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Introduction, aims and structure of the thesis 

Introduction 

Polymer composites 

IUPAC defines polymer composite as a multicomponent material comprising multiple, 

different (non-gaseous) phase domains in which at least one type of phase domain is a 

polymeric continuous phase. A nanocomposite is a composite in which at least one of 

the phase domains has one dimension of the order of nanometres.[1] Generally, we call 

matrix the continuous polymeric phase and filler the dispersed phase. As shown in figure 

I.1, polymer nanocomposite is a developing scientific field, with an increasing number 

of papers published in different subject areas, primarily material science, chemistry and 

engineering. 

 

(a) 

 

(b) 

 

Figure I.1 – Analytical graphs of the resultant documents (a) by year and (b) by subject area obtained 

when searching “polymer composite” as keyword on Scopus website 
 

Since the tuning of properties at the interface can change dramatically the macroscopic 

properties of the whole material, nanocomposites are an attractive field of research for 

many applications ranging from biomedical, catalytic process, separation science, 

chemical sensing, fuel cell, solar energy accumulation, hydrogen storage, capacitors, 

micro/nano electronics devices, etc. (Fig. I.2)   

 

Rubber composites for tires 

A strategic class of polymer nanocomposites are rubber nanocomposites, where the 

matrix is rubber (e.g. Natural Rubber, Isoprene, Styrene Butadiene Rubber, 

Polybutadiene, Nitrile Butadiene Rubber) generally combined with carbon-based and 
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inorganic fillers, which play a fundamental role in making them applicable in various 

fields. [2–4] These kinds of composite materials have in fact several applications, not 

only in miniaturised systems, like electronic devices or gas barrier materials, but also in 

large-scale products, like tubes, belts, hoses seals and, remarkably, tires. 

 

 

Figure I.2 - Application of polymer nanocomposites 

 

Owing to their superior mechanical properties, enhanced modulus and dimensional 

stability, flame retardancy, improved scratch and mar resistance, enhanced thermal and 

processing features, reduced warpage of components and improved impact resistance, 

rubber nanocomposites are widely utilised for tires application. [5] In particular, a 

challenging objective is the development of “Green tires”, an energy efficient system, in 

which the rolling resistance (the force that works against the tire motion) is lowered 

without affecting grip and wear. [6–9] The enhancement of these properties remarkably 

depends on the viscoelastic characteristics of the rubber composites. A tire is in fact an 

assembly of numerous components manufactured with a relatively standardized process 

(Fig. I.3), where the principal component is rubber, a material with unique properties, 

such as low hardness, high elasticity and high elongation at break. In tire industry, both 

natural rubber and synthetic rubber (e.g. isoprene, IR; styrene, SR; butadiene, BR) are 

used. Anyway, rubber itself cannot be used to produce tire thus, proper additives must 
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be added. Different formulations are employed to obtain specific properties (like 

hardness, tensile strength and wear resistance), to fulfil the requirements for the specific 

part of the tire that they will constitute (tread, bead, etc.). Additives can be grouped as 

filler, vulcanizing agent (sulphur, accelerator and activator), processing oil and anti-

degradant. 

 

Figure I.3 - Tire manufacturing process [1] 

Fillers are particles that are included in the matrix for various purposes. In tire industry 

it is possible to find non-reinforcing filler used to reduce the final cost of the composite 

and the reinforcing filler extremely useful to impart proper mechanical properties to the 

tire. Reinforcing filler are generally material with nanometric (1-100 nm) primary 

particle size and are divided into in black fillers (mainly carbon black) and white filler 

(silica, silicates and clays). Vulcanization is a fundamental process that permits to form 

crosslinks between rubber chains enhancing rigidity, durability and mechanical 

performance of the final tire. The term vulcanization was originally used by Goodyear 

that developed a way to hardening NR by introduction of sulphur and subsequent 

heating treatment. [10] Actually this method has been extended to other rubber and it 

widely diffuse in rubber industry. Sulphur itself is a slow vulcanizing agent, thus 

activator and accelerator are generally introduced. These substances have been 

historically optimized for the different matrix and all contribute to the determination of 

the vulcanization efficiency and rate, and thus to the final properties of the composite. 
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Finally, processing oils are introduced in order to improve the efficiency of mixing 

procedures and anti-degradant are molecules that permits to reduce the oxidation of the 

rubber, extending its lifetime. In particular, a challenging objective in tire industry is the 

development of “Green tires” i.e. energy efficient systems, in which the rolling resistance, 

i.e. the force that works against the tire motion, is lowered without affecting grip and 

wear. [6–9] The enhancement of these properties remarkably depends on the 

viscoelastic characteristics of the rubber composites. These, in turn, rely on different 

parameters such as the filler typology and amount, morphology of filler particles (aspect 

ratio), the degree of dispersion and aggregation of particles in the matrix (filler-filler 

interaction) and the interfacial adhesion between filler and polymer chains (filler-rubber 

interaction). [11–13] Besides Carbon Black (CB), amorphous silica is the most widely 

utilised inorganic filler in rubber nanocomposites for tires. [13, 14] Size, shape and 

surface functionalization, i.e. compatibilization with silane coupling agents [12], [15–17] 

(Fig. I.4), are key parameters in determining the reinforcing capability of SiO2 in the 

rubber matrix. 

 

Figure I.4 - Generalized approach for SiO2 surface modification with a silane coupling agent 

 

In this context, our group [12, 16, 18] investigated and rationalized the effects induced 

by different silane coupling agents on the properties of rubber formulations, by 

examining both the morphology and the mechanical behavior of silica–natural rubber 

nanocomposites, enclosing silica nanoparticles (NPs) functionalized with 

trialkoxysilane bearing different functional groups (Fig. I.5).  
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Figure I.5 - Silica surface functionalization effect on the mechanical properties of rubber 

nanocomposites 

 

The study demonstrated that silane coupling agents modulate the filler-filler and the 

filler-rubber interactions, contributing to the tailoring of the filler networking and, 

consequently to the dynamic-mechanical properties of the composites. Moreover, this 

approach has been recently extended by using as unconventional functionalizing agents 

polysilsesquioxanes (POSS) units. [19, 20] More in detail, the peculiar features of 

OctaMethacrylPOSS modified SiO2 NPs, forming a novel SiO2@POSS hybrid filler, were 

exploited to produce styrene butadiene rubber (SBR) composites for tires which 

displayed outstanding reinforcement and decreased energy loss under strain, even when 

very low amount of POSS was enclosed in the formulations (Fig. I.6). These results 

suggest that polysilsesquioxanes can be promising fillers for this application, granting a 

transfer of the advanced properties of POSS nanounits to the final nanocomposites. Also, 

the shape of silica NPs has a great influence on the reinforcement of rubber 

nanocomposites for tires. It has been demonstrated that shape-controlled rod-like silica 

NPs with high aspect ratios align in the rubber matrix, providing, beside an increase of 

the filler-filler interactions, high percentage of immobilized rubber at the filler/rubber 

interface, supplying remarkable mechanical and dissipation properties (Fig. I.7).  
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Figure I.6 - Main features and properties imparted by SiO2@POSS hybrid filler to SBR nanocomposites 

 

 

Figure I.7 - Effect of Silica NPs with different aspect ratio on the reinforcement. Reprinted with 
permission from [11]. 

 

In summary, a fine tuning of the filler morphology, including shape and specific surface 

area, surface chemistry, interfacial interactions with the polymer (filler-rubber 

interactions) or between the filler particles (filler-filler interactions) is necessary to 

control the final properties of the tire rubber formulation. Although mechanical 

properties are important for tire applications, recently also thermophysical properties 

have drawn the attention of researchers and companies. In fact, tires work under 

dynamic service conditions, experiencing intense low-frequency mechanical 

deformations arising from the internal friction at the molecular level between filler and 

rubber, which lead to a significant heat build-up. Due to the low thermal transport in 

the matrix, heat can accumulate, producing high local temperature that leads to the 

failure of the tread base and shoulder of tires. [21] Thus, thermal conductivity becomes 

an important parameter for personal safety issues and durability of tire. During the past 

few decades, different approaches have been utilized to enhance the thermal 
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conductivity (λ) of rubber composites, principally using thermally conductive fillers or 

fabricating ordered polymer microstructures in the matrix. [22–30] Regarding the use 

of thermally conductive fillers, it has to be highlighted that SiO2 filler unfortunately has 

a very low thermal conductivity (about 3,5 W/mK). Thus, to fulfil the target to attain 

high thermal dissipation, ceramic or carbon-based phases having high intrinsic λ values 

are additionally needed. Common thermal conductive filler that can be exploited are 

inorganic material like silicon carbide (SiC)[31, 32], alumina (Al2O3)[33, 34],  boron 

nitride (BN) [35], zinc oxide (ZnO)[36, 37] and aluminium nitride (AlN)[38, 39], but also 

carbon based materials like carbon nanotubes (CNTs) [40], CB [41], graphite [42, 43], 

reduced graphene oxide (rGO) [44-46] and carbon fibre [47]. Various morphologies 

have also been analysed, finding that high aspect ratio fillers have the ability to assemble 

in such a way that they form continuous thermal conductive pathway in the matrix even 

at low loading, and thus enhance the thermal transport [48]. Another way to improve 

the λ of a composite is to construct a three-dimensional (3D) network of thermal 

conductive filler or to incorporate cooperative fillers with different nature or 

morphology (hybrid filler). [49–52] On the other hand, not only the filler intrinsic 

parameters are important, but also the interaction between filler and matrix must be 

considered. Fundamental is the interfacial thermal resistance that arise when a filler is 

incorporated in the matrix. This phenomenon, in fact, causes a drop of λ and is caused 

by the differences in phonon spectra of the filler and the matrix and the consequent 

phonon scattering at the matrix-filler interface. [30] An effective strategy that can be 

developed to reduce the interfacial thermal resistance deals with filler surface 

functionalization, in order to enhance filler-matrix interaction and reduce discontinuity 

between the filler. [53–56] Although recent studies report that remarkable 

improvements of λ can be obtained only at high filler loadings [57, 58], this must be 

avoided, since it dramatically changes the mechanical behaviour and the cross-linking 

density of the composites. [25] A detailed investigation of the effect of rubber 

formulation and compounding on the heat dissipation properties has to be pursued, 

especially for high-performance materials like rubber composites for tires, where the 

identification and the mitigation of overheating effects represent a difficult task. [21, 59] 
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Finally, it has to be observed that the tires overheating entails also permanent damages 

of the composites, raising concerns in terms of wastes production and, more remarkably, 

of safety. Thus, enhancing of thermal conductivity positively affects both the safety and 

sustainability of tire composites reducing the tire failure chances and increasing the 

average service lifetime. 

