500).
Each sample was measured five times, and the obtained data were
processeas function of the samplesdsity in order to obtain the specific
thermal conductivity.

To process thermoset materials sevdisppersion processwere adopted. First of
all, the stoichiometric amousibf the epoxy oligomer and thairing agenivere
mixed together. The filler waslded inorder to create a mixture whietasthen
processed accordity to the following different dispersion techniques.

1 Hand mixing. The mixture was manually mixed for 2 minutes with the
help of a glass rod.
1 Ultrasound sonication bath. Af t er and i misxi nigtbe pr ocess
mixture was processed by means of an ultrasonic bath for 15 min by using
a Soltec sonica ultrasonic cleaner 2400MH S3.
1 Sonication probe.Thefiller and epoxy resin wenmixed together with the
help of a glass rod. After the homogaation stepprobe sonication was
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conducted using a Sonics vibra cell VCX730%: inch sonication tip at

30% amplitude for 15 minutes, corresponding to roughly 505 used
During ths sonicationprocess the temperature increasan causehe
oligomer and curing agent mixture to start the crbisking process.
Therefoe to avoidthis undesired process, the curing agent was added at
the end of the sonication process.

Three rolls mill. The mixture was processed by means of a three roll mill
equipment Exet 80E. Three rodl mill (TRM) is a calendaring machine
based on three different rolls able to rotate in the oppdséetion Three

rolls mill is able to achieve a good nafitbers disaggregation and
dispersion due to the combined effect of the high shgdarcesandthe
continuous matrix mixingSchematic representation of TRM is reported in
Figure 46. The mixture was loaded between the first and the second roll
(Feed roll) and it was collected at the end of the last roll (Apod). It is
possible to work in two different modes: Gap mode and Contact mode.
In the Gap mode it is possible to set the rolls distances at a fixed values,
while in the contact mode, the roll al forced to be in contact. The roll
speed velocity is anér parameter. The roll speed velocity is linked by a
1:3:9 ratioand according to the mass balance a ratio as 3:1 has to be set
between gap 1 and gap 2. By varying these parameters, different shear
stresses occur in the suspension and therefore thetg@ifahe dispersion
process can be tuned. In this work, several set of parameters were chosen
in order to better understand the effect of the processing parameters on the
filler dispersion. The different three rslill cycles, will be presented in

the dapter 4.

Despite the adopted technique, the resulting matexi@te cast into aylindrical
mouldto let crosdinking occurs at room temperatuie 12 hours.

To characterize thermoskased nanocomposites, the following techniques were
adopted:

M

Thermal conductivity: it was investigated at room temperature using the
Hot Disk Thermal Constants Analyser equipment (Hot disk TPS 2500).
Optical microscope: Leica DMI 5000 M. A surfacevas observed at
200X, after polishing process by means qirh diamond pste.
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i Field Emission Scanning Electron microscopeFeSEM from Zeiss
Merlin. Cryofracture surface was observed. To avoid charging, a few
nanometershick layer of chromium was deposited sample.

i Electrical conductivity. It was measuredoy using an Agilent34420A
NanoVolt/MicrooOhm Meter equipment. Resistance was measured at
room temperature (23C) using a fowpoint setup, by placing the clips on
the polished surfaces without any conductive paste.

ﬁ Apron roll
Feed roll 7 N

Figure46 Schematic representah of the three roll mill equipment

3.2 Laser printed conductive tracks on MWCNTsbased
polymers surface

An industrial polycarbonate/acrylonitrileutadienestyrene PC/ABSolend filled
with 2.25 wt. % of multiwall carbon nanotub@dWCNTSs) was used as starg
material.
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The matrix was purchased from Covestro withe commercial name
ABAYBLEND @and 3illéd with MWCNTs NC7000 byNanocyl. The
specific chara@risticsof the MWCNTs NC700@rereported inTable 6.

Properties Value Unit Method of
measurement
Average diameter 9.5 10°m TEM
Average length 15 pHm TEM
Carbon purity 90 % TGA
Transition metal <1 % ICP-MS
oxide
Surface Area 250-300 m?/g BET
Volume regcstivity 10* gcm Resistivity on
powder

Table6 Characteristicef NC7000. Data obtained from tpeoducerdatasheet

Starting from thecommercial masterbatch, three different formulation (at 0.5,
0.75 and 1.0 wt. % of MWCNTSs) werprepared by means of the adni of
unfilled matrix. The dilubn process was carried out by means of a twin screw
extruderThermo Haake Eurolab 16 (16/25). The obtained materials were than
processed by means of injection molding process in order to obtain a 140x90x3
mm plats by using a Sandretto MICRO 65 machiner fthermoplastics.
Moreover, dogoone ASTM D638 type V specimens were obtained using a
Babyplast 6/10PBasic injetion parameters were selectadcording to supplier
datasheet. To avoid thermal degradation, the tempesatiitee main three zones
were fixed at 25255260 °C.

To obtain electrical conductive path on the surface of the filled polymer,,a CO
laser Towermark XL from Lasit, emitting in the infrared range=st0600 nm
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was usedAs will be better discussed in the Chapter 5, it is possible tafynibge
different parameters

Power

Frequency

Defocus

Writing speed
Number of repetition

=A =4 -4 -8 4

Laser process was conducted under nitrogen flbavanalyze the effect of the
different parameter®n the laser treatment response, a design of experiment
(DOE) approach was adopted. Therefore, all of the parameters and their
combinatiors were modified in according to the DOE. For each combination of
laser setup parameters, 4 diéfet tracks were produced with a length of 10 cm at

a distance of 1 cm. The surface was gently clean with a jet of compressed air in
order to eliminate carbonaceospecies not well adherent to the surfatke

DOE analysis was conducted with the helph# software Minitab for statistical
calculation.

Nanocomposites characterization was carried ouinbgstigating the following
properties and using the following characterization techniques:

1 Electrical resistance:the measurement wasarried out by meansf two-
point probe digital multimeter Keithley 2700 with a full scale of 12 M
The measured data were normalized on the tracks length obtaining the
values of the surface electrical resistance per length ungrarda better
contact between steel probe and the conductive tracks, a very low amount
of silver-based conductive paintas deposited at the beginning and the
end of the tracks.

1 Field Emission Scanning Electron microscope:FeSEM from Zeiss
Merlin was used in order to evaluatee laser tracks morphologies. To
avoid charging, a few nanometers layer of chromium was depaosit the
sample.

1 Surface tracks topography:it was evaluated by means of profilometer
confocal microscope Leica DCM8.

1 Thermogravimetric analysis,: TGA was performed in inert atmosphere
(Ar) with a MettlerToledo TGS/SDTA851e instrument in the temperature
range between 2@nd 700 °C with a heatig rate of 10°C/min. DTG
curveswere calculated on TGA thermograms.
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1 Differential scanning calorimetry: DSC were performed with a Netzsch
DSC 204 F1 Phoenix System in the temperature range 36otm 300 °C
with a hating/cooling rate of 10°C/min under nitrogen flow (50 mL/min).
For each experiment the sample was heated from starting to final
temperature and then cooled for two times. The first heating/cooling cycle
was performedin order to eliminate the thermal hosy of the samples.
The thermal transitions of the materials studied were measured on the
second heating/cooling cycle.

1 Tensile test it was carried out on the delgone specimens by using a
dynamometer Instron 5544 equipped with 2 kN load cell.

3.3 Hybrid carbon-based material for electrical and
thermal conductivity

To obtain hybrid carbobased materials with enhanced electrical and thermal
conductivity the following process was adopted.

An industrial high density polyethylene (HDPE) filled with 6 wt. % OM@NTs

was usedOne must refer to this material as starting masterbatch. Unfilled HDPE,
commercial name Lupolen 4261 A@as purchased from Basellhe MWCNTs
used as filler are the wdlhown NC7000 from Nanocylalready used and
presented iTable 6.

