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Abstract 

Nowadays the development of new technologies requires materials with 

unconventional combination of properties. Polymers are classified as electrical 

and thermal insulating materials, which limits their use for several important 

technological applications. However, conductive polymers could be used in order 

to overcame drawbacks in the use of metals, metal alloys and ceramic materials as 

conductive media. Thermal conductive polymers could be profitably exploited in 

heat management applications (e.g. heat sink, heat exchangers), while electrical 

conductive polymers could be used in different fields depending on their electrical 

conductive values. To enhance the conductive properties of polymers, several 

approaches has been reported in literature. However, the most established way to 

achieve this goal consists in the development of suitable composite materials by 

means of the incorporation of conductive fillers within the polymeric matrix. The 

choice of the conductive filler is a crucial point in the development of the final 

material. Due to their extremely high thermal and electrical conductivity, coupled 

with the low density, the nano-metric scale and the outstanding mechanical 

properties, carbon-based nanomaterials are the most promising fillers suitable for 

processing conductive polymers. Since graphene nanoplatelets (GNPs) are 

considered young materials with potentials not yet fully exploited, multiwall 

carbon nanotubes (MWCNTs) are nowadays the most established materials used 

as conductive filler. 

In this thesis work thermally and electrically conductive polymer composites, 

filled with carbon-based nanomaterials were investigated. 

In the first part of the experimental work, particular attention was devoted to the 

development of GNPs-based thermally conductive polymers. By properly 

selecting several polymeric matrices and comparing several available processing 

techniques it 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 
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amount 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 metal-free circuits integrated in nanocomposite, a 

laser printing process was successfully exploited in order to obtain electrical 

conductive paths on the surface of a polymeric materials containing MWCNTs. 

Starting from the literature knowhow and new experimental results, a complete 

comprehension of the parameters that affect the laser printing process was 

achieved by applying a statistical approach. By 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 multifunctional and 

multidirectional conductive materials with surface electrical resistance per unit 

length (inside the tracks) lower than 1 kɋ/cm at 0.5 wt.% of MWCNTs loading 

content.  

Finally, by combining outcomes obtained as described above, hybrid carbon-

based nanocomposites were developed, with the purpose of enhancing 

contemporaneously thermal and electrical conductivity. Hybrid materials, 

obtained starting from a commercial masterbatch containing MWCNTs, 

demonstrated the possibility to partially replace the high amounts of carbon 

nanotubes with low cost carbon based materials without worsening the 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 carbon-based polymer nanocomposites 

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 used in the 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 guideline in the use of graphene nanoplatelets 

as thermally conductive fillers, different matrices (both thermoplastics and 

thermoset) were filled with commercially available graphene-like nanomaterials. 

Starting from a strong fillers characterization, three thermoplastic-based 

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, a 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 MWCNTs, 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 GNPs-MWCNTs 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 composite materials 

With the term ñpolymerò it is possible to indicate a particular class of materials, 

based on Carbon, Hydrogen and few other elements, made up of repeated 

subunits. In fact, the word polymer is a compound word derived from ancient 

Greek that means ñmany partò. They are prepared by a process known as 

polymerization in which a large number of identical subunits, called monomers, 

react in order to form long-chain macromolecules. A schematic representation of a 

polymer structure is reported in Figure 1 . [1] Since the mid-19
th
 century, with the 

development of the vulcanization process by Charles Goodyear, researchers (both 

at academic or industrial levels) focused their attention on the polymer science 

and technology. Nowadays polymers are present and used in all daily life areas, 

ranging from no technological applications up to automotive, aerospace and 

micro-electronics sectors. [2] This is due to the possibility to modulate, by means 

of organic chemistry modifications, the monomers characteristics getting to a 

specific and ad hoc material. In Table 1 a list of the most commonly used 

polymers is reported. As observable, starting from the easiest polyethylene 

structure, up to the most complex ones such as, poly(ethylene terephthalate), 

polycarbonate, nylon 6,6etc., the polymer compositions can be very different, 

leading to a large variety of materials. Commonly speaking it is possible to 

classify polymers in two main groups. A polymer able to melt when heated is 

called thermoplastic. By the combined effect of heat and pressure, is possible to 

process it into desired form. In contrast a thermoset polymer is a cross linked resin 
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in which the effect of the heat source leads to a material degradation instead of 

melting. Moreover, it is insoluble in organic solvents and cannot be thermally 

process. Additional classifications could be done on the basis of chain structure 

(linear, branched, cross-linked or network) or on the basis of the isomeric states. 

 

Figure 1 Schematic representation of polymer chain. [1]  

In spite of the chemical structure involving chain conformation, molecular groups, 

degree of crystallinity, presence of heavy atoms, side chains and/or pendant 

groups, most of them exhibit similar characteristics, in particular if compared with 

other class of materials, such as metals, metal alloys and ceramics. Polymers are 

not stiff and rigid materials. From mechanical point of views they show a Youngôs 

modulus in the range between 7 MPa (for highly elastic materials) and 4GPa, 

while metal modulus is in the range of hundreds of GPa. Again maximum tensile 

strength is about 100 MPa, one order of magnitude lower with respect to metal 

alloys. In contrast, metals rarely elongate plastically to more than 100% as occurs 

for elastic polymers. Furthermore they are electrically and thermally insulators. 