In this context, smart materials which are capable of automatic healing and restoration 

of damage after suffering external damage look promising alternatives. [60–63] Inspired 

by the energy dissipation and self-healability of sacrificial bonds in nature, several recent 

research efforts have been devoted to the incorporation of these particular bonds into 

synthetic and natural rubber for imparting both mechanical strength and self-healing 

ability [63].  Sacrificial bonds are non-covalent bonds that generally broke before the 

main structural link in the matrix [64]. However, the presence of a stable covalently 

bonded network in these materials often hinders the restoring upon damage. Therefore, 

it remains challenging to develop a synergistic alliance between robust mechanical 

properties, virtuous self-healing ability and enhanced thermal transport properties in 

order to upgrade the tire durability and, consequently, their safety. 

 

Aims of the thesis 

In this context, the PhD research activity, in collaboration with Pirelli Tires, aims at 

modifying commercially available materials or designing novel fillers suitable 

for the production of rubber composites with high thermal conductivity and 

satisfactory mechanical performances, trying also to reduce the filler loading. 

Among the thermally conductive filler materials Al2O3 was selected as an appealing 

candidate, due to its low cost, the stable chemical performance and the negligible 

toxicity, which compensate for the not very high intrinsic thermal conductivity. By a 

proper tuning of crystal phase, morphology and surface properties alumina has been 

widely used as filler mostly in silicon rubber nanocomposites, endowing improved 

thermal conductivity as well as good mechanical and electrical insulation properties.  
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Inspired by these results, different inorganic and hybrid alumina-based fillers have been 

developed: 

i. Alumina nanosheets supported on silica: SiO2@Al2O3             

ii. Alumina decorated at the surface with polysilsesquioxanes units: Al2O3@POSS 

The structural, morphological and surface features of these materials have been 

comprehensively investigated and the novel fillers have been utilized for the production 

of butadiene rubber (BR)-styrene butadiene rubber (SBR) composites, which were then 

characterized in terms of mechanical and thermal conductive properties. 

Moreover, a preliminary inspection on the properties of an innovative carbon-based 

filler constituted of exfoliated graphite decorated at the surface with SiO2 NPs 

(EG@SiO2) has been carried out.  

As already stressed, the mitigation of tires overheating effects represents an ambitious 

task which, besides dealing with the possibility to tune/improve the thermal 

conductivity, entails the problem of a permanent damage of the composites. Thus, a 

promising opportunity lies in developing filler systems able not only to improve the 

thermomechanical properties but also to induce self-healing effects, in order to 

extend the service-life, the sustainability and the safety of the composites. 

With this aim and in collaboration with CSIC Madrid, the following activities have been 

pursued: 

i. The exploiting of Al2O3@POSS (with methacrylic terminations) in 

carboxylated nitrile rubber (XNBR) employed in automotive to verify their 

potential self-healing ability 

ii. The developing of an innovative filler composed by alumina decorated at 

the surface with ZnO NPs (Al2O3@ZnO) able to assure, upon 

incorporation XNBR, both enhanced thermal conductivity and self-

repairing properties 

 

The structural, morphological and surface features of Al2O3@ZnO have been 

investigated in depth as well as the ability of both filler systems imparting the self-

healing to polymer matrices.  
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Finally, it has to be mentioned that, due to the COVID pandemic situation, during 2020 

the experimental activities were remarkably limited and all the results reported in this 

work have been mainly achieved in the second and third years of the PhD. 

 

Structure of thesis 

This thesis is organized in the following chapters: 

 

● In Chapter 1 a general introduction regarding the thermal conductivity of polymer 

composites is given, with a particular focus on the rubber nanocomposites and 

on the exploitation of alumina thermally conductive fillers. The basic principles 

of thermal conductivity have been described as well as the factors affecting the 

thermal transport in polymer composites. Successively, the main techniques for 

assessing thermal conductivity have been depicted. Finally, the attention has 

focused on the description of the thermal conductivity in rubber 

nanocomposites, reporting in particular on the use of hybrid and alumina 

nanofillers. 

 

● In Chapter 2 a careful description of the synthesis and characterization of 

SiO2@Al2O3 filler has been reported, together with its application in the 

formulation of rubber composites for tires. Mechanical and thermal conductivity 

properties of the final composites have been also outlined.  

 

● In Chapter 3 the promising properties of Al2O3@POSS have been described. The 

first part of the chapter focuses on the synthesis and characterization of the 

material, while the second one mainly deals with the influence of the POSS 

presence at the filler surface on the mechanical and thermal conductive 

properties. Finally, in the last part of the section the versatility of the synthetic 

approach has been demonstrated by reporting the application on elongated 

alumina nanoparticles. 
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● In Chapter 4 the synthesis and the characterization of Al2O3@ZnO have been 

illustrated. Successively, the capability of the novel filler and of Al2O3@POSS to 

impart self-healing properties to XNBR nanocomposites has been reported. 

 

● In Chapter 5 the preliminary results obtained on carbon-based filler in SBR 

nanocomposites are presented. 

 

● In Chapter 6 conclusions and perspectives of the thesis are drawn. 
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Chapter 1 - Thermal conductivity in polymer composites 

1.1 - Basic principles, models and factors affecting the thermal transport in 

polymer nanocomposites 

Basic principles and models  

Thermal conductivity is the physical quantity that measure the ability of a material to 

conduct heat when heat transport by convention and irradiation mechanisms are not 

present, and can be expressed by Fourier’s law (1): 

(1) 𝑞 =  𝜆 ∙ 𝐴 ∙
∆𝑇

𝐿
  

where q is the rate of heat conduction (W);  the thermal conductivity (W m-1 K-1); A the 

cross-sectional area for the heat transfer (m2); T the temperature difference (K); and L 

the length of the conduction path (m). 

In solids, heat conduction is mediated both by normal mode of vibrations and collisions 

of molecules and diffusion and collisions of free electrons. Normal modes of vibration 

are elementary vibrational motion in which in a lattice of atoms or molecules uniformly 

oscillates at a single frequency. While normal modes are wave-like phenomena in 

classical mechanics, quantum mechanics describes them as phonons, with particle-like 

properties in a way related to the wave–particle duality of quantum mechanics. Carriers 

of heat in solid accordingly to this are phonons and electrons, and thermal conductivity 

is the sum of the contribution of these two carriers. Depending on the material families, 

contribution from electrons or phonons can be negligible, and so for example in metals 

heat is transferred almost exclusively by electrons, while in non-metallic crystal and 

amorphous materials by phonons. In these last type of materials, thermal conductivity 

depends on the phonon mean free path, which can be described as the average travelling 

distance between two consecutive scattering events. Scattering occurs at any defect and 

principally with three possible mechanisms [1]: 

 

- Phonon/defect scattering 

Defects in crystalline scattering represent an obstacle for phonon transmission, and so 

it is easy to think that in this point scattering occurs. 
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- Phonon/interface scattering 

Interfaces or disconnection which arise due to the finite dimension of a material, 

represents an inevitable type of scattering.  

- Phonon/phonon scattering 

This scattering occurs because during heat transfer by conduction, several frequencies 

or normal modes of vibration are present in the material.[2]  These different waves can 

interact and merge producing a new wave that can have a flipped direction respect to 

the starting wave. This scattering is also known as Umklapp scattering due to the 

German word for flipped.  

 

Amorphous materials, including polymers, can be thermally compared to a crystalline 

material with lots of defects. Therefore, polymers possess a low phonon mean free path. 

Phonon mean free path is an important parameter to define the  of a material. An 

estimation of the thermal conductivity of solids can be obtained by Debye model [3, 4] 

(2): 

(2) 𝜆 =
𝐶𝑝∙𝜐∙𝑙

3𝑉
  

where  is the thermal conductivity (W m-1 K-1), Cp is the specific heat capacity (J K-1),  

is the speed of sound (m s-1),  the length of the phonon mean free path (m) and V the 

volume of the sample (m3). This simple mathematical model can explain the poor 

thermal conductivity (0,1 - 0,5 W m-1 K-1) of polymers just considering the phonon mean 

free path. Due to their advantageous features, increasing the  of polymers is becoming 

an arising scientific challenge for novel purposes. Thermal conductive polymers have 

been produced by maximizing the presence of strong intermolecular bonds connecting 

the polymer backbones replacing weak Van der Waals interactions. [1, 5] However, to 

design and fabricate polymeric materials with much higher  values, production of 

composite enclosing thermally conductive fillers is mandatory. In this context, the 

models to predict thermal conductivity of polymer composites are generally complex 

and equation try to relate the  of the final composites with that of the polymer matrix 

and of the filler, as well as to their relative volumetric fractions. Maxwell–Eucken and 

Bruggerman models [6, 7] are the simplest models and provide good agreements with 
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experimental data only when spherical filler are used and interfacial scattering at the 

interface filler/matrix is negligible. [8] In fact, the interface plays a key role in 

determining the effective  value of polymer composites. It can be assumed that, though 

filler particles are surrounded by polymer chains in a composite, only smaller parts of 

those chains are readily in contact with the fillers.  