Moreover, starhg from the unfilled HDPE, two secondanyasterbatches were
homemadeprepared by means of the wkhown internal mixing process by
using an internal mixer Brabender operating at 200 °C. The neat HDPE was filled
with 12 wt. % of graphene nanoplatelets GAbcr_25 or with 12 wt. % of natural
flakes graphiteThis two fillers were choseaccording to the chapter 4 outcomes.
Their specific properties are reportedrable 5.

To obtain hybrid mateals, the starting masterbatatontaining MWCNTs was
mixed with the homemade preparedasterbatches a fixed proportion of 2/3
and 1/2 by means of twirscrew extrudereistritz ZSE 18 HP The resulting
materials were than processed by means of injeatiolding with the help ofhe
Babyplast injection molding machine. First of all dagne specimens (ISO 527
standard, specimens 5A) were obtainddoreover flexural bar specimen
(80x10x4 mm) were alsprocesse@ccordingto ISO 1.
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Finally to achieve gab electrical conductivity the laser treatment was carried out
on the dog bone specimeascording to the chapter 5 outcomes

To characterize the hybrid materials, as well as the industrial masterbatch and of
course the unfilled neat matrix, differenttt@cques were adopted.

1 Thermogravimetric analysis TGA was performed in inert atmosphere
(Ar) with a MettlerToledo TGS/SDTA851e instrument in the temperature
range between 25 to 700 °C with a hegtrate of 10°C/min. DTG curves
werecalculated fronTGA thermograms.

71 Differential scanning calorimetry: DSC measurementsere performed
with a Netzsch DSC 204 F1 Phoenix System in the temperature range
from 25to 200 °C with a heating/cooling rate of 10°C/min under nitrogen
flow (50 mL/min). For each experimerthe sample was heated from
starting to final temperature and then cooled for two times. Trise f
heating/cooling cycle was performead order to eliminate the thermal
history of the samples. The thermal transitions of the materials studied
wereinvestigdedon the second heating/cooling cycle.

1 Tensile test:it wascarried out at room temperature on dmme samples
by using a Sintech 10D testing machine. The experimental procedure was
defined according to | SO 527 standard.
and elongation at break measurements were determined by using an
extensometer with a gauge length of 50 mm at a crosshead speed of 10
mm/min.

1 Flexural test, were carried out at o temperature on flexural bar
specimens Zwick Roell ZwickLine z050 testing machine. The
expermental procedure was definadcording to ISO 178 standard.

1 Thermal conductivity: it was investigated at room temperature using the
Hot Disk Thermal Constants Analyser equipment (Hot disk TPS 2500).
Eachsample was measured five times.

1 Electrical resistance the measurementascarried out by means of two
point probeby using an Agilent 34420A NanoVolt/MictOhm Meter
equipment.The measured data were normalized on the tracks length
obtaining the values of the surface electrical resistqac length unit. To
have a better contact between steel probe and the conductive tracks, a very
low amount of silvetbased conductive paint was deposited at the
beginning and the end of the tracks.
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Chapter 4

GNPs based polymeric composites
materials with enhanced thermal
conductivity

AnPart of the work described in this
Appl . Polym. Sci. 2017, 134, 448140

4.1 Preface to chapter 4

As reported in the first part of the manuscript, due to several features such as
lightweight, easy processing for integrated parts or complex geometry, electrical
tunability behaviors as well as chemical stability, polymers with enhanced thermal
conductivity has been attracted the attention from both academic and industrial
researchers. Ecttronic thermal sink for LED devices, electronic packaging,
automotive electronic control units, are some of the most impdidas that can

take advantagifom those materials. Moreover, several efforts have been devoted
to implement the use of therihyaconductive polymers in solar and batteries
industries.[38] Furthermore, liquieto-liquid, liquid-to-gas and ga®-gas heat
exchangers wergevelopedo exploit polymers corrosion resistanfE28]

chap
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To achieve high thermal conductivity high filler loading is needed (up to 40
wt.%). High filler contentresults in gpoor composite processability associated to
an increasing inhe relative comgsites densityHow to reducdiller loading and
keepthe same thermal conductivity is a significant challefi@fs.

Tekce and cevorker reportd the filler shape dependence obnductive
polyamidebased copgr composite. By properly chooddferent shapef copper
based powders, as spheres, plates and short fibers, they were able to demonstrate a
strong dependence between filler morphologies ammposites thermal
conductivity. High thermal conductivity associated to a low amount of filler was
achieved by using short fiber based copper powd@@] Furthermore,
Kemaloglu et d. [130] reported the effecton the thermal conductivity
enhancement of different micro and nasipe boron nitrite (BN) filhg silicon
rubber.The authorglaimed that the highest thermal conductivity was achieved by
usinga filler with high aspect ratio. This is due to the abilityféom a conductive
path through the matrix able to promote thermal conduction at low filler content.
Moreover, an increasof about 10 times of the neat matthermd conductivity

was observed at 50 wt.% filler loading.

As reported in the introduction parcarbon based nanomaterials present the
highest aspect ratio associated to the highest thermal conductivity and the lowest
relative density. This open up to the possibility to obtain high thermal conductive
polymer composites by using low amount of filler solving several drawbacks as
poor procssability and density increase

Since CNTs were widely used as thermally condectimedium, several
parameters havieeen recognized to play an active role on the overall thermally
conduction including preparation techniques, CNTs dispersion and distribution as
well as CNTs alignment. Obviously an active role is played by the coupling of
CNTs typlogies and matrices in terms of polynider interface. Most of those
factors are often interrelated. However, several interesting and exhaustive reviews
were published tillnow with the aim to analyze each of thei®5], [38], [53],

[58], [72], [131})[134] In contraposition graphendayer and graphene
nanoplatelets are still young materials. Thereftre study & graphene and
graphene nanoplatelets as thermally conductivelerdil for polymer
nanocomposites an attractive field of research.
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Khan et al[135] investigated the effect of different micro and named carbon
fillers, such as carbon fiber (CF), multiwall carbon nanotubes (MWCNTSs) and
graphene nanoplatelets (GNPs) on the thermalgpties of polyphenylene sulfide
(PPS) based composites. By using a simple melt compoundinganiifowed

by compression moldingprocess, authors were able to obtain PBSed
composites filled with different concentrations (up to 30 wt.%) of the thmb®ca
based materials. Despite the amount of fillers, the higher thermal conductivity was
always achieved by using graphene nanoplatelets with respect to MWCNTs and
CF, thusdemonstrating the potential application of GNPs as thermally conductive
fillers. The highest thermal conductivity was 1.9 W/mK at 30 wt% GNPs content.
However, for all the three types of fillers, thermal conductivitgsidmot change
significantly after a certain filler concentration. The same trend was also reported
by King et al.[136] In this work, researchemparedhe electrical and thermal
conductivity of polycarbonate (PC) filled GNPs with respect to CNTs and carbon
black (CB). Despite the lower electrical percolation threshold observed for CNTs
and CBwith respect to GNPs~{, ~2 and 4 vol.% for CNTs, CB and GNPs
respectively), the higher thermal conductivity was always observed for GNPs
filled PC, reaching a maximum value of thermal conduction of 0.49 W/mK at 15
wt.% loading (approximately 9.6 vol.% @&NPs). Kalaitzidou and eworker
reported a new compounding methods to obtain GNPs based1®H. A
significant CTE (coefficient of thermal expansion) reduction~20-25% was
observed in both transverse and longitudinal directions at 3 vol.% of QNEs.
maximum observed thermal conductivity was six times higher with respeetto