[3] In some instances, these properties limited their use with respect to the 

metallic or ceramic counterparts especially in technological applications. Beyond 

those drawbacks, polymers show off interesting advantages in their use. First of 

all, most of them are chemically inert with respect to solvent as well as to 

oxidative process. Furthermore they possess a density value lower than those of 

the lightest metals which result in a comparable strength per unit of weight value. 

In addiction they are easy to form in complex shape.[4] [5] In light of this 

scenario, it is obviously that for different applicative areas, the possibility to 

replace metals or ceramic materials with lighter and/or chemically inert materials 

is nowadays an important issues. Polymeric composite materials, could be used in 

order to achieve this goal.  
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Polymer Short name Repeat Unit 

Polyethylene PE 

 

Poly(vinyl chloride) PVC 

 

Polytetrafluoroethylene PTFE 
 

Polypropylene PP 

 

Polystyrene PS 

 

Poly(methyl methacrylate) PMMA 

 

Poly(hexamethyleneadipamide) Nylon 6,6 

 

Poly(ethylene terephthalate) PET 

 

Polycarbonate PC 
 

Table 1 List of repeat units for the most commonly used polymers. 

 



4 Introduction 

 

The development of new technologies require materials with unconventional 

combination of properties. A composite materials is a system composed of two or 

more insoluble constituents, that differ in chemical compositions and shape. The 

final system can take advantages from the properties of all the constituents. It is 

clear that from the technological point of view, the possibility to modulate 

materials properties by means of constituent combinations, is an attractive field of 

research as demonstrated by the increase of the total amount of scientific 

publications in the last years, Figure 2.  

 

Figure 2 Number of publication per year regarding "Composite Material". Results 

from ñWeb of Science Core Collectionò database. 

A composite material is composed by three parts: matrix, filler and interface. The 

matrix is the main constituent, it is the continuous phase that surround the other 

ones. It has the main purpose of transferring stress to other phases,  protect them 

from the environment and/or confer its specific properties to the final materials. 

The dispersed phase, also named as filler, is the second component of a composite 

material. Composite can take advantages from the intrinsic filler characteristic. 

However, the final enhancement could be affected by a poor matrix-filler 

interaction trough the interface. [3] [5] It is possible to classify composites 

materials in three different categories according to the matrix nature: metal matrix 

[6], ceramic matrix [7] and polymer matrix [8] composites. From the filler point 

of view they are classified as fiber-reinforced, particle-reinforced and structural. 

[3] Due to the extremely low density, low cost raw material associated to a low 
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manufacturing cost and easy processability (also in complex shape), high 

corrosion and chemical resistance, the field of polymeric composite materials is 

probably the most important and attractive composite research area. 

It is possible to classify polymer composites in two main groups: structural or 

functional materials. In structural materials, mechanical properties are exploited 

while in functional materials polymers take advantages from the intrinsic filler 

characteristics. [9] While the reinforcement aspect of polymers is a primary area 

of interest, nowadays the attentions is focused to the design of polymer with 

specific intrinsic characteristics. This include conductive properties, [10] [11] 

flammability resistance, [12] optical properties, [13] batteries, [14] membrane 

[15] etc. for different application areas ranging from automotive and aerospace 

[16] industries up to microelectronics system, passing through medical and 

biomedical fields. [17] The improvement of the final properties depends on 

several parameters, including physics filler characteristic, filler-matrix interaction 

controlled by chemical filler compositions, particle dimensions, their aspect ratio 

and of course on the amount of filler and from its dispersion degree. [18] It is 

obvious that the filler properties plays an active role on the enhancement of 

polymer properties. It is possible to divide the fillers in 4 main groups, as reported 

in Figure 3. 

 

Figure 3 Schematic representation of fillers used in polymers composites materials. 
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Metal particles made of iron, copper, nickel [19] but also noble metals [20] have 

been used as fillers. Metals possess excellent mechanical and conductive 

properties combined with a good thermal stability. However, the addition of 

metallic particles to polymers also causes an increase of the material density 

limiting their use in lightweight applications. Moreover, it is very difficult to get a 

good filler-matrix interaction, in spite of filler functionalization. In contrast, 

chemically modified ceramic particles, such as inorganic clays, [16] [21], [22] 

were widely investigate with the aim to increase the filler compatibilization 

leading to a better filler dispersions and better final properties. Metal oxide or 

metal nitride ceramic materials, were also used as thermal and/or electrical 

conductive fillers. [23]ï[26] Ceramics 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 low tensile strength and high 

brittleness limited their use as fillers. [17] Carbon based material, is the third class 

of materials used as fillers. Starting from carbon fibers up to graphite, carbon 

black and, most recently, carbon nanotubes and graphene, they show 

extraordinary mechanical and conductive properties, both electrical and thermal. 