 

 

Figure 1.1 - a) Mechanism of heat transport in polymer composites; b) generation of thermally 
conductive pathways in polymer composites as a function of filler loading; schematic pictures of c) 

percolation and d) thermoelastic coefficient theories for describing thermal conductivity in polymer 
composites. [9] 

 

This situation leads to large phonon scattering and, consequently, thermal resistance at 

the interface (Fig. 1.1a). [8, 9] Several endeavours have been recently made in order to 

consider the interfacial thermal resistance and the influence of fillers with different 

morphological features (e.g. aligned continuous fibres, layered materials, and 

inhomogeneously and misoriented ellipsoidal particles), offering the possibility to 
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retrieve more accurately the λ of the composites. Assimilating phonons transfer 

mechanism through the interface to the behaviour of acoustic waves,  acoustic mismatch 

(AMM) and diffuse mismatch (DMM) models have been conventionally exploited for 

calculating the thermal boundary conductance of interfaces. [7] In AMM, heat diffusion 

coefficient and, in turn, the interfacial thermal resistance will depend on the density of 

the materials in contact and on the group velocity of the longitudinal phonons in the 

two media.  However, this model works perfectly only at low temperatures (< 15K) and 

does not consider the phonon scattering at the interfaces, which is instead examined by 

the diffuse mismatch model (DMM). In DMM scattering at the interfaces are introduced 

by assuming that at the interface phonons lose their original state and scatter diffusively 

and elastically in the two components. DMM model works well at higher temperature 

compared to AMM but overestimates the interfacial thermal resistance when the tow 

media have large mismatch between phonon’s state density and inelastic phonon 

scattering is not considered. [1, 7, 10] 

In addition to these theories, several other models have been proposed for explaining 

thermal conduction in polymer composites, such thermal conduction path, thermal 

percolation and thermoelastic coefficient models (Fig. 1.1b-d). [9] In the thermal 

conduction path theory [9], the heat transfer within the composite is granted by the 

generation of a continuous conductive network of thermally conductive filler. When the 

filler loading is low, isolated filler particles or aggregates surrounded by polymer matrix 

with low λ value, can be observed, with a negligible shift of the λ value of the composite. 

Increasing the filler volume fraction, the formation of thermally occur and, 

consequently, an effective thermal transport can be achieved (Fig. 1.1b). Describing the 

thermal transport in polymer composites referring to a percolation theory is still 

controversial (Fig. 1.1c). In fact, though high filler volume fractions may provide 

interconnected clusters inside the polymer matrix and an increase of the , no sharp 

changes of its value as a function of the filler loadings can be generally detected, 

hindering the possibility to define a “thermal percolation threshold”. This effect may be 

reasonably correlated to the difference in the vibrational modes of the filler and the 

matrix, which make phonon scattering severe and prevents the heat transfer. Hence, 

though some studies report the occurrence of percolation phenomena for composites 
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enclosing fillers with particularly high λ values, it remains an open issue to determine 

the relative contribution of thermal transport occurring via the filler network or via the 

polymer matrix. [7, 11] More interesting is the model based on thermoelastic coefficient 

theory, which relate the thermal conductivity to the thermoelastic coefficient of phonon 

propagation. The model treats  of the composite as a macroscopic property that will 

depend on the intrinsic  of the composite components, which are closely in contact 

and share interfaces in the composite (Fig. 1.1d). Like the interference phenomenon that 

undergo the vibration and the waves at the interfaces between two phases with different 

elastic coefficient, the phonon will also scatter and hinder the thermal conduction. 

According to this model,  will gradually grow with the loading of the filler without a 

sharp increase in accordance with the combined enhancement mechanism of the 

thermoelastic coefficients of the materials.[1, 7, 12, 13] 

 

Factors affecting the thermal transport  

The above-described theories and many laboratory practices point out that the effective 

thermal conductivity of a polymer composite is a function of several factors, i.e. the λ of 

the constituents the filler volume fraction, their particle shape and size, the particle 

dispersion, and their surface functionalization (Fig.1.2). 

 

 

Figure 1.2 – Parameters influencing the thermal conductivity in polymer nanocomposites. [14] 
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Polymeric matrix represents the main component of a composite; therefore, it strongly 

affects the thermal conductivity of the composite. Polymers due to their complex 

microstructure that includes the presence of several interfaces and defects and due to 

the anharmonic vibrations of the polymer chains [15–18] own low thermal conductivity. 

It is anyway possible to increase  of these material by introduction of small molecule 

that coordinates the polymer chain or by introduction of thermal conductive fillers. 

Chaudhry et al. [19] for example review the thermal conductivity of two polyolefins 

finding that thermal conductivity depends on the crystallinity, chain alignment and 

draw ratio. Moreover, combining those strategies with incorporation of conductive 

nanofillers, a new class of polymer nanocomposites with remarkable thermal 

conductivity and mechanical properties can be produced. On the side of the filler, high 

loadings are generally required to form thermally conductive pathways and to achieve 

high λ, inevitably depressing the mechanical and processing performances of the 

composite and raising their fabrication costs. [6, 20] Furthermore, a clear percolation 

threshold in thermally conductive composites is hard to define, even if some studies 

report λ values firstly increasing and then decreasing upon a determined fillers volume 

fraction is reached, claiming the occurrence of filler agglomeration phenomena which 

destroy the thermal conduction paths. [21, 22] Filler size is also critical for tuning the 

thermal conductivity of polymer composites. Large fillers provide lower filler/polymer 

interface, thus suppressing the interfacial thermal resistance and increasing λ [23–27] 

However, practical observation reveal that this behaviour is not always true. In fact, 

when the filler size is in the nanometric range, an increase of λ could be also observed. 

For example, the melting point of nanometallic particles is generally significantly lower 

than that in their bulk state; this effect may result in an easier sintering of the 

nanoparticles during polymer curing process with the formation of heat conductive 

network.  Hence, besides the size, the chemical nature and the balance between the filler 

ability to form particle chains and reduction of phonon scattering at the surface have to 

be considered. Filler polydispersity can promote the assembly of thermal conductive 

pathways, since small particles may form conductive bridge between large particles. [28] 

This is also the case of the so-called “hybrid fillers”, i.e. the combination of thermally 

conductive fillers with different size, shape and chemical nature (see Section 1.4), which 
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have been demonstrated to impart better dispersion and effective thermal conduction 

paths in the polymer matrix. [29–31] Filler morphology represents another key 

parameter, since it could aid to increase the thermal conductive pathways, while 

reducing scattering at the interface, simultaneously. 1D and 2D materials with high 

aspect ratio have been extensively exploited to increase the  of composites materials 

due to their ability to form thermal conductive pathways at low filler loadings with 

respect to 3D filler. High aspect ratio fillers are generally nanometric only in one 

direction, allowing to reduce phonon scattering at the interfaces between filler and 

matrix and consequently to obtain higher . [11, 32] On the other hand, this kind of filler, 

due to their shape, provide anisotropic thermal conductivity, which is dependent on the 

filler orientation in the matrix. This depicts a delicate point, since peculiar properties 

can be hindered or enhanced as a function of filler alignment, upon composite 

processing.  Therefore, the use of these filler requires a fine control of the processing 

route. The interfacial thermal resistance has a leading role in determining the thermal 

transport in polymer composites. As already mentioned, interfacial resistance can 

originate generally from the mismatch in the surface conditions of the two phases in 

contact (i.e. thermal contact resistance) or from the difference in the phonon spectra 

between the filler and the polymer matrix [33] Filler surface functionalization exploiting 

surfactants [34], silane coupling agents [35–53], grafting of functional polymers [54–57], 

or by generating core-shell structures [58–71] can be effective strategies to attain a 

significant reduction of the thermal resistance at the interface. These approaches have 

the common effect of improving the adhesion between filler and polymer and reducing 

the interfacial phonons scattering. However, surface modification may also induce the 

generation of defectivity, which has a detrimental influence on the phonon transport. In 

fact, the presence of point (vacancy and interstitial atoms), line (dislocations), surface 

(grain boundary and phase interfaces) and body (cavities and bubbles) defects result in 

phonon scattering phenomena [72–77], which may impact on the thermal transport in 

the composite. In summary, the  of a composite is affected by many factors. The 

understanding of such factors may help to find the composition and conditions to design 

effective thermal conductive composites. This challenge results to be more complex 

when increase of  has to deal with other functional properties (i.e. mechanical or 
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electrical) typical of several common application of polymer composites, like tires. These 

aspects will be described and recalled in the next sections referring to the filler systems 

utilized for the development of thermally conductive rubber compounds, with specific 

insights for those applied in tires technology. 

 

1.2 - Techniques for measuring thermal conductivity in polymer composites 

Figure 1.3 shows some of the methods currently available for the determination of 

thermal conductivity. They can be divided into two main groups, the steady state and 

the transient methods.  

 

 

Figure 1.3 – Methods used to determine thermal conductivity 

 

The steady state methods measure the  by direct use of Fourier law (3), by measuring 

the difference in temperature (T) when the heat flow (q) through the thickness (L) is 

in a steady state condition. [78]  

(3) 𝜆 =  
𝑞∙𝐿

𝐴∙ ∆𝑇
 

These methods result to be the best in determining the  of low thermal conductive and 

composites materials, moreover the measure is made in one directional heat flow over a 
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larger area which reduces the error on samples with anisotropic thermal conductivity or 

composites. On the contrary these techniques require large sample and present other 

drawback, in particular the longer time necessary to reach the steady state, the possible 

parasitic heat losses and the contact resistance due to the imperfect contact between the 

sample and temperature sensor. [79]  

In transient methods the measure of  is made by the measure of the transitional thermal 

flow during a pulsed heating process. This permits to reduce the measurements time 

and simultaneously the chances of developing convection that must be avoided 

especially in fluids. On the other hand, more complex mathematical model are used and 

particular attention must be given to the assumption that are made to calculate the . 

In this thesis heat flow meter, modified transient plane source (MTPS) and LFA 

methodologies have been utilized. 

In heat flow meter method, sample is placed between two plates with different 

temperature. This temperature gradient permits to have a heat flow through the sample 

that is measured by transducers present in both plates. As already said this method 

results to be the most suitable for composite materials, anyway it is a comparative 

measurement method, since the thermal conductivity is determined by means of 

calibration of a reference sample and not directly. For this reason, particular attention 

must be done on the instrument calibration. 

Transient plane source methods utilize a plane sensor consisted of a continuous double 

spiral of electrical conducting nickel placed between two layer of polyimide films that 

provide electrical insulation and mechanical stability to the sensor. Generally, the sensor 

is placed between two identical halves of the sample to be measured. During the 

measure the sensor is heated by Joule effect and temperature versus time is recorded. 

Using mathematical model, thermal conductivity, thermal diffusivity and specific heat 

capacity of the material can be calculated. A variation of the above-described method is 

the MTPS. In opposition with traditional method the MTPS sensor is included in a 

backing and a single sample is needed due to the use of a single-sided sensor.  