PP at 25 vol. %. Due to the highjtane thermal conductivity of graphitic layers,

it was expected ra higher increas of the composites thermal conductivity
However,the analytical method used to its evaluation is strictly affected by fillers
orientation within polymer matrix[138] In addition tothermoplastic matrices,
several efforts has been devoted to thermoset (like epoxy) based composites. This
is due to the possibility to use different, and relatively low cost, dispersion
methods. [57], [137] Chandrasekaran et aJ139] reported the temperature
dependence (between 30 to 100° C) bé thermal conaktivity of GNPsepoxy
based nanocomposites obtained by using calendaring dispersion method. A linear
dependence between temperature and thermal conductivity was observed.
Maximum thermal conductivity~0.22 W/mK) was achieved at 2 wt.% atlefr
loading & 100 °C. A low filler content (0.30.5 wt.%) the auttors observed a
sharp increasef the electrical conductivity due to formation of a percolative
network able to promote electrical transpohrough epoxy matrix. This
discrepancy in the electrical/tmeal behavior could be explained by considering
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that in the electrical conductivity case, the clustermed by the conductive

fillers alone contribute to the overall conductivity while thermal conduction is

related to the acoustic phonons and thereforeixato-filler interface leads to the

|l ack of the ther mal Apercol ation curveo.
Moghadam and cworker [140]. They observed an increasing of about 80% of

the room temperature thermal conductivity at 2 wt. % of Gbi&ed epoxy resin

(with respect to neat nrat), while a drastic decreasm the electrical resistivity

(from 10"°to 1Pq *m) was achievedireadyat 1.5 wt. % of filler loading.

To achieve good interaction between filler and matrix, several chemical modified
GNPs were coupled with epoxy resirB 'y u s i-amig-oprdipdxyltrietoxy

s i | aomRS) Gahguli et al[141] were able to graft silane group on the surface
of exfoliated graphite. Kemically modified fillers were dispersed into epoxy
resin and the thermal conductivity was evaluated as function of filler content.
Improved thermal conductivity was observed for chemically functionalized
exfoliated graphite with respect to unmodified teyss. Moreover, neoovalent
functionalized graphene/epoxy nanocomposites were reported by Teng-and co
worker. By using a chemical oxidation route (Hummers method) followed by
thermal reduction, authors were able to obtain graphene sheet starting from
natual graphite. A nofcovalent functionalization by using pyreaed
poly(glycidil methacrylate) (PPGMA) was performed and the functionalized
graphene sheet were dispersed in epoxy resin. Thermal conductie{yory
based composites with GMA-graphere sheetincreased about 16.4%
compared with that of pristine system at 1 parts per hundred rubber (phr)
loading[142] Furthermoreto overcame thermal resistance issues, Corrbi]
reported the synthesis of sslanding 3D aerogel structure based on thermally
reduced graphene oxide. ®uto the highly filler orientations a thermal
conductivity improvement of more than 25% was achieved at very low filler
concentration (0.27 wt.%).

It is obvious that several efforts have been made on this topic. However, most of

the authors often used flifent fillers purchased from several industr{@sth

different grade ardr obtained with unknown proce=g while other researchers

used -+Hnhdme graphene obtained from differ
starting from the easiest PP up to PPS (passiraugh several industrial epoxy

resin) different matrices were studidd. addition to meltblending which is a

consolidated technique to process thermoplastic polymers, some difficult,

expensive and potentially environmental harmful reactionse weporéd to
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disperse graphedike materials within both thermoplastics and thermoset
matrices. Furthermore, very different fillers concentratiere dispersed within
matricesthus achieving very different increasethe conductive properties. It is

also impatant to observe that at each combination of the above mentioned
strategies, different thermal behaviors were reported. For all of these reasons it is
very difficult to compare the available data. Due to the fact that the researchers
used commercially oredf-made materials, with different grade, purities and
morphologies, obtained by particular synthesis utet fully characterizedin

most of the casespnd dispersedn different matrices by means of different
dispersion methods, at this stage thg geints concerning the effectiveness of
GNPs for increasing the thermal conductivity of polymeric materials are not
compl etely clear. Il n other words the follc
real role played by GNPs in polymeric composite makerwith enhanced
thermal conductivity and which is the main property of the fillers that allows to
obtain the final resul t?o

In order to try to answer to this question, the present worls tonfocus the
attention on the effect of different GNPs on therthal conductivity behavior of
polymeric composite materials. Three different thermoplastic materials were filled
with two commercially available GNPs and with a commercially available natural
graphite used as a reference. Thermoplastic matrices wedebillasing the same
amount of fillers (5 wt.%) and by using the same dispersion technique.
Furthermore, in order to analyze the effect of the different amount of fillers, and
in order to understandthe relationship between thermal conductivity and
disperson degree, a commercially available epoxy resin was usadhagix and
several dispersion methods were comparedefde starting to talk about
composites materialgrocessing and properties full fillers characterization will

be presented.

4.2 Fillers Characterization

Two different kind of commercially available GNPs were used as filler: GNPs
Abcr, produced by Abcr with a thickness e86im x 5 um wide and GNPs Grade

4, produced by Cheaptubes with a plane dimensior2ofith and thicknes®wer
than 4 nm when exposed to high shear or sonication. Natural graphite flakes
produced by Alfa Aesar with a mediaize of 710 um (purity 99% metal basis)
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were also used as referenTeble 7 reports the specific propertie$ the different
fillers employed.

Filler Short Thickness Wide Aspect Density
name (nm)* (um)* ratio® (g/em?®)©
GNPs Abcr  GAbcr 6-8 5 ~700 15
GNPs
Graded G4 <4 1-2 >350 2.1
Graphite Graph >10 7-10 ~160 2.2

Table7 Propertieof the diffaent fillers. A)datafrom supplier data shed?)
Geometrical aspect ratio, obtained using both supplier data in dsoparth FESEM
observation. Cllata obtained using a Helium pycnometer.

To characterize GNPs and graphite powder, difteearailable techniquevere
used. First of all fillemorphology was investigated by means of FESEM analysis.
Figure 47 show the morphology of employed fillers at different magnification

(500 and 50 kX).

Magnification 500 X Magnification 50000 X




GNPs Grade 4

Graphite
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500 nm

Figure47 FESEM micrographsfe@mployed fillers at different magnificatiarScale
bar10pum and 500 nm on low and high magnification pictures respectively.

Both GAlkcr and G4 are characterized by the presence of agglomerated multi
layer graphene sheets. This is probably due to the graphene restacking provided
by van der Walls forcesccurring at the endf the synthesis rout¢57], [105],

[112] At low magnification is possible to observe that the filler dimensions are
always in good agreement with supplier datasheets. While most of the GAbcr
flakes are in god agreement with the supplier datasheet, GAbcr micrograph also
show the presence of several bigger and smaller flakes resulting in an average
value of 5um wide. On the other hand G4 is characterized by a narrow size
distribution near 2um. At 50 kX G4 sbws a most regular structure with respect

to GAbcr, that revea an indented morphologystead This is probably due to

the different (unknown) synthesis route adopted by the supplieesmicrograph

of the graphite, used as reference, also shows tlsemre of bigger and more
compact agglomeragavith respect to the GNPs onésom the FESEM images, it

was also possibl® observe ahickness of natural graphitaultilayers(reported

on the supplier dataheet as higher than 10 nm) in the range of 50 @n the
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basis of both supplier and FESEM camnes it was possible toalculate the
geometrical aspect ratio, reportedrable 7.