Moreover due to the low density, with respect to other counterparts, carbon based 

fillers are the most promising materials, able to enhance the intrinsic polymers 

properties. [27]ï[30] Finally, by using a hybrid fillers system, for instance a 

ceramic material coupled with a metallic ones, it is possible to take advantage 

from all the constituent properties. [1] 

As mentioned before, polymers are classified as insulating materials, from both 

electrical and thermal conductivity limiting their use in different and important 

technological applications. Due to the extremely high conductive properties of 

carbon based materials, such as graphite, carbon nanotubes (CNT) and graphene 

and graphene nanoplatelets (GNP), researchers focused their attention on carbon 

based conductive polymeric composite materials. [31] 

The main aim of this thesis, is to exploit the field of conductive polymers filled 

with carbon based materials from both thermal and electrical point of view. In the 

next sections, thermal and electrical conductivity will be discussed from a 

theoretical point of view, followed by a theoretical fillers presentation. State of the 

art will be exploited in order to assess the actual scenario to each result and 

discussion topics. 
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1.2 Thermal conductivity in polymer 

Before starting to talk about thermal conductivity in polymers, we need to define 

thermal conductivity and its basic equations.  

Per definition, heat is atoms or molecules in motion. In solids the atoms vibrate 

near their mean position. Higher the temperature is, higher the amplitude of the 

vibration is. In solid state, atoms canôt vibrate independently, because they are 

coupled by their inter-atomic bonds. As reported in Figure 4 an atom can vibrate 

in three different modes: one longitudinal and two transverse to the plane. The 

atom vibrations involve the propagation of elastic waves. These elastic waves, 

called phonons, can propagate through the entire material. At each of them is 

associated an energy related to its wavelength. Higher the wavelength is, lower 

the energy associated to it is. The minimum wavelength value is twice the atomic 

distance. In a materials composed by N atoms, that can vibrate in three different 

modes, there are 3N discrete wavelengths and each has energy kBT, where kB is 

the Boltzmannôs constant (1.38*10
-23

 J/K). The amount of energy required by 1 kg 

of materials to be heat of 1 K, at atmospheric pressure, is defined as heat capacity 

or specific heat, Cp. Since the volume occupied by an atom is ɋ, the number of 

atoms per unit volume is represented by N=1/ɋ meaning that the heat capacity per 

unit volume is ɟCp. 

 
Figure 4 (a) Three atomic vibration modes. (b) A row of atoms placed at their fixed 

positions. (c) Longitudinal vibration. (d) One of the two transverse vibration mode.[5] 



8 Introduction 

 

In solid state, heat is transmitted in three different ways: by thermal vibrations, by 

the movement of free electrons (in metals) or by radiation (in the case of 

transparent materials). Thermal conductivity is the measure of the capability of a 

material to conduct heat, and it is expressed as a power divided by a distance per 

unit of temperature (k, or in certain case ɚ, defined as W/m*K). [5] Considering 

the thermal conductivity as a transport property, it can be defined as the ratio 

between a flux and the directional driving force. In the case of thermal 

conductivity, the flux is represented by 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 at T1ÍT0. [32] Mathematically speaking 

conductivity is represented by the following equation: 

 Ὧ ήȾὨὝȾὨὼ ὗȾὃȾῳὝȾὼ  (1) 

As for any elastic waves, also phonon, move with the speed of sound. The phonon 

can propagate trough entire material as function of a thermal gradient ȹT.  

However due to scattering process that occurs between each of them, and between 

phonon-lattice impurities or phonon-lattice imperfections, the covered distance 

(lm, also called mean free path) is typically in the order of few nanometers (0.01 

µm) resulting in a lower speed propagation. Phonon conduction can be understood 

by using a net flux model. In Figure 5 a schematic representation of the phonon 

conduction is reported. 

 

Figure 5 Heat transmission by phonons motion[5] 
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Phonon possess three degrees of freedom in x, y, and z directions. Focusing the 

attentions only on the x axis, on average, one-sixth of phonons travel in the +x 

direction (from hot to cold zone), while one-sixth move from the right to the left 

zone (-x). The energy associated to each of them is ɟCp(T+ȹT) and ɟCp(T-ȹT) 

respectively, where T is the temperature in their positions, ȹT=(dT/dx)lm and the 

energy flux q across unit of area M-M per second is: 

 ή
ρ

φ
”ὅὧ Ὕ

ὨὝ
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By combining equation (3) with equation (1) is possible to define thermal 

conductivity as: 

 Ὧ
ρ

σ
”ὅὧὰ (4) 

The same explanation could be done for electrons. In that case, c0 and lm become  

the velocity and the mean free path of the electrons. Thermal conductivity is the 

sum of the phonons and the electrons contribution as: 

 ὑ Ὧ Ὧ (5) 

In metals, ke is dominant due to the presence of large concentration of free carries 