LFA is a powerful technique that utilises a pulsed laser as a non-contact heating source, 

allowing to increase accuracy of the measures. [80] Generally a vertical setup is utilized, 

where on the bottom of the sample the laser furnishes heat and a detector on top detects 
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the time-dependent temperature rise. This methodology does not measure 

directly  but thermal diffusivity. Thermal diffusivity () measures the rate of heat 

transfer throughout the material and it is related with  by the equation (4): 

 

(4) 𝛼 =  
𝜆

𝜌∙𝐶𝑝
  

where r is the density and Cp the heat capacity of the material. [81, 82] Consequently, to 

know the value of  density and heat capacity must be known or measured, and this 

unavoidably increases the error on the obtained  values. [83] 

 

1.3 - Thermal dissipation in tires: many patents only few scientific papers 

Tires work under dynamic service condition, in particular, it is subjected alternatively at 

compression and expansion motion. Due to the hysteresis properties of the rubber, 

energy dissipation takes places and increase of temperature inevitably occurs.[84]  

 

   

Figure 1.4 – Common tire components and heat correlated tire damage [85] 

 

Moreover, friction of the tire with the ground and at molecular levels between rubber 

chains, rubber-filler and filler-filler contribute to generation of heat. But, as already 

mentioned, rubber possess a low thermal conductivity, thus heat building up of the tire 

inevitably arise. [86] This phenomenon affects the tire in various way as shown in figure 

1.4. Change in temperature leads to modification in the rubber properties that makes it 

more vulnerable to mechanical failures [87]; moreover, it has been demonstrated that 

higher temperature is correlated to a higher degree of oxidative degradation. [88] 
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Therefore, to increase safety and durability, improving the thermal conductivity of tire 

represent a fundamental task, which can be accomplished by study: i) the thermal 

behaviour on the specific operative conditions; ii) the basic mechanisms of heat 

dissipation in tire under use. In addition, an in-depth investigation of the influence of 

rubber formulation and compounding on the heat dissipation properties is mandatory 

[89, 90]. Different patents [85] have been published involving heat dissipation in tires; 

however, these works involve the introduction of new structures or elements in the tires 

that lead them not suitable for the scale up of the process. Patents that modify common 

tire formulation to increase the  of the composites result more attractive. Some 

examples are presented in the table 1.1. 

 

Table 1.1 – Example of patented thermal conductive formulation for tire 

Patent Company 
Thermal 

Conductive Filler 

Tire Component 

Claimed 

US8735487B2 

 [91] 
Bridgestone Corp 

Boron Nitride 

(with two different 

sizes) 

Tread, sidewall, belt 

package, bead or 

carcass. 

US9090756B2 

 [92] 

Goodyear Tire and 

Rubber Co 

Nano-scale 

exfoliated 

graphene platelets 

Various tyre 

component 

CN102250393B 

 [93] 

Beijing University of 

Chemical 

Technology 

Carbon Black and 

n-Alumina 

Heavy truck tire 

shoulder 

EP1557294A1 

 [94] 

Goodyear Tire and 

Rubber Co 

Two or more kind 

of carbon black 

Heavy tires 

components 
 

 

As concerns on the scientific literature, very few reports deal with the tailoring of 

thermal conductivity of rubber composites for tire application. In the following section 

some examples will be given, with a more specific attention on ceramic systems like 

Al2O3, BN and ZnO, which represent promising candidates in terms of performance, 

availability and costs. The effects of their loading, structure, morphology, surface 

functionalization and combination in hybrid fillers on the generation of thermally 

conductive pathways in the rubber matrix, will be described.  
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1.4 - Filler Systems for Improving the Thermal Conductivity of Rubber 

Nanocomposites 
 

Numerous types of thermally conductive nanofillers were tested in the last years: 

ceramic (Al2O3, BN, and ZnO), carbon-based fillers (graphite, graphene, carbon 

nanotubes), metallic. An overview of different filler will be here discussed grouping them 

as: carbon-based, inorganic and hybrid. 

 

Carbon-Based Fillers 

Carbon nanotubes (CNTs), carbon fibres, graphene, and graphite are examples of carbon 

filler extensively used to increase thermal conductivity of polymer composite. In fact, 

these kind of filler have high  values (100-4000 W m−1 K−1), though this property is 

generally anisotropic and strongly depends on the direction of heat propagation. [6] 

If on one side this has represented an opportunity to produce highly conductive 

composite by filler alignment, on the other side, applications where anisotropic thermal 

conductivity composites are needed, like tires, are not affordable for these materials. 

Moreover, a consistent volume fraction in the matrix is usually required, inducing 

delamination or peeling phenomena which sacrifice the composite processability and 

finally damage the composites. Among carbon-based filler, CNTs have been employed 

to produce various thermally conductive rubber nanocomposites [95–98]. However, 

their utilization still presents issues to be solved: i) a reduction of the necessary amount 

for an effective thermal conduction enhancement in order to lower the cost of the final 

composites [99] and to retain the mechanical performance of the matrix; ii) improving 

dispersion and disentanglement of CNTs [100] in the matrix with consequent decrease 

of  the high thermal resistance at the interface between the filler and the rubber; iii) 

using defect free and uniform CNTs. [101] It has to be mentioned also that, since CNTs 

are highly electrically conductive, their use in formulation for electrical insulation could 

be complicated. Graphene is another interesting material largely studied due to its 

promising properties, i.e. the zero-gap band structure, high electron mobility, and high 

thermal conductivity [102]. However, studies focused on the thermal conductivity of 

graphene–rubber composites have only recently arisen [103–108]. Homogeneous 

dispersion of graphene in the matrix and again interfacial compatibilization are the main 
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issues to solve in graphene-rubber composites. A limit of graphene is also connected to 

its cost, due to the low yield synthesis; as a consequence, graphene derivates like 

graphene oxide (GO) and reduced graphene oxide (rGO) are replacing neat graphene in 

several applications. [109] This is not only due to the higher yield of production of these 

materials, but also because of the presence of polar groups at their surface which can be 

exploited to improve filler dispersion. [104] Graphite based fillers can be a cost-effective 

conductive alternative to CNTs and graphene. Due to its high theoretical intrinsic 

thermal conductivity (500-1000 W m−1 K−1) and the platelet like morphology, graphite 

has attracted a lot of attention as conductive filler, especially in silicone rubber 

nanocomposites. [110] Another form of graphite is expanded graphite (EG), which is 

produced by intercalation of compounds that when heated release gases that separate 

the layers of the graphite, in fact this kind of material is also known as exfoliated 

graphite. This process leads to the production of a graphite with wide surface area and 

high aspect ratio that, when included in polymer, leads to outstanding thermal and 

electrical conductivity as well as good mechanical properties. [111, 112] Due to these 

properties, EG results to be the best choice between carbon-based materials to produce 

industrial-scale composites. However, a severe drawback is provided by the lubricant 

properties of graphite, which results in risk of peeling and delamination phenomena 

that, for tire applications, must be reduced. Song et al. [113] improved the dispersion and 

interaction between EG and natural rubber (NR) in a tire formulation by modification 

of the EG surface by polyacrylates (PA) composed of different ratio of two monomers 

(Fig. 1.5). 

 

 

Figure 1.5 - Scheme of the graphite’s modification with polyacrylates and introduction into NR and 
production of rubber composites for tire applications by Song et al. [108] 
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Authors found that  increases when EG surface is modified with PA, and the 

enhancement depends on the ratio between the monomers (Fig. 1.6).  

 

 

Figure 1.6 - Trend of the thermal conductivity for neat (0#) and differently surface modified (1#-8#) 
graphite/NR composites [113]. 

 

 

In summary, carbon-based fillers constitute a class of materials widely used for the 

thermal management in rubber nanocomposites. Because of their peculiar properties 

like high thermal and electrical conductivities, light weight, and generally affordable 

costs they result the best choice as thermal conductive filler to be introduced in tire 

formulation. On the other hand, the necessity to provide either filler orientation or 

networking inside the rubber matrix to achieve satisfactory λ enhancements, lead to a 

consequent risk of peeling and delamination phenomena. This kind of composite are 

anyway used for large scale production of non-tread components of tire. 

 

Inorganic Based Fillers 

Ceramic materials, such as alumina (Al2O3), boron nitride (BN), and zinc oxide (ZnO), 

have good thermal conductivity and their structure, particle shape and size, and surface 

features can be tailored to readily build up thermally conductive pathways within the 

rubber matrix. Moreover, they can also be utilized in combination with carbon-based 

thermally conductive fillers in hybrid systems, supplying a decisive upgrade in the heat 

transfer performance. 

Al2O3 is the filler mainly studied in this thesis, therefore it will be extensively discussed 

in Section 1.5. 
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Boron nitride thermally and chemically resistant refractory compound that exists in 

various crystalline forms. The hexagonal form of BN (h-BN) displays a graphite-like 

structure and is sometimes called “white graphene”. [114] As graphite, h-BN can easily 

be exfoliated to a single or a few atomic layer sheets. Intrinsic thermal conductivity of 

h-BN strongly depends on the exfoliation degree and ranges from approximately 400  

W m-1 K-1 for bulky from one of the highest in-plane thermal conductivity coefficients 

(around 2000 W m-1 K-1), for the single layer. [115] Same issue ascribed to the carbon 

analogous can be translated to the h-BN. In particular, the anisotropic structure can lead 

to orientation and anisotropic thermal conductivity enhancement. Moreover, filler 

functionalization is needed in order to minimize the interfacial thermal resistance and 

to promote the generation of thermally conductive pathways avoiding filler aggregation. 

Various covalent and non-covalent functionalization have been developed. Although 

covalent approaches can supply strong interfacial adhesion between the filler and the 

matrix, with a consequent reduction in the thermal resistance and an improvement in 

mechanical properties, they create defects to the original BN structure. [116] Therefore, 

non-covalent functionalization is preferably suitable for thermal conductivity 

application of h-BN. An interesting study done by Yang et al. [117] propose a double 

functionalization of h-BN to minimize the introduction of defect but improving the 

interaction between the filler and the matrix. The double step functionalization consists 

of a first coating of h-BN platelet with polydopamine (PDA), followed by modification 

of the PDA with a covalently bonded silane containing a reactive methacrylate group. 