As reported in introduction parts, carbon materials can exist in different allotropic
forms. To eah of them correspolda different Xray diffraction pattern. To
analyze the crystalline phase of the involved fillers, XRD analysis watuctad

in the range between 10 aB8 2.. XRD normalized pattes of GAbcr, G4 and
Graphite are reported iRigure 48. No significant differencewere observed for

the different carbonaceous fillers. All of the XRDesjra show the characteristic
diffraction peaks (002) and (004) of graphif# located at 26.4° 2 (d=3.37 A)

and 54.7° 2 (d=1.68 A) respectively. The peaks located in the rdrus 42° to

45° 2« are related to (100), (101) reflexes of hexagonal graphite and (101) reflex
of rhombohedral graptd. Finally, no evidence of amorphous phase was found,
and no difference, for all the involved fillers, were observed in term of intensity
ratios of diffraction peaks, that are in good agreement with the liter&&iNEs
materials show off the same gragphstructures of natural graphite. This is due to
the presence of no isolated single layer graphene while the materials are
characterized by an ABABAB stacking graphene layers typicalf hexagonal

(2H) graphite. A small amount of rhombohedyedphiteexists in natural graphite

due to a stacking defect producingge tABCABC stacking sequencfl41] The

same rhombohedral structure was observed in both GAbcr and G4 probably due to
the precursors used for the synthesis. In fact, despite the unknown process adopted
from both ABCR and Cheaptubes industries, by combiniBGEM aml XRD
analyses with the literature data, it is possible to itifat the adopted precursor

for both GAbcr and G4 synthesis wasatural graphite.
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Figure48 Normalized XRD patterns of GAbcr, G4 and graphite powdersppreu
insert, a focus of the diffraction peaks in the range of 2 theta between 42 and 45 degree
is reported.

Until now, no particular differences were observed between the involved fillers.
Of course from FESEM analysis was possible to observe a difface in the

fillers dimensions, that are in good agreement with respect to the supplier
datasheet, while all of them are based on a graphitic structure. The same structure
was observed by means of Raman spectroscopy.

It was demonstrated the possibilityastimate the number of graphene layers by
the evolution of the Raman spectrfl23] Even thoughthis feature is only
relevant for islated and/or suspended systerRaman spectroscopy is an
important tool for the characterization of carbawes materials. The Raman
spectra of graphene nanoplatelets GAbcr ancc@kcted in the range between
500 to 3500 cr, are reported iffigure 49in comparison with the Raman spectra
of the employed natural graphite.
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Figure49 Raman spectra of GNPs, GAbcr, G4 and Graphite powders.

All the collected Raman spectra are characterized by the presence of the typical D,
G and 2D Raman pealcharacteristicof graphitic matdgals. The most intense
signalsare the G peakplaced at ~1580 cih) and the 2D band loted in the range
between 2500 an2800 cni (historicallyalson a me d
associated with the doubly degenedgteonon mode at the center of the Brillouin
zone, is the only band thistassociated to the normal first order Raman scattering
process in graphene and related graphitic materials. On the other hand, the 2D
band is related to the second order process of-aonredary phonons. Moreover,

D peak located at ~1350 ¢hfone halfof 2D peak) is related to the presence of
edgesin GNPs or graphite lattic¢100], [123] Raman spectroscopy also provides
and quality characterization of the nanofillers under
investigations through theomparison of the intensity ratios between G and 2D
peak (IG/I12D) and between D and G peaks (ID/I@).fact, since G band is
related to the first order phonons scattering, it amges to the in plane vibration

of s carbon atoms. In other word, it iglated to the amount of graphitic
structures irgraphite, graphene and related GNMsreover, it was reported that

the 2D peakintensityis strongly affected by the number of graphene layéii,

[123] Mathenatically speaking it is obviously that an high value of IG/I2D ratio is

an easy structural

Go) .,whiths G band
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provided by a highly graphitic structure based on few graphene layers while, at
the same time, this highly graphitic structure is probably associated to a low
amount of defects providg a low value of ID/IG ratio. However, for this
evaluations we considered not the maximum peak intensity but the area of the
Gaussian curve that $ithe peak, obtainday using a Matlab Gaussian fit. Raman
peak ratis for the involved fillers, are repad in Figure 50. The higher 1G/I2D

ratio combined with the lower value of ID/IG of the GNPs G4, indicates that this
nanofillers show a higher level of purity arldwer defectswith respect to the
GAbcr and the graphite. On the etthand, graphite also shows lower amount of
defects with respect to the GAbcr but this can be probably due to the higher plane
dimensions that minimizes the effect of boundary defects.

I GAbcr|

. G4
05- N Graph |

0.4

0.3

Ratio

0.2

0.1 4

0.0 -

1G/12D ID/IG

Figure50The IG/12D and ID/IG peaks areatioscalculated fronRaman spectra of
GAbcr, G4 and graphite.

Finally, thermogravimetric analysis was performed in inert atmosphere (Ar) on
each carboibased material from 25 to 700 %@th the aim of investigatingheir
thermal stability.The analyses we performed after sample treatmémt 24 h in

an oven at 80°Cperformedin order to eliminate thenoistureadsorbed on the
surface of the powders. The TGA thermograms are reportgdure 51.
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Figure51 Thermogravimetric curves of GNPs G4, GAbcr and Graphite powders.

As it is possible to see, GAbcr shows lower thermal stability with respect to
graphite and G4. The weight loss percentage, at 700° C, is 6.7% for GAbcr and
only 0.3% for both G4 and grajp powders. This trend was nearly expected from
the EDS outcomes given that this sequantitative analysis performed on each
untreated sample revealélifferent ratios betweenarbon, oxygen andhetallic
impurities: 96:3:1 wt.% for G4, 98:2:0 wt.% for gphite, and 95:4:1 wt.% for
GAbcr. The higher content of oxygen within this last filler is likely responsible for
the formation of enhanced amounts of gaseous products during the TGA run.

At the end of the fillers characterization process, it was podsita#ribute better
intrinsic properties to graphene nanoplatelets G4 with respect to the other
counterpartslt is important to obgs®e that the intrinsic grapher@, more in
general the intrinsic graphitic materials properties are strongly affectatieby
defect presencand by its graphitic structure. Despitee lower plane dimension,

G4 shows the lower ID/IG Raman peak ratio providing the highest graphitization
levels associated to the lowest amount of defect. This was also confirmed by
thermogravimg&ic analysis that revealsgoodthermal stability up to 700°C. The
same thermal stability behavior was observed in the natural graphite. However,
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due to the highest thickness and due to the presence of the highest amount of
agglomerated structures, thengloyed graphite is characterized by the lowest
aspect ratio. Finally, it was observed that GNPs GAbcr possess the lowest thermal
stability associated to the highest amount of defect. Moreover an indented
structure was observed by means of FESEM analysis.

4.3 Effect of GNPs on the thermal conductivity and
mechanical behavior of thermoplastic polymer
nanocomposites

In order to analyze the effect of GNPs on the thermal conductivity enhancement
of polymeric composites materials, first of all three different thetastic
polymers were filled with 5 wt.% of the employed carbon based materials.

The polymer matrices used starting materials were:

1 Polypropylene (PP)
1 Acrylonitrile butadiene styrene (ABS)
1 Thermoplastic polyurethane (TPU)

These matrices were chosen nde@r to cover a wide range of thermoplastic
materials. In fact PP is recognized as the most important polyolefin while
ABS is a well know copolymers. Finally, TPU was chosen as an elastomeric
polymer. Moreover, thse three thermoplastic matrices were getec
because of their wide range of application fields, due to their relatively low
cost, high processability, good final mechanigabperties and lower
environmental impact with respect to all the otltemposites based on
thermoset$144]

The polymeric nanocomposites materials were prepared by means of the
well-known melt blending technique, using an internal mixer Brabender,
operating at 190 °C for PP and TPU, or at 240 °C for ABS, at a screw speed
of 30 rpm. The iflers, GNPs and graphite, were added at 5 wt.% to the
molten polymer and the screw speed was increes@d rpm for 3 minutes.