(electrons sea) while the phonon contribution is irrelevant. In fact, it was 

demonstrated that the phonon contribution in copper (T.C.~ 400 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 

conductivity that is affected only by kp. Independently from the carriers, as can be 

seen from equation 4, thermal conductivity depends on several parameters. Is 

possible to demonstrate, that the volumetric heat capacity (ɟCp) is still the same 

for all the materials (~2*10
6
 J/m

3
K) [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 path lm. Focusing the attention on 

phonon transportations, phonon mean free path is related to its relaxation time 

expressed as lm=Űv where Ű is the phonon relaxation time and v is the phonon 
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group velocity (in principle c0). In the relaxation time approximation, various 

scattering mechanism are additive, limiting the phonon mean free path. Acoustic 

phonons, are scattered by other phonons, lattice impurities, lattice defect and 

interfaces. [33], [34] In this scenario is possible to distinguish two different 

phonon-transport regimes. Thermal transport is called diffusive when the size of 

the sample, L, is much larger than the phonon mean free path. In this case, phonon 

undergo many scattering events. In contrast, when L Ò lm thermal transport is 

called ballistic. In the approximation of infinite crystal, without any defect or 

impurities, only phonon to phonon scattering occurs reaching the so called 

intrinsic thermal conductivity. In contrast conductivity is called extrinsic when it 

is mostly limited by extrinsic effects such as phonon-boundary or phonon-defect 

or phonon-impurities scattering. When the phonon-boundary scattering is 

dominant, thermal conductivity is strongly dependent from L as Ὧ ᶿὒ. [33] 

A macromolecules chain can be descripted as a zigzag arrangement of the 

backbone atoms in which single chain bonds are capable of rotating and bending 

in three dimensions resulting in a macromolecule characterized by the presence of 

a multitude of bends, twist and kinks, as schematically represented in Figure 6. 

 

Figure 6 Schematic representation of single polymer chain molecule. [3] 
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In a bulk polymer, each chain is in the state of twisted random oriented molecule, 

coupled by weak intermolecular bonds such as van der Walls, dipole-dipole and 

hydrogen bonds (also covalent bond in crosslinked polymer). This means that in 

polymers, atoms and molecules, are not in an oriented configuration as happen in 

the case of ordered structures (metal, alloys or ceramic). This amorphous phase, is 

something that is very far from the theoretical perfect crystal, and this result in a 

thermal conduction that is extremely affected by extrinsic effect. Mean free path 

in amorphous polymers is in the range of few angstroms [35] leading to a poor 

thermal conductivity. From the theoretical point of view it was demonstrated, by 

using molecular dynamics simulation approach, that single molecular chain can in 

principle have rather high 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 higher than 350 W/mK. Single PDMS 

(Polydimethylsiloxane) chain still has a thermal conductivity of 7 W/mK. [37] It 

is obviously that single polymer chain has much higher thermal conductivity with 

respect to the corresponding bulk materials. Both heat capacity Cp and phonon 

group velocity v of bulk polymer are almost the same as those of individual single 

chain. It is known that phonon mean free path along a chain is much larger then in 

transverse directions since covalent bond lattice vibrations are less anharmonic 

with respect to those associated to secondary bonds. Moreover, in bulk polymers 

the presence of defect, such as voids, impurities, polymer chain ends and 

entanglements further reduce the phonon mean free path resulting in a lower 

thermal conductivity. [38]  

A list of the commonly used polymer and their related thermal conductivity values 

is reported in Table 2. As observable thermal conductivity is in the values range of 

0.1 up to 0.5 W/mK. Thermal conductivity is affected by different parameters. 

The chain structure (including molecular composition as well as molecular 

conformation) is probably the most important one. It was demonstrated, by using 

large scale molecular dynamic simulations that higher thermal conductivity can be 

achieved in ́ -conjugate polymers. This is due to the rigid backbone that can 

suppress segment rotation and promote high bond strength for larger phonon 

group velocity. Strong inter-chain interaction can also limit the segment rotation, 

as occur in polyketone, Kevlar
TM

, Teflon
TM 

and Nylon
TM

. [39]  Furthermore, 

thermal conductivity decreases with the increasing of the temperature, due to the 

higher molecules mobility, as observable in Figure 7. 
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Polymer 
Short 

name 

Thermal conductivity  

(W/mK)  

High density polyethylene  HDPE 0.33-0.53 

Low density polyethylene  LDPE 0.30-0.34 

Ultrahigh molecular weight 

polyethylene  
UHMWPE 

0.41-0.55 

Polypropylene  PP 0.11-0.17 

Polystyrene  PS 0.10-0.15 

Poly (ethylene terephthalate)  PET 0.15 

Polytetrafluoroethylene PTFE 0.27 

Polyvinyl chlorid e  PVC 0.13-0.29 

Poly (ethylene vinyl acetate)  EVA 0.34-0.35 

Polycarbonate  PC 0.19-0.21 

Urethane base TPE TPU 0.19 

Poly (acrylonitrile butadiene 

styrene) 
ABS 

0.15-0.33 

Polyamide 6,6 PA66 0.24-0.33 

Poly (methyl methacrylate)  PMMA 0.21 

Epoxy resin  0.11-0.20 

Table 2 Thermal conductivity of some polymers [35], [38] 
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The presence of disordered structure promoted by the presence of lateral or 

functional groups as well as heavy atoms, reduces the thermal conductivity due to 

defect-phonon scattering process. An ordered structure can promote the formation 

of crystalline domain in the bulk polymer. Crystalline polymers show higher 

thermal conductivity with respect to the amorphous ones. In amorphous the heat 

flow follows the chain conformation which results in a conductive path that is 

essentially random, and in a reduction of the phonon mean free path because of 

scattering process. Crystalline domain can increase the intrinsic order which is 

responsible for high thermal conductivity. High density polyethylene (HDPE) 

presents a thermal conductivity value higher with respect to low density 

polyethylene (LDPE), due to the presence of higher amount of crystalline phase. 