The filler was then introduced in NR. Authors found that PDA help to improve 

compatibilization of the filler with the matrix, while the presence of silane leads to the 

improve the dispersion and the interaction with the matrix, moreover a self-orientation 

of the filler in the matrix takes place. These leads of course to the formation of useful 

thermally conductive pathways and so to an increase of  of the composite including 

non-functionalized filler. However, an exfoliation step is not included in this works, 

therefore high loading of h-BN is used to increase the TC, as result degradation of 

mechanical performance could arise. Exfoliation of the h-BN could extremely improve 

the  at lower loading, as for example showed by Wu et al. [118] Anyway, the unscalable 

composite production methodologies and production of exfoliated h-BN, and the 
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problem already seen for graphite lead this material still not suitable for mass tire 

production. 

ZnO is a widely diffused semiconductor with lot of application ranging from 

optoelectronics to cosmetics. ZnO have also a good thermal conductivity of about 50 W 

m-1 K-1 but it strongly depends on the crystallinity of the ZnO. [119] ZnO is already 

included in rubber compound due to its use as activator for the vulcanization process 

and it is becoming an attractive material for tailoring the thermal management and heat 

dissipation of polymers, however, very few examples are present in the literature 

regarding its application in rubber nanocomposites as a single filler. 

Generally, experiments shows that though compound enclosing submicrometric ZnO 

possess good mechanical performance compared to silica or carbon black, thermal 

conductivity is enhanced only at high filler volume fraction. [120, 121] 

Optimization of the micro/nano structure of the material as well as suitable surface 

functionalization approaches must be developed that may enable its application in tire 

formulations as a multifunctional filler imparting enhanced reinforcing, vulcanizing, 

and thermal conductivity properties. [122] 

 

Hybrid Fillers 

Hybrid fillers are mixtures of different kinds of thermally conductive fillers or mixtures 

of the same material with different morphology or structure. Use of hybrid fillers permits 

to improve the dispersion and packing fraction, promoting the generation of thermally 

conductive pathways. This lower percolation threshold may facilitate the processing of 

composites, reduce the cost, and preserve mechanical properties of the matrix.[28] For 

example, silicone rubber composites enclosing ZnO with different nanoparticles size 

[121] or morphology [123] have been developed, where high thermal conductivity was 

achieved at lower filler fraction respect to the single filler, due to the generation of a 3D 

thermally conductive network which boosts the thermal transport throughout the whole 

matrix. More interesting feature can be achieved when two different fillers are 

introduced in the rubber, exploiting covalent or weak interaction between them. For 

instance, Yang et al. [124] produced a multilayer core-shell hybrid filler. Alumina was 

firstly surface functionalized with a non-covalent functionalization by a polyamine and 
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subsequently graphene oxide was bonded using a peptide bond. The filler was then 

included in a carboxylated nitryl rubber (XNBR). The authors found that combination 

of Al2O3 and GO leads to the formation of a network made of alumina “islands” and GO 

“bridges” that boosts both the  value and the mechanical properties of the composite. 

With the aim of increasing thermal conductive path in rubber matrix, Li et al. [125] 

constructed a three-dimensional network of alumina and reduced GO (rGO). The hybrid 

filler was obtained utilizing electrostatic self-assembly between alumina and rGO and 

then mixed by solution-blending with natural rubber (NR) latex (Fig. 1.7a). As expected, 

the resulting composite (rGO@Al2O3-NR) exhibited a higher  than that of the random 

oriented filler nanocomposites (rGO-Al2O3-NR) at the same filler loading (Fig. 1.7b). 

According to fracture surface SEM images, this has been ascribed to the generation of a 

3D interconnected structure, which enables efficient heat transfer paths, thus upgrading 

the thermal conductivity (Fig. 1.7c). Interestingly, λ increases (Fig. 1.7d) increasing the 

alumina coverage on rGO, confirming the ability of hybrid fillers to promote the heat 

transfer and suggesting that a simple modulation the Al2O3 proportions provide the 

chance to control the thermal management of the material. However, the production 

process of these composite results to be hardly scalable up to the industrial scale. 

An unconventional and poorly explored way to improve the thermal transport of rubber 

nanocomposites consists in the modification of ceramics with polyhedral oligomeric 

silsesquioxanes (POSS), realizing a new class of thermally conductive hybrid filler, where 

the term “hybrid” implies the combination of inorganic and organic components on the 

same filler material. In detail, POSS are hybrid inorganic-organic molecules with 

[RSiO1,5]n general formula and composed of a rigid core of cage-like silicon oxide and a 

shell of R organic groups. [126] The high number of tuneable organic functionalities on 

the same small unit provides a remarkable compatibility with the polymer matrix, due 

to the enhanced possibility of chemical or physical interactions at the polymer–POSS 

interface. [127] These peculiar characteristics stimulated their wide utilization in 

polymer nanocomposites for upgrading different properties, e.g. thermal stability, 

dielectric behaviour, mechanical and chemical resistance, biocompatibility, while 

retaining the lightweight and ductile features of the materials. [128] On the other hand, 

one of the main issues of POSS is their tendency to aggregate in the polymer matrix. To 
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avoid this phenomenon, they are usually grafted to polymer chain terminations or to 

particle surfaces, thus acting as building blocks or providing chemical compatibilization 

between the filler and the polymer matrix. [129] 

 

 

Figure 1.7 - a) Scheme of the fabrication procedure of 3D rGO@Al2O3-NR nanocomposites; b) Trend of 

thermal conductivity for 3D rGO@Al2O3-NR and random rGO-Al2O3-NR nanocomposites as function of 
filler loading; c) Illustration of the heat transfer mechanism in both the compounds; 

d) thermal conductivity of 3D rGO@Al2O3-NR nanocomposites vs. rGO/Al2O3 mass ratio. [125] 

 

For instance, the group of Milano Bicocca has widely investigated the properties of 

silsesquioxanes in polymer composites and, in particular, of OctaMethacrylPOSS units 

in conjunction with SiO2 (i.e. SiO2@POSS hybrid filler) to produce rubber composites 

for tire application with relevant reinforcement and decreased energy loss under strain. 

[130] This behaviour may be exploited to enhance thermal conductivity of composites. 

In fact, POSS units can one hand promote the interaction between filler aggregates 

enhancing the number of thermal conductive paths in the matrix, and on the other hand 

provide rubber immobilization at the filler interface, improving the phonon 
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transmission and reducing the scattering. In the literature thermal conductive filler 

modified or blended with POSS units are reported, but they mainly introduced in 

thermoplastic polymers like UHMWPE [131], epoxy resins [132] or bismaleimide matrix 

[133]. For instance, Gu et al. [131] have taken advantage of POSS properties by grafting it 

on SiC particles and fabricating high thermally conductive composites with ultrahigh 

molecular weight polyethylene (POSS-g-SiC/UHMWPE). SiC surface functionalization 

has been performed using NH2-POSS and KH-560 as coupling agent, then the 

composites are obtained via mechanical ball milling and hot-pressing method at 

different filler loadings (Fig. 1.8). Thermal conductivity measurements (Fig. 1.9) reported 

an enhancement in comparison with original UHMWPE. However, any definite role was 

imputed by the authors to the nanocages, if not the ability in improving the dispersion 

and the compatibilization of filler in the rubbery matrix. On the other hand, these 

proprieties enhancements are not sufficient to justify the increase of cost of the final 

composite due to the addition of POSS. 

 

 

Figure 1.8 – (a) Functionalization of SiC filler and (b) POSS-g-SiC/UHMWPE composites fabrication 
process. [131] 

 

 

Figure 1.9 - Thermal conductivities of UHMWPE composites. [131] 

a) b)
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More recently, Hu et al. [134] introduced octavinyl-POSS (OVPOSS) modified alumina 

and aluminium nitride (AlN) spherical particles in an elastomeric matrix (silicon 

rubber). Filler functionalization was achieved by a two-step functionalization (Fig. 

1.10a). The as produced functionalized filler was then mixed with the liquid rubber 

precursor, casted in a mold and heated to induce the polymerization. The thermal 

conductivity analysis made on the composites shows that POSS functionalization 

effectively induces an enhancement of  values as a function on the quantity of POSS 

grafted at the filler surface (Figure 1.10b, up). Authors attributed this behaviour to the 

decrease of the interfacial thermal resistance imparted by POSS functionalization which, 

simultaneously, improves the contact area and the interconnection between the filler 

particles of different dimensionality (Fig. 1.10b, bottom). However, this interpretation is 

scarcely supported by other experimental evidence in the manuscript. 

 

 

Figure 1.10 - (a) Scheme of functionalization of Al2O3/AlN with OVPOSS, (b) thermal conductivity 
analysis and scheme of heat flux in the composite. [134] 

 

 

Focalizing the attention of hybrid filler for tire application, some examples can be found 

in literature, such as silica/carbon black [135, 136] modified layered silicates 

carbon/black [137]. Although their effect on the mechanical properties of SBR-based tire 

tread formulations has been well documented, their exploitation for attaining also 

improved heat dissipation properties still represents a challenge [138]. In this context, 

Song et al. [139] combined exfoliated montmorillonite (E-MMT) as reinforcing filler and 

+

OctavinylPOSS
(OVPOSS)

Al2O3/AlN

Al2O3/AlN/OVPOSS

a) b)
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multi walled carbon nanotubes (MWNTs) as thermal conductive filler. The E-MMT was 

hydroxylated to introduce polar functionalities on the surface (FE-MMT), while MWNTs 

was superficially covered with the cetyltrimethylammonium bromide (C-MWNTs), an 

amphiphilic molecule which prevents the aggregation of MWNTs and, simultaneously, 

improves the dispersion of the filler in the polymer matrix. Composites were produced 

by co-coagulation from SBR latex (S-MM, Fig. 1.11a). A remarkable improvement in both 

mechanical (Fig. 1.11b) and thermal conductive properties (Fig. 1.11c) of S-MM 

composites was observed even at low hybrid filler loadings, particularly if compared to 

composite obtained by simply mixing FE-MMT and C-MWNT with SBR, and with 

respect to the compounds enclosing neat C-MWNT and FE-MMT fillers.  