The obtainedchanocompositanaterials were rgranulated by means of a
RSP 15 opeitype rotor granulatoproducedby Piovan. Aferwards they
were remelted and processed with a Babyplast injection moulding machine,
with a meling temperature of 190 °C for PP and TPU or 240 °C for ABS,
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injection time of 7 s at 75 bar and 6 s at 55 bar and a total time cycle of 20 s,
in order to obte the final dogbone specimend.he processing parameters
were selected according to the suggestions hif tnaterial supplier
datasheets. Schematic process chart flow is reportedure52.

Thermoplastic Polymeric Melt

Pellets: PP, ABS, TPU Blending

GNPs: G4, Gabcr Polymer
Or Natural Graphite Nanocomposites

Injection
Moulding

Nanocomposite
Specimens

Figure52 Schematic nanocomposites chart flow production

The prepared nanocomposites were named in accoring MWG 0
nomenclaturewhere M is the polymer matrix, W is the filler weight percent
(5 wt. %) and G is the involved filleNine sets of samples were olbizd
and labelleds:

1 PP5GAbcr, PP5G4, PP5Graph.
1 ABS5GAbcr, ABS5G4, ABS5Graph.
1 TPU5GAbcr, TPU5G4, TPU5Graph.

Moreover, unfilled matrices were labellad PP, ABS and TPU.

The dispersion of GNPs and graphite within the thermoplastic polymer
matrices was inwigatel by means of optical microscapyA surface
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parallel to the direction of the injection moulding flow was polished by
means of 1 um diamond paste and the polished surface was observed at
high magnification (200X). A# is possible to observe iigure 53 a rather
homogeneous dispersion degree of fillers, appearing as bright gptis,

was achievedh all the prepared sampledthrmughsome aggregates of filler
particlescould be detected. By using optical microscope it is also possible
to observe that the plane dimension of the employed fillers are different as
was put in evidence by FESEM analysitn fact, GAbcr based
nanocomposites, are characterized by bigger bright spots with respect to G4
counterparts. No particular differences were detected by comparing the
dispersion degree of the same nanofillers within different matrices.

60 um
—

Figure53 Optical microscope images (200X, scale bap6f) of PP, PP5GAbcr,
PP5G4, PP5Graph (a, h,drespectively), ABS, ABS5GAbcr, ABS5G4, ABS5Graph (e,
f, g, h, respectively) and TPUPU5GAbcr, TPU5G4, TPU5Graph [, m, n,
respectively).
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Nanocomposites cryofracture surface was eobsd at high
(50kX) with the help of FESEM equipment after chromium metallization
process. Cryofracture surfaceadf prepared nanocompositereported in

Figure 54. First of all a significant degree of interaction between matrices
and fillers was achieved without using any compatibilizer. Graphite based
composites show bigger agglomerate of particles with respect to GAbcr and
G4 nanocomposites. Howevefiller dimension seems to be in good
agreement withthe startingpowder dimension, revealing that during the
melt compounding process no plane breakage occurs due to the sheer stress
applied Finally, no single layer sheetgere detected. This was alsother
confirmed by XRD analysis.

Figure54 FESEM micrograph&50 KX, scale bar 500 nhof cryofracture surface of
PP5GAbcr, PP5G#P5Graph (a, b, ¢ respectively), ABS5GAbcr, ABS5G4, ABS5Graph
(d, e, f, respectively) and TPU5GAhdPU5G4, TPU5Graph (g, h, i, respectively).
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XRD is an effective method to evaluate the interlayer changes oflagei@d

filler in the nanocomposites materigl$46] Therefore, XRD analysis was used to
investigate the possible changes in the degrégearfcalation of the GNPs and the
graphite flakes after the compounding proc€sgure55 reportsparts ofthe XRD
patternsof the different nanocomposites filled with GAbcr (a), G4 (b) and
graphite (c) focused o(002) diffraction peak. Only the first diffraction peak is
reportedherdue to thenuch lowintensity of the (004) diffraction peak. The black
line indicates the position of the powder diffraction peak centered at 26.4° 2 theta
degrees
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Figure55 XRD patterns of composites materials containing GAbcr (a), G4 (b) and
graphite (c) focused on (002) diffraction peak

It is evident that, for all the prepared samples, there is not a shift tdoveed

theta angles which coulplossiblearise from polymer chain intercalation within
graphene layers. On the contrary it is possible to observe a slightly shift of the
peak at higher valseof 2 theta degreesyith amaximum?2 theta value of 26.54°

for PP5Graph. fis shift is probably due te@sidual mechanical stressesusedy

the compounding process.
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At the end of this first part of composites chaeaization it is obvioushat all the
fillers are present as unmodified paglwithin the polymer matricesd not as
exfoliated single grdpene layers. Furthermore, this was also confirmed by the
mechanical properties.

Tensile test was performed on the dog bone spesimesrder to investigate the
effect of the employed filler on the mechanical properties of polymeric
composites material$n fact, one of the most important differences between the
involved matricesand their composites deal with theechanical properties. The

neat ABS matrix is a rigid copolymer with an elastic modulus of more titan 2
GPa and an elongation at break of 4%. t@e contrary, PP is an elastic polymer
with much lower modulus andeformation at break of more than 500%. A similar
behavior is show by the elastomeric TPU which shtve lowest elastic modulus.

The mechanical propertiec¥ o ung és Mo d u | gthsand defeenmason &te st r e n
break) of GNPsased and Graphdsased polymer nanocomposites agported

in Table 8. The obtained results for HRased composites clearly shdhkat the
presence of the carbdrased fillers induces an i@ss on the matrix elastic
modulus. This is probably due to the reinforcing effect played by the fillers within
the polymeric matrix. PBased nanocomposites silo@ Young o s modul us
increase of more than 380%hen filled with GAbcr, and over330% for the
samples containing graphite. Lower increment was observed by using GA4.
Moreover, PP based composites show a slight decrease of the tensile strength
associated to a greatduction of the elongation at break. This is probably due to
the hindering effect ingced on thenotion ofpolymeric chaindy the presence of
particles and agglomerates of GNPs or graphite. Different trends occur for the
ABS-based nanocomposites. ABS5GAbcr and ABS5G4 shioigher elastic
modulus values with respect to the sample fillethwgraphite. Tensile strength is

only slightly affectedby the presence of fillers as well as the deformation at
break. Finally TPtbased materialsometimess how an i ncrease of t
modulus(up to 100%when filled with GAbcr) even though it remas very low.

In addiction TPU5Graph sh@na cleaiincrease in tensile strength, contrary what
happened for all the other nanocomposites. These improvements very likely are
due to the very poor mechanical properties of unreinforced TPU. Summarizing, in
evely case, GAbcr addition leads to a higher improvement in tifaests respect

to G4. The lowestiffness increase for Gdased nanocompositesith respect to
GAbcr, can be attributed to the lower aspect ratio. The presence of the different
nanofillers indices a noticeable decrease of the elongation at break for PP and
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TPU, butthey display onlysmaller effect for ABSnatrix composites since the
ABS matrix itself undergoes only little deformation at break. Howelier kind

of trends are typical fopolymeiic compositedilled either with nano or micro
particles, confirming that the dispersed carbon based materials aretpassen
inclusions and not as single layeaterias.