Moreover, it has been also reported that the crystal form can affects the thermal 

conductivity. In fact, it was demonstrated that the increase of the lamellar 

thickness of ultrahigh molecular weight polyethylene (UHMWPE) from ~20 nm 

to the range of 100-150 nm results in an increase of 37% of the thermal 

conduction. [40] In contrast, due to the low chain stacking density and due to the 

presence of lateral methyl group (that involve incoherent phonon scattering) 

polypropylene is an exception. It is a crystalline polymers with low thermal 

conductivity value. [38] 

Figure 7 thermal conductivity and structure of ˊ-conjugated polymers[39] 
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As mentioned before, single oriented chain exhibits high thermal conductivity. In 

fact heat is transferred more easily along the chain than in transverse direction. 

This means that thermal conductivity can be significantly higher along chain 

directions with respect to the perpendicular ones. A mechanical stretching is able 

to orient not only a single chain, but also crystalline domains leading to an 

enhancement of ordered structures resulting in an enhancement of the thermal 

conductivity. Simple shear, or mechanical drawing as well as gel spinning and 

super-drawing [38] are nowadays available techniques able to orient semi-

crystalline polymers such as polyethylene. The general observed trend suggests 

that the thermal conductivity along strain direction rapidly increases with 

increasing the strain or draw ratio (ɚ). Choy et al. [41] investigated both transverse 

and longitudinal thermal conductivity of HDPE at different ɚ, observing that at 

relatively low draw ratio (ɚ=25) the thermal conductivity along strain direction 

increases up to 14 W/mK at 300K. Moreover, superdrawing UHMWPE with 

highly oriented crystalline lamellae can exhibit a thermal conductivity value of 

more than 37 W/mK. Concerning amorphous polymers, such as Poly(methyl 

methacrylate) and polystyrene it was demonstrate that thermal conductivity of 

stretched polymers could be increased in the stretching direction. However, this 

increment was relatively small. This means that in draw crystalline polymers, the 

dominant phonon scattering mechanism is anharmonic phonon-phonon scattering 

and are not related to structural disorder. Despite some degree of chain orientation 

(in amorphous stretched polymers) the inter-chain scattering, related to the overall 

disorder is still dominant. In order to increase thermal conductivity of amorphous 

polymer, an engineered inter-chain interaction is required. This interaction could 

be done with the help of miscible polymers. There are several requirement for 

amorphous polymer blends to have high thermal conductivity: first of all strong 

intermolecular bonds are required in order to replace weak inter-chain interaction. 

Furthermore, the intermolecular connection must be as closely as possible to 

polymer backbone and an homogeneous bonds distributions at a concentration 

above percolation threshold is necessary to form a continuous network. [38] 

Similar to the thermoplastic materials, thermoset resin possess low thermal 

conductivity. This is due, also in this case, to the incoherent scattering process that 

occurs in disordered materials. Liquid crystalline thermosets, possessing rigid 

road-like ñmesogenò groups can form ordered structure leading to a thermosetting 

materials with enhanced thermal conductivity. Typically non-mesogen 

thermosets, can only form isotropic amorphous structures, while the presence of 

ordered structure like liquid crystals leads to an increasing of the thermal 

conductivity of more than 5.5 times with respect to amorphous ones. Moreover, 
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the relationship between liquid crystalline domain and thermal conductivity is 

most affected by the size and by the content of anisotropic structures. Defining the 

ratio of anisotropic structure as the ratio between ordered and amorphous structure 

in the whole matrix, as a way to indicate the content of liquid crystalline domain, 

it was demonstrated that for a crystal domain larger than 400 nm and for a content 

ratio over 25%, an enhancement on the thermal conductivity could be achieved as 

reported in Figure 8. 

 

Figure 8 Relationship between ordered domain size and content with respect to 

thermal conductivity of DGEBA[38] 

Curing conditions, as curing agent and temperature, is a key factor to the 

formation of liquid crystal domain. Finally, to achieve an effective enhancement 

of thermal conductivity of liquid crystalline thermoset polymers, different efforts 

have been made on the alignment of ordered structure by external electrical or 

magnetic field. As an examples, Harada and coworker, [42] cured diglycidyl ether 

of terephtalylidene -bis-(4-amino-3-methylphenol) (DGETAM) epoxy within 4,4-

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 thermal conductivity increases from 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 thermal conductivity is due to the better phonon transmission along the 

ordered chain that minimizes phonon scattering.  Moreover, it was also observed 

that DGETAM cured with DDE curing agent, shows a thermal conductivity value 

(0.43 W/mK) higher with respect to that of the ordinary epoxy resin system even 

for system cured under the nonmagnetic field, due to the curing agent. 