 

 

Figure 1.11 - (a) Scheme of nanocomposite filled with a hybrid filler according to Song et al.; (b) Elastic 
modulus and toughness of the composites enclosing neat fillers (MWNT, MMT), hybrid filler (S-MM), 

and mixed fillers (M-MM); (c) Thermal and electrical conductivities analysis of the nanocomposites 
[139] 

 

 

Based on their promising properties, these materials were exploited in the formulation 

of tire tread of a pneumatic tire, which showed enhanced wet grip and low-rolling 

resistance, thus indicating the potentiality deriving from the synergistic action of clays 

and CNTs in the hybrid filler. The same authors also proposed the production of a hybrid 
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filler made of graphene and silica nanoparticles where the interaction between the 

different filler was mediated by a fatty acid [140, 141] which were finally utilized for 

producing SBR nanocomposites for tires. In detail, masterbatches of SBR/graphene-

silica nanohybrids (Hybrid filler/SBR) were obtained by a fast, inexpensive, scalable, and 

versatile latex co-coagulation approach (Fig. 1.12a). The composites displayed 

remarkably higher mechanical properties, thermal and electrical conductivities than 

similar SBR nanocomposites enclosing silica decorating carbon black, graphite and rGO, 

prepared by the same procedure (Fig. 1.12b). These results were attributed to the peculiar 

characteristics of the new hybrid filler, which providing an enhanced interfacial filler 

adhesion with the rubber and the generation of a continuous filler network, grants a 

remarkable reinforcement and an improved thermal transport through the matrix. The 

produced master batches were then added to silica/SBR-based tread formulations, to 

produce the so-called “green tires”. Lower rolling resistance and highly improved grip, 

compared to a reference compound (control), were achieved, supporting the great 

potentiality of hybrid fillers for the design of tire with tailored performances (Fig. 1.12c).  

 

 

Figure 1.12 – (a) General scheme of the Hybrid/SBR nanocomposites’ preparation; (b) Thermal and 
electrical conductivities of the SBR nanocomposites with different filler materials; (c) characterization of 

tread compounds (control and those made with nanocomposites enclosing hybrid fillers). [140, 141] 
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However, production of composite by co coagulation is not the best choice for 

industrial-scale production, due to the less understood dependency of this method to 

external factors respect to melt processing techniques. [142] Moreover, it must be 

considered that the composite must be separated from the wastewater. The liquid part 

needs to be treated, while the composite washed and dried, increasing the time and the 

costs of the process. 

 

1.5 - Alumina-based filler for improving the thermal conductivity of rubber 

composites: an efficient and cost-effective alternative 
 

Alumina is one of the most widely diffused metal oxide both in research and industrial 

field due to its peculiar properties that are strongly dependent on its crystal structure. 

[143] Al2O3 exist as amorphous material but more commonly it can be found in several 

metastable crystal phases (      ) and a thermodynamically stable phase ().  

Starting from different precursors which are generally different kind of aluminium oxide 

hydroxide, it is possible to obtain a specific crystalline phase by choosing a specific 

thermal treatment (Fig. 1.13). [144] 

 

 

Figure 1.13 – scheme of evolution of crystalline phase of alumina starting from different precursors [145] 

 

Moreover, it is possible to modify the properties of the alumina by simply change its 

morphology. Structure like spherical, irregular, fibrous and flake-like shape can be easily 

synthesized. Regarding the use of alumina as thermal conductive filler, it has been 

widely acknowledged both from industry and academia that spherical alumina has the 
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greatest advantage in enhancing thermal conductivity compared with other fillers with 

different shapes. [146, 147] On of the main advantages in using spherical alumina is the 

improvement of composite processability. In fact, the smooth surface of alumina spheres 

favours the reduction of the viscosity of the system. [6] Synthesis of this kind of alumina 

can be produced by different approaches, the most important are homogeneous 

precipitation, sol-emulsification-gel, oil-drop, templated and spray method. (Fig. 1.14) 

 

 

Figure 1.14 – summary of synthesis possible to produce nanometric alumina. [143] 

 

In the homogeneous precipitation generally an aluminium source and a precipitating 

agent like urea or formamide are used. [148, 149] From this approach, aluminium 

hydroxide is firstly produced and then it is calcined in an air atmosphere to obtain 

spherical alumina. It is also possible to adjust the particle size of the spherical particle 

generally by using different aluminium sources or mixture at fixed rate of them. [149–

151] Sol-emulsification-gel method permits to obtain particles with high sphericity. The 

Al2O3 is produced in a water in oil (WO) emulsion stabilized with surfactant, 

subsequently the as obtained powder is separated from the solvent and dried. Generally, 

to obtain the α-Al2O3, calcination is required this process may change the morphology 

of the particles.  Oil drop method is an improved type of sol-emulsification-gel 

technology. In this technique the sol and gelling agent are added into organic liquid 

(paraffine or mineral oil). Due to difference in superficial tension, the sol forms spherical 

droplets in the oil and the gelation is completed in this shape. Washing, drying and 
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calcination are then required to produce the final spherical Al2O3 particles. Templated 

methods exploit the templating proprieties of inorganic particles or micron or 

nanospheres of high molecular polymers. In this technique, hollow structures are 

synthetized by depositing the precursor on the template surface and then removing it 

by high temperature calcination or solvent extraction. Spray methods consist of spray 

drying, spray pyrolysis and spray melting. Spry drying method is the most promising and 

conventional method suitable for large-scale production, high-purity and high-

sphericity alumina powder. In this technique, a liquid slurry is atomized into liquid 

droplets that arranges in spherical shape due to surface tension. The solvent is 

evaporated from the droplet at high temperature and calcination is then performed to 

remove the eventual binder and to obtain spherical particles with larger particle size. 

(Fig. 1.15) [152] 

 

 

Figure 1.15 - SEM images of Al2O3 nanospheres prepared by thermal plasma. [152] 

 

Of course, alumina has been widely used as filler in the field of rubber nanocomposites, 

endowing improved thermal conductivity as well as good mechanical and electrical 

properties. This material has a relatively high thermal conductivity for a ceramic, and it 

ranges from 38 to 42 W m-1 K-1, depending on the crystalline phase. [28] Surely this is 

not the best values for ceramic fillers, however, alumina is cheap, non-toxic and can 

easily be obtained in various sizes and shapes, prompting its application in several 

rubber formulations. [153] The effect of alumina particle size on both thermal 

conductivity and mechanical properties of  silicon rubber nanocomposites was studied 

by Zhou et al. [154].  In detail, a comparison between the thermal transport afforded by 

micrometric β-alumina with different particle size and nanometric α-alumina surface 
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modified with 3-methacryloyloxypropyltrimethoxysilane, as compatibilizing coupling 

agent, was performed. The results showed silicone rubber enclosing nanometric Al2O3 

particles at volume fraction above 50 % displays the highest λ values. This was ascribed 

to the high packing density attainable with these particles, which guarantee thermal 

transport channels in the composites. However, at such high filler concentration, the 

tensile strength and elongation at break of the remarkably drop, preventing a 

satisfactory application of the materials. Trying to slightly reduce the filler friction 

Ouyang et al. [155] developed a novel synthesis of -alumina nanoparticles by the use of 

a high-frequency thermal plasma. These particles exhibit smooth surfaces, without 

edges or corners that can cause significant filler–matrix and filler–filler friction. As a 

result, SR nanocomposites with high alumina percolation thresholds (~50–60 v/v %) 

have been produced. The materials show both satisfactory mechanical performance and 

significant thermal conductivity (Fig. 1.16a), even at relatively low filler loadings (~20–

35 %v/v). This work points out the importance of the dispersion and suitable 

compatibility between alumina fillers and the rubber matrix, for the formation of 

networks to promote thermal diffusion and lower the transfer of stress. (Fig. 1.16b) 

 

 

Figure 1.16 – a) Thermal conductivity of the SR composites filled with different contents of Al2O3 
nanospheres and heat flow models of composites with good dispersion (b) and poor dispersion (c). [155] 

 

To further lower the volume fraction of alumina, Song et al [156] produced a branched 

alumina particles that introduced in a SR composite constituted a thermally conductive 

3D network. (Fig. 1.17) Authors demonstrated that due to the branched structure, a 

continuous pathway is produced in the matrix and this permits to reduce the number of 
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the interfaces and consequently the interfacial thermal resistance. Moreover, tensile 

strength, elastic modulus and toughness of the composites were also improved by 

addiction of this filler. 

 

 

Figure 1.17 – (a) Thermal conductivity of the composites filled with different contents of Branched-
Al2O3 and heat conductive pathways of composites with (b) Branched-Al2O3 and  

(c) common nanoparticles fillers. [156] 
 

Very few reports in the literature focus on the exploitation of Al2O3 for tires applications. 

Wang et al. [39] utilized α-Al2O3 for the fabrication of thermally conductive ethylene 

propylene diene monomer (EPDM) nanocomposites. The authors specifically study the 

effects on the thermal transport and mechanical properties of the filler volume fraction; 

the surface functionalization with a common coupling agent utilized in tires formulation 

(i.e. Si69, bis-(3-triethoxy silylpropyl)-tetrasulfide, Fig. 1.18); the pre-treatment of the 

filler with stearic acid. The results evidenced that the incorporation of high-volume 

fractions of alumina can effectively upgrade the  in EPDM nanocomposites, 

notwithstanding the surface chemical modification of the nanoparticles. However, the 

high filler loading (149 PHR) affects the tan  values, which increases as a function of 

the applied strain, particularly for the naked -Al2O3 nanoparticles.  
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Figure 1.18 – a) In-situ surface silanization of α-Al2O3 nanoparticles; (b) expected reaction between 

functionalized −Al2O3 and rubber chains during the vulcanization process. [39] 

  

The same authors extended the use of  and -alumina in NR composites. [90] It was 

demonstrated that the different crystalline phases impart different properties to the final 

nanocomposite. In particular, -Al2O3 results to be impart superior mechanical feature 

to NR compared with the  phase. On the contrary -Al2O3 results to be better in 

imparting superior . (Fig. 1.19) Authors point out that the different mechanical and  

properties depend on the difference in size of the nanoparticles. -Al2O3 possess smaller 

particle that leads to higher mechanical performance, but a lower intrinsic  

accompanied with worse dispersion, uncontrolled aggregation that cause lower 

 enhancement, and moreover a higher filler–filler friction and thus higher heat build-

up. The picture retrieved from the described studies, indicate that alumina fillers are 

attractive materials for improving the thermal conductivity properties of rubber 

composites and for large-scale applications due to abundance and low cost. Though 

some benefits both in the reinforcing action and thermal conductivity enhancement can 

be achieved by modulating the filler’s crystalline phase, morphology, and surface 

functionalization, the reduction of the alumina loading is still a challenging point. 