Samples E66(Gpa a ( MPa Def. %

PP 0.53+0.05 40.0£5.0 >500
PP5GAbcr 2.56+0.21 33.4+0.2 7.5+0.6
PP5G4 1.98+ 0.02 32.6x1.9 9.3+£4.0
PP5Graph 2.31+0.14 36.4+ 1.2 10.6x 1.6
ABS 2.85+0.18 48.1+£ 0.2 4.7+0.3
ABS5GADbcr 3.86+ 0.21 455+ 0.2 4.0+ 0.6
ABS5G4 343+0.74 44,6+ 0.2 4.4+ 0.6
ABS5Graph 3.12+ 0.25 47.6x1.3 3.8+£1.2

TPU 0.010+ 0.001 14.3+ 1.0 > 500
TPUSGAbcr 0.020 £ 0.001 13.8+ 0.6 175+ 16
TPUS5G4 0.010 £ 0.001 13.8£ 0.5 450+ 100
TPUS5Graph 0.010+ 0.001 17.1+ 0.5 200+ 100

Table8 Mechanical properties of GNfmsed and graphiteased nanocomposites
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Thermogravimetric analysisTGA) was performed from 25 to 700°C in inert
atmosphere (Ar) in order to study the thermal stability of the polymer
nanocomposites contang GNPs. TGA was also used in order doeck the
amount of nanofillers dispersed within the polymeric matrix. Megght of the
residue experimentally detected, were in good agreement with the theoretical
content of GNPs or graphite introduced withie thermoplastic polymer systems
during the melt blending. As summarizedrable 9 and shown irFigure56 (a) for

the PRbasd nanocomposites, the additiohGAbcr and G4 lealto an increase

of more tha 20°C of the temperature of at which 5% of weight loss is observed
(Ts). The increase of the temperatures at which there is 50% of weight kges (T
was found to be 14°C for PP5GAbcr and 11°C for PP5G4 respectively. However,
the best improvement of theetimal stability was obtained by adding 5 wt. % of
graphite flakes to the PP matrix, with an increment of 31°C §aantdl 18°C for

Tso. Conclusively alarger effect on thermal stability was observed for graphite
flakes, followed by GAbcr and G4 which sugtggethat the stabilization depends

on the particle size. Similar results were also reported in literatdren
comparing the effect of double wall carbon nanotubes (DWNT) and multiwall
carbon nanotubes (MWNT)147] It can be inferred that thermal stabilization is
more pronounced when the dimension of the nanofillers is higher, because the
protection action can be attributed to a barrier effect implying a hindered transport
of degadation product from the condensed to gas phase. In addition impurities do
not seem to play an important role in the thermal nanocomposites decomposition.
[148] On the other handf both ABSbased and TPased nanocomposites, no
significant changes were observed in the degradation temperatures for all the three
different fillers (GAbcr, G4 and graphitegs evidenag in Table 9 and Figure 56

(b) and (c).DTG curves (reported in the inset graph) reveal that only for the PP
based nanocomposites a significant increase of the temperature for the maximum
rate of degradation occurred. In the case of TfRaEed nanocomposites, a two
stepdegradation process was found, not related to the presence of BN#)s.
Moreover,Figure56 (d) reportsfor all the prepared materialse TGA isotherral
analyses, performed at the temperatures at wihiel6% of the weight lossas
observedor the neat matrices (390°C, 366°C and 332°CHB, ABS and TPU
respectively).lt is clear that the presence of GNPs or graphite increased the
amount of the residue after 90 minutes only inld@Bed composites. In fact, while
theneat PP matrix was completely degraded the other materials had up to 40% of
residual char. The &bcr shows the bésresult probably owing to a better
dispersion within the polymer matrix. Regarding the samples based on ABS and
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TPU, the TGA isothermal analyses showed no difference in the degradation
behavior when filled withGNPs or graphite. After 90 minutes of isatinel
treatmentthe same amousf residie were detected (near 25 wt. % for ABS
based materials and 40 wt. % for TPU and Tlded composites). The better
stability improvement of PRbased composites is probably due tobetter
adhesion and compatibilityebwveen filler and polyolefin respect to-polymer

and elastomer.
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Figure56 Thermogravimetric analyses of PRsed (a), AB®ased (b), TPWased (c)
materials in Ar atmosphere. (d) TGA isotherm performedsat T

Finally DSC analges were carried out to complete the thermal properties
characterization. PP is a seamystalline polymer, while ABS and TPU are
characterized by the presence of amorphous phase only. As can be e In

PP melting tempetare in not influenced by the presence of the carbon based
fillers. Moreover, the same behavior was detected concerning glass transition
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temperature. These outcomes corroborated the choice of the operating
temperatures used for the melt blending process.

Samples Ts(°C)*  Ts(°C)* Tmax(°C)° T4(°C)* Tm(°C)°

PP 390 444 436 -20 180
PP5GAbcr 414 459 460 -20 180
PP5G4 417 455 461 -20 180
PP5Graph 421 462 462 -20 180
ABS 366 407 400 115 -
ABS5GAbcr 366 414 402 115 -
ABS5G4 366 414 401 115 -
ABS5Graph 366 414 402 115 -
TPU 332 394 374/414 -25 -
TPUSGADbcr 332 394 373/413 -25 -
TPUSG4 332 394 373/414 -25 -
TPU5Graph 326 387 373 -25 -

Table9 TGA and DSC outcomes f@NPs ad Graphite based nanocomposites;
Temperature at kich there is 5 ath50 wt.% of weight loss by TGAy Temperature of
the maxmum peak of degradation by DTG,T, and T, values determined by DSC in

nitrogen.
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Focusing the attention on the main aim a$ thiork, specific thermal conductivity

of all the wfilled and carbon filled polymerare shownin Figure 57. Thermal
conductivity analyses were performed as a function of the different fillers within
the different thermoplastic polymeric matrices. The data reportigluire arethe
average values of five measuremearsd thestandard deviationlgss than 0.6%

in every caskgis put in evidence
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Figure57 Specific thermal conductivity of the neat thermoplastic polymers and of
polymerbased nanocompositeontaining 5 wt.% of GAbcr, G4 and graphite

As expected thaddtion of 5 wt.% of the carbon based fillers always led to an
increase of the thermal conductivity of neat polymeric matrices. In every case, the
maximum increments were obtained by using GABhich causedn increase of
thermal conductivity greater than 76% with respect to the pure matrices. G4
addition allowed to achievédetter properties with respect to graphite in PP and
ABS, but lower performance in TPU composites, as also report@dbie 10.
However, the G4 based materials always exéibitomparableconductivity
values with respect to graphibesed nanocomposite. It is also interesting to
observe that the thermal conductivity enhancement of Gbased
nanoomposite is still the same despite the imgstnatrix.
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These results seemed in contrast with the outcomes expected on the basis of the
filler characterization.In fact, better properties were assigned by Raman
spectroscopy, TGA and FESEM/EDS (due to tigh lpurity and number of

layer) at graphene nanoplatsleG4 with respect to GAbcr and, of course,
graphite.

All the specimens were preparading the sam&veight ratio between the fillers
ard the polymeric materials. In fact this is the simplest wayesghcomposites
materials. However, it was further observeg (beans of helium pycnometers)
significantdifferences between the densities of the fillers. These differences can
be appreciated also by comparing the volume of 1 gram of the different fillers
(Figure 58). Therefore the different volume fraction of the filler with respect to the
matrix has to be taken into accoufit36] In fact, nanocomposites c@amning
GAbcr, had a higher volume fractiof thie filler with respect to the same matrix
filled with G4 or graphite, as reported Table 10. The different volume fractions
could affectthe thermal conductivity of the final nanocomposites.