 

1.3 Electrical conductivity in polymers 

As for thermal conductivity, before starting to talk about electrical conductivity in 

polymers, we need to define some basic concept and equations.  

Electrical conductivity is defined as the capability of a materials to conduct the 

electrical current. Mathematically it is represented by the Ohmôs law, as the 

relationship between the electrical current I and the applied voltage V as: 

 ὠ ὙὍ (6) 

where R is the resistance of the material through which the current is passing. The 

electrical resistance R, depends from the intrinsic materials characteristics. The 

material property that determines the resistance is the electrical resistivity ɟ: 

 ”
ὃ

ὒ
Ὑ (7) 

in which A is the cross-sectional area perpendicular to the current direction, while 

L is the distance between the two point at which the potential drop is measured as 

reported in Figure 9.  
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Figure 9 Schematic representation of the apparatus used to measure electrical 

resistivity.[3] 

Combining the Ohmôs law within equation 7, electrical resistivity becomes as:  

 ”
ὠὃ

Ὅὒ
 (8) 

Its unit in the metric system is ohm per meters (ɋ*m) but it is also commonly 

used the subunits of Õɋ*cm or ɋ*cm. As mentioned before, the capability of a 

material to conduct the electrical current is defined as the electrical conductivity 

that is essentially the reciprocal of the electrical resistivity, defined as: 

 „
ρ

”
 (9) 

Both electrical conductivity (S.I. S/cm or ɋ
-1

*m
-1 

) and electrical resistivity are 

interchangeable, and usually are used both depending on the context.  

Solid materials, show an immense range of electrical resistivity values. Starting 

from conductive materials (10
-8
ɋ*m) until insulators (10

+16
ɋ*m) there is a range 

of more than 24 order of magnitudes in between. Materials that present 

intermediate values are known as semiconductors. This discrepancy is related to 

the capability of a charge to pass through the entire materials. Conductivity is 

essentially promoted by electron or by ionic carriers. However, in ionic solids (as 
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an examples NaCl) the diffusive motion of ions is possible only at elevate 

temperatures. In fact it is possible to demonstrate that the ion mobility is inversely 

proportional to the temperature, therefore in spite of the ionic conductivity most 

of them are insulators. [3] Regarding the electrons contributions, in 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. The number of available electrons is related to the electron 

arrangement states and to the occupied energy levels. As know from the quantum 

mechanics point of view, for each atom exist discrete energy levels that may be 

occupied by electrons into shell and subshell arrangement at increasing energy 

level. In according to the Pauli exclusion principle, each state is occupied by two 

electrons of opposite spin. Moreover, the electrons fill only the states having the 

lowest energies. In solid materials, the atoms are bonded together to form an 

ordered atomic arrangement. Initially, an atom, separated from another one is 

independent and its energy state is related to its electronic configuration. When N 

atoms, are so closely to interact with each other, the electrons are acted 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 called electron energy bands as illustrated in Figure 10. 

 

Figure 10 Energy bands formation. 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 perturbed atomic state split into a series of closely electron 

energy levels named as bands. 
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The extent of splitting depends on the interatomic distance and by the external 

electronic shells (number of available electron levels) since they are the first to be 

perturbed by the neighbors atoms. At the equilibrium distance, band formation 

does not happen for the electron subshells near the nucleus, meaning that the band 

formations is related only to the external electrons shells as reported in Figure 11. 

Between different energy bands a gap in energy could exist. The electrical 

properties of solids, depend on the band structure and on the energy gap between 

them. In fact, whether the materials are insulators or conductors 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 by the electron (accelerated by an external field) to conduct 

their charge freely though the material. In contrast insulating materials are 

characterized by the presence of an energy gap between the filled valence band 

end the empty conduction band higher than 2 eV. Semiconductors, exhibit the 

same band structures, but in this case the energy gap is lower than 2 eV. [3] 

 

Figure 11 Band structure representation as function of the interatomic separation.[3] 
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In this scenario, polymers are classified as insulating materials. They present an 

electrical conductivity value lower than 10
-9

 (ɋ*m)
-1

. Looking at the property 

chart of materials, also known as Ashby maps of material selections, in which 

thermal conductivity Vs electrical resistivity is reported (Figure 12) it is possible 

to observe that for metals this two properties are linked together because both 

depends mainly on free electrons. In contrast 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 of free electron able to promote 

electrical (and also thermal) conduction. [5] Moreover, free electrons, moves 

through the materials under the force of an applied field with a current density that 

is proportional to it. The external field imposes an electron drift velocity vd=µeE, 

in which µe is named electron mobility, resulting in a current density that is 

effected by the external field, by the electron mobility and therefore by the 

number of available mobile electrons as well as by the electron charge as reported 

in the equation 10. 