 

 

Figure 1.19 – (a) thermal conductivity and (b) heat build-up properties of NR composites filled with 

 -Al2O3 or -Al2O3 nanoparticles [90] 
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In summary, besides high thermally conductive carbon-based filler, ceramics and hybrid 

filler possess great potentialities in upgrading the thermal conductivity of rubber 

polymers, though some important issues still limit their utilization, especially in 

industrial technologies. In particular, lowering both filler loading and thermal interfacial 

resistance appear crucial tasks to be pursued by tailoring surfaces and, more 

importantly, networking in the rubber matrix. A real breakthrough may be attained by 

the development of suitable hybrid filler, since one can combine, for instance, enhanced 

cross-linking abilities with high intrinsic thermal conductivity, thus deriving significant 

advantages compared to the use of a single filler. 
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Chapter 2 - SiO2@Al2O3 filler in SBR/BR matrix 

2.1 - Introduction 

As already described in the Introduction of the thesis, tires must satisfy fundamental 

safety, performance and environmental footprint features established by law. As an 

example, the stability at high velocity, loudness, wet grip and rolling resistance of tires 

are regulated by European legislations. [1] These characteristics strongly depend on 

compounds mechanical properties, and a correlation between a specific mechanical 

behaviour and the resulting macroscopic properties can be detected for most of them. 

For instance, the dynamical mechanical properties of tread compound at 0 °C and 70 °C 

can be correlated to wet grip performance and rolling resistance, respectively. [2] Thus, 

severe requirements on mechanical properties must be satisfied when nanocomposites 

for tire production are formulated, which essentially rely on the characteristics of rubber 

polymers and, more importantly, to the morphological and surface features of 

reinforcing filler. Besides improving mechanical properties, the choice of filler in rubber 

formulations for tires has to comply with other important characteristics of this peculiar 

application, such as the thermal dissipation, which could improve personal safety issues 

and for the durability of the material. In this context, commonly employed SiO2 NPs 

cannot be satisfactory candidates, due to their low intrinsic thermal conductivity (~3.5 

W m-1 K-1), which is insufficient for an effective thermal management. Thus, ceramics or 

carbon-based phases having high  values could be additionally utilized. As widely 

reported in Chapter 1, several alternatives can be considered, though for the specific 

application in tires a careful tradeoff among several parameters as performance, wide 

availability, low costs, stability and negligible toxicity, has to be pursued. The 

introduction of alumina filler in rubber composites for tires appear a valid option. The 

promising thermal transport features imparted by addition of thermally conductive 

Al2O3 particles to several different rubber matrices have been discussed in Chapter 1. 

However, very few example deal with tire applications and, usually, high loadings (> 20-

30 v/v %) are required in order to obtain a significant increase of the heat transmission, 

leading to a degradation of the rubber mechanical features. Besides the concentration, 

the morphology and the surface features of the filler play a crucial role in deciding the 
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final properties. In fact, the chemistry of alumina is significantly different compared to 

the ones of SiO2 and silicate filler, envisaging compatibilization and segregation 

concerns upon incorporation in rubber matrix. As concerns on the dimensions, micro-

size alumina particles were found to upgrade thermal conductivity, but not the 

mechanical strength. On the contrary, nano-alumina often does not significantly 

contribute to thermal conductivity enhancement, but it displays beneficial effects on 

other mechanical properties. A recent study of Vaisakh S.A. et al. [3] , reported on the 

beneficial effects of SiO2/Al2O3 mixed filler with different size and shape on the thermal 

conductivity, strength, and tribology properties of epoxy composites (Fig. 2.1), 

envisaging a potential synergistic action among the filler. Although focused on epoxy 

matrix, this study resulted inspiring and prompted us to investigate the introduction of 

alumina particle, in conjunction with SiO2, in elastomers exploited in tire tread 

formulation. In detail, the idea was to develop a novel filler where SiO2 and Al2O3 NPs 

are not simply mixed together, but belong to the same functional structure, which 

combine both the reinforcement ability of silica and the thermal conductivity mainly 

governed by alumina. 

 

Figure 2.1 – Scheme summarizing the different mixed filler combinations utilized in epoxy composites 
according to [3]. 
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To synthetise this filler, at first aluminium hydroxide was grown at the surface of silica 

NPs, and then converted into alumina phase by a thermal treatment (SiO2@Al2O3). The 

material was then compositionally, structurally and morphologically characterized by 

ICP-OES, XRD, Solid State NMR and TEM analysis. SiO2@Al2O3 NPs were used to 

prepare, by ex situ blending, styrene butadiene rubber (SBR) nanocomposites. The 

mechanical properties of SBR/SiO2@Al2O3 nanocomposites were investigated in detail. 

Finally, the thermal conductivity of the composites was measured by MPTS analysis and 

the results connected to the morphological features of composites assessed by TEM.  

2.2 - Preparation of SiO2@Al2O3 NPs 

Materials: precipitated commercial silica Zeosil® 1165 was obtained by Solvay, 

Aluminium Nitrate nonohydrate was acquired from Sigma Aldritch, Aluminium Sulfate 

exadecahydrate and Urea was acquired from Alfa Aesar. 

The filler was prepared by following the synthetic route shown in figure 2.2, modifying 

a synthetic method present in literature for the preparation of nano alumina. [4] 

 

 

Figure 2.2 – Scheme of SiO2@Al2O3 synthesis 

In details, 4 g of the commercial silica was dispersed in 500 mL of water by sonication 

for 15 min. Then, in a 3 L round bottom flask 1.12 g of Al2SO4, 8.04 g of Al(NO3)3, and 15 

g of urea were dissolved in 2 L of distilled water by magnetic stirrer. The amounts of 

precursors were selected in order to obtain 20 wt% on SiO2. After dissolution, the silica 

suspension was added to the flask and heated at 120 °C in an oil bath for about 3h when 

pH reaches a value of 7. After cooling, the suspension was vacuum filtered and the 
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obtained solid washed with water and dried at 70°C for 12 hours. Alumina crystallization 

was performed at 1100 °C for 1 hour in a muffle furnace. 

2.3 - Structural and morphological characterization of SiO2@Al2O3 filler 

The quantification of the alumina grafted on SiO2 NPs was evaluated by ICP-OES 

analysis. Due to the chemical stability of the alumina, the Al quantification was done on 

the filler precursor SiO2@Al(OH)3, to get the material solubilized (see appendix for the 

experimental conditions). The results the as produced filler contains 20  3% in weight 

of alumina over SiO2 NPs. The structural properties and the crystalline phases present 

in the filler after each reaction step were studied through XRD. At first, the behaviour of 

the commercial silica after the thermal treatment was assessed. As expected, SiO2 NPs 

pass from an amorphous state (Fig. 2.3a, black line) to a crystalline form (Fig. 2.3a, red 

line) under the same thermal treatments used for alumina crystallization. However, SiO2 

crystallization is detrimental for the industrial application due to the health hazard 

correlated to crystalline silica. Remarkably the diffractogram of SiO2@Al2O3 (Fig. 2.3b, 

blue line) does not show any peaks related to crystalline silica, and the broad reflection 

at about 22° of the amorphous silica is predominant in the diffractogram, suggesting 

that the growth of alumina prevents the silica crystallization. Besides, in the 

diffractogram of SiO2@Al2O3 the peaks of the alumina  phase are clearly present 

(attribution in Fig. 2.3b).  

 (a) 

 

 (b) 

 

Figure 2.3 – XRD of (a) commercial SiO2 (black line), commercial SiO2 treated at 1100°C for 1h (red line) 

and (b) SiO2@Al2O3 filler (blue line). 
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To study the interfacial interaction between SiO2 and Al2O3 phases, 27Al and 29Si solid 

state NMR spectra were acquired (respectively Fig. 2.4 (a) and (b)). The 27Al spectra of 

SiO2@Al2O3 was further compared both to commercial alumina NPs (polydisperse size 

up to 200 nm, -phase) and alumina NPs synthetized in the same experimental 

conditions but in the absence of SiO2. The 27Al spectra of both pure Al2O3 samples result 

perfectly superimposable indicating the structural equivalence in terms of octahedral 

and tetrahedral Al sites, clearly visible at 7,7 and 59 pm, respectively (Fig. 2.4a). 

However, the different shape and intensity of the peak connected to the tetrahedral Al 

sites in SiO2@Al2O3, as well as the shift to higher field, suggest the presence of a higher 

amount of these Al sites with a different chemical environment. In accordance with the 

literature [5, 6], it is possible to deconvolute the tetrahedral sites peak in two 

components at 62 and 50 ppm, that are respectively related to Al-O-Al (64.5%) and Al-

O-Si (35.5%) bonds, possibly connected to the interaction between SiO2 and Al2O3. 

Besides, the increase of the intensity of the tetrahedral Al sites, indicates that the Al-O-

Si bonds force the Al and first Al neighbours to adopt the silica coordination mode, 

coherently proving the growth of Al2O3 on SiO2 NPs. To further confirm the SiO2 surface 

functionalization, 29Si spectrum of SiO2@Al2O3 was compared to that of bare 

commercial SiO2 NPs (Fig. 4b). As expected, in the latter case, the signal of the typical 

Q2, Q3 and Q4 components of silica located at -90.0 (1.8%), -100.3 (23.6%) and -110.5 

(74.6%) ppm respectively, were observed. Instead, in the spectra of SiO2@Al2O3, the 

amount of non-completely condensed units (surface units as Q2 and Q3) is reduced 

probably by the presence of alumina at the surface, which induces the formation Al-O-

Si bonds, thus increasing the intensity of Q4 signal [7, 8]. Consequently, 29Si MAS 

spectrum corroborates the successful surface functionalization of the silica.  

The morphology of the novel filler material has been investigated by TEM. From the 

images, it can be noticed that the commercial SiO2 powder is constituted of aggregates 

with a dimension up to 200 nm of composed by small pseudo spherical nanometric 

particles with an average of size 20 nm (Fig. 2.5a and a'). At higher resolution no 

crystalline plane are visible for bare SiO2 in agreement with XRD. Images of SiO2@Al2O3 

shows the presence of Al2O3 sheet like species surrounding SiO2 aggregates (Fig. 2.5b). 