Figure58 pictures of 1 grams of the employed fillers

However, also after normalizing the results to the highest value of\vidleme
fraction no changes in trend were observed. The highest thermal conductivity
enhancement was always achieved by using GAfith respect to G4 and
graphite. Moreover G4till showed higher conductivitgnhancement with respect

to graphite in P-composite while graphite showed betparformance in TPU
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based materials with respect to G4 counterpart. Finally comparable increagent

observed for both G4 and graphite filled ABS materials as reportEure 57
and inTable 10.
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Figure59 Thermal conductivity enhancement expressed as increment % of each
nanocomposite with respect to the neat matrix (delta k) and theoretical increment
normalized with respect to the highestume fraction of filler(delta k_norm)

Theoretically specking, this result can be explained by the low boundary model as
reported m equations 15. In fact, suetbmodel assumes that there is no particles
interaction and that each of them exhibits an isolated effect minimizing the effect

of the fillers on the composite thermal conductivity, especially at low filler
concentrationg.32]

(15)
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Additional improvement of the thermal conductivity of the nanocomposites by
using filler with higher thermal conductivity could be negligible when the ratio
between the filler thermal conductivity anlde matrix thermal conductivity is
over 100[135] In fact, by looking at equation 1%, is clear that the {/ki goes
drastically to zero resulting in a composites thermal conductivity that is strongly
affected by the matrix conductivityhis means that, for low amounts of filler, the
thermal conductivity, purity, and concentration of the filler are not the ke
parameters which enhandbe thermal conductivity of the final composite
materials.On the contrary, th&ey role is played by the aspect ratio, plane
dimension and the dispersion degree of the GNPs.

As reported by Balandii33] in GNPs the thermal transport is limited by intrinsic
properties, or by extrinsic effect, such apbnboundary or defect scattering.
This means that for higher plane dimension, phdmaumndary scattering process

is limited with respect to GNPs with lower plane dimensions. Since mean free
path in GNPs, is 775m, [150] the coherence scattering processuns more
times in GNPswith higher planalimensions. In fact, Nika et al. reported a simple
method for calculating thermal conductivity of GNPs from a theoretical approach,
demonstrating that, for small flakes, thermal conductivity has a stronger
dependace on lateral size. This becomes less important for flakes with a
dimension higher than 10 unjl51] Probably h G4based nan@omposites,
thermal conductivity is limited by the presence of a higher amount of interfaces
and their thermal resistaa, while in GAbctbased materials it is more limited by
defect presence. Concerning grapiptdymers composites, the higher plane
dimensions desnot lead to a higher increase in conductive properties, due to the
lower aspect ratio, which results in tlaegest interface between filler and matrix
because of the greater thickness. In addition, it seems more difficult to disperse
fillers with | ower di mensi on, as occurs f
with the present results, thus demonstrating taral size is the crucial point in

the choice of GNPs for increasing the thermal conductivity of polymeric matrices.
In fact, in spite of the higher amount of defects present in GAbcr, the higher
lateral plane size plays a crucial roleimproving trermal conductivity, thus
allowing to obtain better results.
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Samples k + SD? ok 09 Wt%°© Vol.%°¢  gk_norm®
PP 0.27 £ 0.1% - 0 0 -
PP5GAbcr 0.48 £ 0.5% 78 5 3.0 78
PP5G4 0.32+0.1% 19 5 2.3 25
PP5Graph 0.29 +0.1% 7 5 2.1 14
ABS 0.19%+ 0.2% - 0 0 -
ABS5GAbcr  0.34+£0.3% 79 5 3.5 79
ABS5G4 0.24 + 0.2% 26 5 2.6 37
ABS5Graph 0.23+0.1% 21 5 24 34
TPU 0.21 + 0.6% - 0 0 -
TPUSGAbcr 0.37 £ 0.2% 76 5 3.8 76
TPUS5G4 0.25 +0.4% 19 5 2.8 27
TPU5Graph 0.27 £ 0.2% 29 5 2.6 45

Table10 Specific thermal conductivitga) ;(b) Thermal conductivity enhanment (c)
filler content both in wt. and vol. % (dhermal condcutivity enhaement normalized
with respect to the higest filler vol.%.
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Finally, thermal conductivity was measured fiiferent percentages of graphene
GAbcr in PP matrix in order to anaby the effect of the filler concentration. In
Figure 60 specific thermal conductivity of RBAbcr at different filler contents (1,
2.5, 5 and 10 wi) is repored. Asit can be seenthe increase of filler
concentrationleads to an increase on the thermal conductivity of final
nanocomposites. A maximum value of specific thermal conductivity up to 0.66
WemP/gm*K was obtained by using 10 W of GAbcr, that correspnds to an
increag of more than 140 % with respect to the unfilled mathixaddition the
same value of conductivity of PP5G4 containing 5% wt. of filler was achieved
using only 2.5 web of GAbcr, which highlights the crucial role played by the
filer morphology in the ehancement of thermal conductioof polymeric
composites.
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Figure60 Speciic thermal conductivity of PiPased GAbcr nanocomposites at
different filler concentratin (black square) and thermal conductivity enleament with
respect to the neat matrix (blu circle)
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4.4 Effect of the dispersion degree on the thermal
conductivity of GNPs-based nanocomposites

As reportedn the previous sectigmpolymers with enhanced thermal conductivity
can be obtained by filling severalatnices with thermally conductive fillers. The
GNPs are the most@mising fillers able to improvpolymers properties.

By filling three different thermoplastic matrices with different GNPs purchased
from different industries with different grade and pyriit was possible to
demonstrate thatin spite of the filler puritiesthe main filler characteristic
responsible for the improvement thiermal conductivity is the lateral flake
dimensions. However, this trend was observed by filling polymeric matnitles

the same amount of fillers by means of the same dispersion technique.

To understandhe effect of the dispersion technique adopted, here we report a
study in whi©h a commercial epoxy resin wddled with the previously
characterizedarbon based lfers, and by exploitingeveral dispersion methods.
Moreover, the effect of different amount of content will be further analyzed.

Epoxy resin based on bispherseépichlorhydrin is a sloveuring liquid resin
which posse®s a viscosity value suitable fgrrocessing compositdsy using
several dispersion technicgieand suitable for providing a wide processing
window before the crodink occurrenceln fact, the curing process occuns24

hour at room temperature afthie addiction to the resin of thequired amount of
curing agent (triethylenetetramineyhich progressively leads the formatiorof
crosslinked solid méerials. For this reason, this epoxy resin was chosen as
starting matrix.

The materials were preparday mixing the stoichiometric awunt of the epoxy
oligomer and theuring agentThe filler was added inrder to create a mixture
which wasthen processed accordjrno the different dispersion techniques. Four
dispersion techniques were compared

First of all hand mixing technique wasrducted with the help of a glass rod.
Ultrasound bath and sonication probe were also used as dispersion methods. In
both thee cases the process was conducted for 15 minut&€ke specific
processing parameters for #eamost commonly used technique ar@aded in

Table 11.
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, Filler .
Sample Epoxy Amine WE% Preparation methods
P“fe 25 3 0 Manual mixing
resin
TQ 25 3 2 Manual mixing
Bath 25 3 2 15 minute ultrasound bath
. L 0
Probe o5 3 5 15 minute sonication probe at 30 % ¢

the maxpower

Tablell Preparation methods adopted to create composites by means of the most
commonly used techniques. EpetofAmine wt. % ratio is also reported.

Finally three rolé mill equipment was used as dispersion methartording to
the literature Three Rols Mill (TRM) is able to achieve a good nafitbers
disaggregation and dispersion due to the combined effect of the high shearing
forces with the continuous matrix mixing139], [140], [152] As reported in
materials and methods pait,is possible to work in twdlifferent modes: gap
mode and contact modi the gap modé is possible to modulate the distance
between the different rolls in order to obtdhle best fillerdispersion in the
polymeric matrix. In contact mode, the different rolls are in contactt@mach
other providingthe highestshear stress to the system. Different threes nalill
cycles were testeih order to analyze also the effect of thffatent parameters.
The adoptedhree rols mill cycles are reported ifmable 12.
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Three rolls mill Cycles

Sample Epoxy Amine Filler

wt.% Cycle Gap Gap Contact rpm
1 2

3 45 15 no 600

1 25 3 2
3 15 5 no 600
3 45 15 no 600
2 25 3 2 3 15 5 no 600
3 0 0 yes 300
A 25 3 2 9 45 15 no 600
9 45 15 no 600

B 25 3 2
9 15 5 no 600
9 45 15 no 600
C 25 3 2 9 15 5 no 600
3 0 0 yes 300
9 45 15 no 600
9 15 5 no 600

D 25 3 2
3 0 0 yes 300
3 0 0 yes 300

Table12 Three rolk mill cycles adopted in this study. Gapl arap@ are expressed
aspm.
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As observable fronthe tabletwo different group of cycles were adopted. First of

all cycles labelled as Cycle 1 and Cycle 2 were investigate. Cyelgrésents the

less sever conditions The resin pagsthrough the rol for sk timesaccording

to the gap mode Gap distance was maintained constant for threest@né5 and

15 um (between the first and second roll, and between the second and the third
respectively) and then reduced to 15 andrband the mixture was processed fo
morethree times. Cycle 2 was developed on the basis of Cycle 1. However, in this
case the resin passthough the rolls three more times in contact mdzkside
them, four additional cycte (labelled with letters A, B, C and D) were
investigated Startng from the Cycle A all the others were designed the bais

of the previous ones hincreasingthe number of passages through the rolls and
stress theapplied to the mixture. The rolls speed has been kept constant at 600
rpm in the gap mode and 300 rpmmen the rolls are in contactwhich are the
instrumental limits).