 

Figure 12 Ashby map of material selection: Thermal conductivity Vs Electrical 

resistivity.[5] 
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As can be seen, the current density ñjò should increase with the increasing of the 

electrical field. However, the electrons collide with scattering centers bouncing 

off in a new direction, resulting in an electron mean free path that leads to a 

reduction in the electrons mobility. 

 j = ὲὩ ʈὉ (10) 

Scattering 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 is too high. The 

electron mobility could be promoted by conjugated ́ -electron consisting in a 

alternation of single and double bonds along the chain backbone or ring structure 

as schematically represented in Figure 13. [4] 

 

Figure 13Schematic representation of a conjugated backbone containing alternating 

single and double bonds.[43] 

In this kind of conductive polymers, single and double bonds possess strong 

localized ů-bond while the double bonds possess less strongly localized -́bonds 

resulting in an overlapping of p-orbitals in the series of ́-bonds allowing the 

electrons to be more easily delocalized and move freely along the chain. The 

resulting materials, possess an electrical conductivity value up to 10
3
-10

5
 S*cm

-1
. 

However, since the first conductive conjugated polymers was produced in the late 

1970s, today there are at least few conductive polymer systems. [43] 
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1.4 Polymeric composite materials with enhanced 

conductive properties 

As reported until now, polymers possess poor conductive properties and it is 

obviously that there are different engineering approach to enhance both thermal 

and/or electrical conductivity. However, the most established way to enhance the 

intrinsic polymer properties is by incorporating conductive fillers into polymer 

matrices. Conductive polymers with a thermal conductivity from approximately 1 

up to 30 W/mK can be used as heat sink in heat exchangers and heat management 

applications while electrical conductive polymers can be used in different fields 

according to their electrical conductivity values. In fact, polymer with electrical 

resistivity in the range between 10
8
 to 10

3
ɋ*cm can be used in static dissipative 

applications while conductive polymer with electrical resistivity in the range of 

10
2
-10

-1
ɋ*cm can be used for moderately electrically conducting applications. 

Polymer-based materials with electrical resistivity approximately 10
-2
ɋ*cm can 

be used in electromagnetic interference (EMI) and or radio frequency interference 

(RFI) shielding applications. [44] 

 

1.4.1 Polymeric composite materials with enhanced thermal 

conductivity 

Thermally conductive polymer composites offer new possibility to replace metal 

parts in different applications including power electronics, electric motor and 

generators, heat sink, heat exchangers, heat recovery etc. [35], [45]. 

There are many theoretical models developed to describe the thermal conductivity 

of heterophase polymer composites. The commonly adapted models, are those 

developed to describe the Youngôs modulus of two phase system. Modulus is not 

a transportation properties, but looking at its definitions is possible to observe that 

it is described by a force imposed over a cross sectional area divided by an 

increase in the relative dimension with respect to the original one, as reported in 

the following equation: 

 Ὁ „Ⱦ‐ ὊȾὃȾῳὼȾὼ  (11) 
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Comparing equation 11 with equation 1 it is possible to observe that a strong 

correlation between the two expressions exist. Since the prediction of the tensile 

modulus, in composites, is represented by a lower and an upper bound by means 

of rule of mixtures and Reuss equation, also thermal conductivity could be 

estimated starting from this approach. [32] The geometry and the orientation of 

the fillers are keys parameters that influence the thermal conductivity of 

composite materials. The possible scenario includes particulate (spherical or 

irregular) and flakes particles as well as short, long or continuous fiber oriented in 

an irregular or regular (laminated) structure. 

 

Figure 14 Composite materials with different forms of fillers [45] 

 

Starting from the easiest possible scenario, in which spherical conductive fillers 

are added to polymeric materials, it is possible to predict the final thermal 
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conductivity by using two basic theoretical approaches. The first approach is used 

to predict the thermal conductivity of a percolation system as reported in Figure 

15. 

 

Figure 15 Basic model for predicting thermal conductivity of two phase system in 

which a fully interprenetrating spherical particles are dispersed into polymeric matrix.[32] 

This model tends to maximize the effect of the dispersed phase. In fact in a 

percolation system, each component contribute to the thermal conductivity of the 

composite in an amount equal to the volume fraction of that component. 

Mathematically speaking it is represented by the simple rule of mixture as: 

 
Ὧ

Ὧ
 

Ὧ 

Ὧ
 (12) 

in which kc, km and kf are the thermal conductivity of the composite, of the filler 

and of the matrix respectively, while ūm and ūf are the matrix and the filler 

volume fractions. 

The second approach for modelling the thermal conductivity consists 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 



Polymeric composite materials with enhanced conductive properties 25 

 

 

Figure 16 Basic model for predicting thermal conductivity of two phase system 

based on non-penetrating spherical particles dispersed into polymeric matrix. [32] 

Such model 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 fille r concentrations. This behavior is 

represented by equation 13. [32] 
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These two models are referred as 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 inverse mixing rule (series model) respectively. [38] 

Moreover, equation 12 and 13 could be rewritten in most commonly ways as 

equations 14 and 15 respectively. [35] 

 Ὧ Ὧ  Ὧ   (14) 
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As observable the parallel model maximizes the contribution of the conductive 

phase assuming a continuous conductive network in which the contacts between 

each particles are perfect. The series models, assumes no contact between 

particles therefore it is confined to the region of matrix embedding the particles. 

Figure 17 shows how the two models estimate the  thermal conductivity of 

polymeric composite materials filled with spherical particles that possess a 

thermal conductivity 1000 times higher with respect to the matrix (kf/km>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 (black dashed line) shows how the 

increasing of the thermal conductivity of the composites (with respect to the 

matrix) strongly depends on the amount of filler content. However, most of the 

experimental data (white dots), were found to fall in between the two models.  

 

Figure 17 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 1000. [32] 

The non-interactive lower bound model, provides a closer match to the data with 

respect to the rule of the mixtures. In fact, the upper bound model has some 

relevance only in the case of continuous fiber composites, in the direction parallel 
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to the fibers. In the other cases it tends to overestimate the predictions. [35] The 

main problem with the statistical approaches is that more information are required 

about the microstructure of the systems. In fact the lower bound approach 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 assumption of isolated filler particles. [32] The relative thermal 

conductivity of two phase system (particle-in-matrix) can be expressed as a series 

expansion of the localized average thermal conductivity determined by a localized 

heat transfer. This approach is defined as the second order low boundary models, 

including equation of Hashin and Shtrikman that describe the effect of randomly 

dispersed spherical particles on the thermal conductivity of two phase system. 

[32] Moreover Hamilton and Crosser, Hatta and Taya, Agary as well as Cheng 

and Vachon, discovered independently equations that 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 components but in a more complex averaging scheme whit than the simple 

lower bound model. This equations lead to a better theoretical fitting with respect 

to the experimental data for composites based on isotropic particles, fiber and/or 

flakes, up to a filler content of about 30% in volume. Finally Nielsen introduced 

the maximum packing factors into the fitting equations, providing the best fit with 

respect to the rapid increase of the thermal conductivity above 30% 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 composites. Thermal conductivity of polymers is particularly 

important at low filler loading acting as thermal barrier and becoming rate-

limiting in the thermal conductivity channel. To achieve high thermal 

conductivity significant amount of fillers is needed in order to form thermally 

conductive pathways. However, high filler contents not only can cause the final 

composite to be brittle, but also can limit its processability. Filler size is an 

important parameter to be taken into account. Composites with large fillers, have 

less filler/polymers interface lading to a lower amount of interfacial resistance and 

thus high thermal conductivity. However, for nanoscale materials, the filler 

properties could also change. To achieve high thermal conductivity an hybrid 

system,  such as a mixture of fillers of different type, size and shape can help to 

achieve high oriented and isotropic pathways at low filler contents. Finally, filler 

surface treatments, can be used in order to provide better interaction between filler 
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and matrix leading to a betters filler dispersion and high thermal conductive 

composites. [38] Under ideal conditions, the thermal conductivity of polymeric 

composite material can be as high as 20 times that of the base polymer. [32] 

1.4.2 Polymeric composite materials with enhanced electrical 

conductivity 

Polymer composites containing electrical conductive fillers, are of great interest 

due to the potential applications in different sectors ranging 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 are classified as insulating 

materials with a resistivity value higher than 10
9
 ɋ*cm. The sudden increase of 

the electrical conductivity of polymeric matrix filled with an electrical conductive 

filler at a critical filler concentration is a well-known phenomenon called 

percolation. This phenomenon is usually explained with the help of the 

percolation theory. [47] Percolation is a probabilistic process which exhibits a 

phase transition. Different percolation systems may contain clusters of different 

shapes and sizes. The statistical study of the clusters helps to identify the critical 

value of density to form infinite or long-range connectivity in randomly dispersed 

system. This critical value is known as percolation threshold. [48] Percolation is a 

general phenomenon that can be applied at every area of science as the simplest 

model for spatial disorder, and 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 system [32] 

but a continuous network is required to form an electrical conductive pathway 

able to promote the electrons transport leading to an enhancement of the electrical 

conductive properties of polymeric composite materials. This is due to a different 

mechanism in the electron propagation with respect to phonons. The electrical 

resistance in a composite system is the result of a large number of resistors 

combined in series and parallel. When an electrical field is applied to two media 

in contact with each other, charge polarization occurs at the interface due to the 

differences between the ratios of the electrical resistivity. [49] In order to have 

conduction in heterogeneous system, like polymeric composite materials filled 

with conductive particles, a conductive pathways is required. This is possible only 
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at a specific filler contents űc 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, this phase transition is represented by the change from insulator to 

conductive behaviors. Mathematically speaking, percolation is represented by an 

exponential power law: 

 Ὧ • •  (16) 

Where kc is the property under consideration, űc is the percolation threshold while 

Ŭ is the dimensionless critical exponent. The percolation threshold and the critical 

exponent may be determined with the help of different computational methods 

like series expansions, Monte Carlo simulation and other complex numerical 

methods. [46], [50] However, in most of the cases it is possible to estimate its 

value by curve fitting of experimental results. In Figure 18, the typical percolative 

S-shaped curve is reported.  

 

Figure 18 Typical S-Shaped curve related to the electrical conductivity of composite 

materials as a function of filler fraction.[51] 

It is possible to divide the percolation curve in 4 different part, named as ña-b-c-

dò. By gradually adding a conductive filler (e.g. Carbon Short Fiber, CSFs) to 

insulating polymers, the electrical conductivity of the composite, increases with 

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

composites is close to that of the polymer matrix. This is due to the absence of a 

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






























































































































































































































































