Independentlyfrom the dispersion technique adopteiitst of all graphene
nanoplatelets (GAbcr and G4) graphite were added to epoxy matrices at 2 wt.
% filler content. Onceghe compunding was completethe resulting material
were cast into aylindrical mouldto let crosdinking occurat room temperature.
Schematic representation of the materials produgironesss reported irFigure

61

Bath
&

‘d
Three roll mill

“ 24 hours @ curing time I

Figure61 Schematic representation of the materials produgtionesses
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Thermal conductivity analyses were perfornoedall the composites obtained by
using the different fillers and the different dispersitechniques. Thenal
conductivity d 2 wt.% filled epoxy resin is reported Figure 62.
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Figure62 Thermal conductivity of all the prepared epoxy based composites at 2
wt.%

As shown inFigure 62, the addictionof 2 wt. % of carborbased fillers,
always increasethe thermal conductivity of the neat matrix. However, at
different dispersion techniqgaecorrespond different increment dhe
thermal conductivity of the epoxy resin. To have a better comparison
betweenthe experimental results, ththermal conductivity enhancement
(%) is reportedn Figure 63.
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Figure63 Thermal conddivity increment % of epoxy based composie#th 2
wt.% of filler).

As can be seenn spite of the dispersiotechnique adopted, the beakermal
conductivity enhancement was always achieved by using graphene ,GAbcr
highlighting again the importance of the lateral filler dimensions. Lower
enhancement were observed by using natural geafitiowed by graphene G4.

Regarding the different dispersion routes it is possible to observehéhbavtest
incrementwasalways achieved by usirtbe hand mixing technique (TQ method).

In fact the amount of shear straemnsmitted to the system tise lowestJeading

to apoor dispersion and distribution of the filler inside the matBix increasing

the amount of energy transferréd the different systems, an increasé the
thermal conductivity enhancement was observed. In fact samples obtgined b
means of ultrasound bath showed an higher gathe thermal conductivitthan

the hand mixed one%his is of course due to a better filler dispersion with respect
to the previous case. However, a comparable thermal conductivity enhancement
(within ther standard deviations) was observed by using sonication pitolvas
reported for the carbon nanotubes dhse by using sonication probe, CNTs can

be easily and seriously damaggsB] In extreme cases the graphene layers of the
CNTs are completely destroyed, also leading to the formation of amorphous
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carbon nanofiber. This effect could be also obsefeedraphendike fillers. In

spite of the higher amounf energy applied to the systems that can provide a
better filler dispersion, sonication probe probably leads to a partial reduction of
the flake dimensiorand thento the formation of higher amoumif interfaces
inside the material3/Vhit reference to thenaterials processed by three rolls mill,

it is possible to obserdeetterthermal conductivitywith respect to the composite
obtained by using other techniques, in particularseonplesproduced according

to Cycle 1 and Cycle 2Lower improvementvas alwgs achieved by using three
rolls mill CyclesA, B, C, D. Since the different TRM cycles were based on two
different approaches, the outcomes must be considepatately

First of all, concerning the less severe Cycle 1 and Cycle 2 no pearticu
differences were observed in GHBasel materials. In fact, the same thermal
conductivity was observed within their statistical errors. Different trend was
observedfor materials containing graphiteinse an higher value of thermal
conductivity was achieved withgpect to the G4 materials by using Cycle I an

a further improvement of conductivity was observed when using the seueze
Cycle 2. In this case, the high shear stress provided by the contact mode, probably
leads to a partial exfoliation proceasd th@ a reductionof the filler-matrix
interface because of the increasing filler aspect ratio. GBasedcomposite
processed by Cycle éxhibits the highest thermal conductivity value with an
enhancement of more than 57 % at 2 wt. % of filler content. Heryen this

case, no further enhancement was observed by working with the rolls in contact.
This is probably due to thereakageof the lateral plane dimension. It seems that
three roll mill is able to partially exfoliate thick graphite, while once the
dimension is in the nanometric scale thigslnot happerany longer,as in the
GAbcr and G4 cases.

Moving to the most severe TRM cycles, labelled as A, B, C, amb Bdvantages

were observed, but a drastic decreiasthe thermal conductivity for GAbcmd
graphite based materials. Also in this cases, this beheaidd beattributed to a
reduction of the plane dimension. Since the polymer mixtures were processed for
a longer time (Cycle A) with respect to the previous cases, the initial graphite
exfoliation (or the partial breakage of the graphene planes), leads to an increasing
of the numbers of the nanoparticles resulting in an increasing of the medium
viscosity. At this viscosity enhancement, an increasing of the shear stress is
associated. Therefotbe higher energgivento the systems leads to a continuous
filler disaggregation resulting in a lower plane dimension. However a different
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conductivity trend was observed concerning samples containing (Gé
conductivity only slightly changes when ieasing the number of cycles, in both
gap or contact modets seems to be very hard to reduce the filler lateral
dimension in the case of G4 materials, due to the low starting.value

All of these hypothesis seem to be confirmed by looking to the samples
morphology. As occurred in the case of thermoplastic nanocompotites,
polymer surface was polished by means of 1 pym diamond paste and
observed at high magnification (200X).

Figure 64 reports the optical images of the composdbtined by means of
hand mixing (TQ), ultrasound bath (bath), sonication probe (probe) and
three roll mill Cycle 1 and Cycle 2 for the different fillers.

In the case of hand mixing it is possible to observe the presence of big
agglomerates of particlesé a poor particle distribution, in particular regarding
GAbcr. A better distribution of the graphite particles, was observed. However also
in this case the presence of big aggregates was detectink case olGrade 4

TQ composie, it is evident how thdimension of filler aggregatare smaller in
compari®n to the other filler typedut this featureis also related to the lower
filler plane dimensions. This behavior was expectit to theextremelylow

shear stressagenerated by the hand mixingven thoughthe dispersion could be
affected by external factors such as the operators force. Better results, in terms of
dispersion and distribution, can be obtained by using a sonication bath. However,
also in this cases the presence of aggregatdstet¢able in particular for the
fillers with the high plane dimensions (GAbcr and graphite). Sonication probe
providesan higher amount of energy to the system during the dispersion process.
A better filler distribution and dispersion was observed. Regar@iAfcr, the
disappearance of the big aggregates is evident, however thisbeoaldo related

to a decreasm the filler dimension due to the high amount of enatgliveredto

the system. This phenomenon is also evident in graphged composites.
Finally a homogeneous distribution of small particles was obsemesh using
Grade 4 filler
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Figure64 Optical images of TQ, bath, probe and Cycle 1 and Cycle 2 compdsites a
2 wt.% of the employefillers. (200X)











































































































































