Their morphology is in accordance with the structure of boehmite precursor, that retains 
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its morphology after crystallization. [9] Besides, an increase of the dimension of the SiO2 

aggregates up to the micrometric scale is observed, possibly due to the presence of 

alumina nano-sheets that link together the smaller aggregates. Higher magnification on 

the sheet confirms the presence of an ordered Al2O3 structure (Fig, 2.5b’).  

 

 

Figure 2.4 – (a) 27Al Hahn-echo MAS NMR and (b) 29Si MAS spectra of the commercial SiO2 and 

SiO2@Al2O3 filler 

 

 

Figure 2.5 - TEM images of commercial SiO2 (a, a’) and SiO2@Al2O3 filler (b, b’) 

 



55 
 

2.4 - Preparation of SBR-BR composites 

Materials: Sprintan SLR 4630 (Styrene Butadiene Rubber, SBR) supplied from Synthos 

Group, while Europrene Neocis BR60 (Butadiene Rubber, BR) from Versalis; bis(3-

triethoxysilylpropyl)tetrasulphide (TESPT) from Aldrich; antioxidant N-(1,3-

dimethylbutyl)-N-phenyl-p-phenylenediamine (6PPD) from Flexsys; stearic acid 

(Stearina TP8) from Undesa; N-cyclohexyl-2-benzothiazole sulfenamide (CBS) from 

Lanxess; sulphur from Redball Superfine; ZnO from Zincol Ossidi. 

SiO2@Al2O3 was tested as filler in a model tire compound produced by melt blending in 

a Brabender Plasti-Corder internal mixer (55 mL mixing chamber, 60 rpm rotor speed). 

The procedure consists in a first SBR and BR mastication step at 130 °C for 1 min followed 

by inclusion of the filler and TESPT and other 4 min mixing. Subsequently, the 

antioxidant 6PPD, the curing activator ZnO and stearic acid as co-activator was added 

and mixed for 2 min. The compound was allowed to rest for 24 hours and a second 

mixing was subsequently done. In this second step, the compound was masticated for 1 

min and then mixed with sulphur as vulcanizing agent and CBS as curing accelerator for 

2 min at low temperature (80°C) to prevent vulcanization. Compounds recipes are 

reported in Table 2.1. The composites will be labelled SBR-BR/SiO2X and SBR-

BR/SiO2@Al2O3X, where X refers to the filler fraction in PHR. The vulcanization curves 

of the SBR-BR nanocomposites were obtained by vulcanizing rubber specimens through 

the rubber process analyzer (RPA, the details are reported in the Appendix) at 170 °C for 

a total time of 10 min with a frequency of 10 Hz. As concerns on static and compression 

tests, the curing was carried out utilizing a hydraulic press that worked at 170 °C and 

100 bar. The vulcanization time was fixed for all the sample at 10 minutes. Two shapes 

of sample have been produced, square sheets of 1 mm of height and 11 cm of length for 

tensile tests and cylinder of 18 mm of diameter and 25 mm of height for DMA and MTPS 

analysis. 
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Table 2.1 – Recipes of the compounds produced by melt blending utilizing commercial SiO2 or 
SiO2@Al2O3 as filler 

COMPONENT PHR 

BR 30 30 30 30 

SBR 70 70 70 70 

Commercial SiO2 50 60 0 0 

SiO2@Al2O3 0 0 50 60 

TESPT 4 4.8 4 4.8 

6PPD 2.5 2.5 2.5 2.5 

ZnO 2 2 2 2 

Stearic acid 1 1 1 1 

CBS 3 3 3 3 

Sulfur 1 1 1 1 

 

2.5 - Characterization of the nanocomposites: mechanical analysis thermal 

conductivity  

SBR-BR/SiO2@Al2O3 composites have been mechanically characterized by Rubber 

Process Analyzer (RPA) and compression DMA. As a representative example, the curing 

curve of the composites containing 60 PHR of commercial SiO2 or SiO2@Al2O3 filler (i.e. 

SBR-BR/SiO260 and SBR-BR/SiO2@Al2O360) are shown in Fig. 2.6 (a).   

 

 

Figure 2.6 –Curing curves (a) and Storage Modulus (b) obtained from RPA of SBR-BR composites 
containing 60 PHR of commercial SiO2 or SiO2@Al2O3 filler. 

 

Comparing the two samples, it can be noticed that the scorch time, the time in which 

the torque value starts to increase, is slightly higher when SiO2@Al2O3 filler is used. In 

this case, the increase of the scorch time could allow to handle the composite at high 

temperature preventing the rapid beginning of the curing process, thus enhancing the 

processability of the composite at this temperature. In other words, higher scorch times 
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increases the possible application of this material from an industrial point of view, as 

the homogeneous vulcanization requires a certain delay for the beginning of the curing. 

However, the rate of the vulcanization and the maximum torque of the compound 

containing the filler are slightly lower compared to the commercial silica. These results 

seem to suggest that the presence of alumina at the silica surface impacts on the complex 

vulcanization reactions decreasing the overall vulcanization efficiency. After 

vulcanization reaction, the dynamical mechanical analysis on the cured compound was 

then performed. The vulcanized rubber acts as a viscoelastic material. When this kind 

of material is deformed, a fraction of the given energy is elastically stored, while the 

remaining is dissipated (hysteresis loss). The mechanical behaviour of a viscoelastic 

material is described by two measurable properties, the storage modulus (G’) and the 

loss modulus (G”), moreover the ratio between this modulus is called dissipative factor 

or tan  and all together describe the macroscopic behaviour of the rubber under 

dynamic conditions. RPA allows to acquire these parameters by applying an oscillatory 

strain which induce a sinusoidal stress that is measured. Since the material is 

viscoelastic, the measured stress is not in phase with the strain. The stress can so be 

divided in two components, one in phase with strain and the other out of phase. These 

two components are associated with the two modulus G’ and G”. The resulting G’ values 

for SBR-BR/SiO2@Al2O360 and SBR-BR/SiO260 are reported in Figure 2.6b. The storage 

modulus at low strain of the two composites is rather similar indicating that the 

introduction of alumina does not significantly hinder the reinforcement. Interestingly, 

the modulus loss increasing strain (i.e. Payne effect) of SBR-BR/SiO2@Al2O360 appears 

slightly decreased in comparison to that of the composite enclosing exclusively silica 

NPs. This result, together with the very similar G’’ values (not shown), indicates a better 

capability of the SiO2@Al2O3 nanofiller in decreasing the hysterical losses, which may 

derive from the peculiar anisotropic morphology of alumina nanosheets promoting the 

formation of regions among the silica aggregates, where polymer chains may be partially 

confined. However, further investigations are needed in order to clarify this point. 
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To obtain further information on the SBR-BR/SiO2@Al2O3 composites, compression 

DMA at different temperature (0, 23 and 70°C) and frequency (1, 10, 100 Hz) have been 

conducted.  As examples the results for the compounds containing 60 PHR of 

commercial SiO2 or SiO2@Al2O3 are shown in Figure 2.7. The measurements were 

performed by pre-deforming the cylindrical sample and imparting a sinusoidal 

compression stress with selected frequency values, at different controlled and constant 

temperatures. In agreement with the RPA results, DMA shows that only small 

differences in the elastic modulus E’ are present between the composites at each 

temperature and frequency tested (Fig. 2.7a, c). Interestingly, tan  values for SBR-

BR/SiO2@Al2O3 result significantly lower than those of composites enclosing 

commercial silica NPs (Fig. 2.7 b, d), suggesting that the introduction of SiO2@Al2O3 

imparts a lower energy dissipation to the rubber matrix, in agreement with the better 

hysteretic behaviour retrieved in RPA (see Fig. 2.6b). As clearly evidenced in Figure 2.7, 

the moduli E’ and E” are dependent from temperature and frequency. The temperature 

and frequency dependence is associated with the mobility of the polymer chains. In 

particular, an increase of temperature, as well as a decrease of frequency, leads to an 

increase of mobility. Above the glass transition (Tg), such mobility is a function of the 

distance from Tg , entanglements and crosslinks, which limit the translational motion 

of the chains at high temperature. [10] Consequently, a drop in elastic component of 

modulus E’ is generally measured upon raising the temperature. In the present case the 

trend of E’ as a function of temperature and frequency is similar for the reference silica 

compound and SBR-BR/SiO2@Al2O3, as polymer matrix is the same. The major 

difference concerns hysteresis values, which are lower at all temperatures for the SBR-

BR/SiO2@Al2O3 compound: this could be interpreted in terms of the larger aggregates 

of the composite SiO2@Al2O3 filler, which might increase the occluded rubber 

percentage. From the applicative point of view, a lower hysteresis at high temperature 

(70 °C) is desirable, being with a lower fuel consumption, but a lower hysteresis at low 

temperature (0-10°C) is potentially critical, being associated to the grip in wet 

conditions, so the compound with the new filler would need further tuning to be applied 

as a tread.   
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Figure 2.7 – Compression DMA measured elastic modulus (E’) and tan plotted as function of 

temperature (a, b) and stress frequency (c, d) 
 

To further characterize the composites, tensile tests have been performed. A dogbone 

specimen was cut and subjected to a controlled tension until failure in an Instron 

instrument (see Appendix). In Table 2.2 the average values (3-56 samples, error below 

5%) of the stress at 50, 100 and 300% of elongation respect to the initial length and the 

tensile strength for different composites are summarized. Substantial differences among 

the composites enclosing bare SiO2 NPs and SiO2@Al2O3 filler can be observed 

especially at larger deformations and in terms of tensile strengths. In particular, the 

introduction of alumina leads to lower stress at 300% deformation, which is associated 

to the polymer-filler network and might be explained by a lower reactivity with the 

silane of the composite filler; the lower stress and tensile strength values compared to 

those of reference compounds may indicate a bad macroscopical dispersion of 

SiO2@Al2O3 in the rubber matrix, with the occurrence of some filler segregation regions 
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which may make brittle the composites (see also TEM characterization of the SBR-

BR/SiO2@Al2O3). The high decrease of the tensile strength when SBR/SiO2@Al2O3 is 

incorporated in SBR/BR matrix represents a weak point for the large-scale application 

of the formulation. Further trials are ongoing to improve this property. 

Table 2.2 –Tensile test results. 

 
SBR-BR/ 
SiO250 

SBR-BR/ 
SiO2@Al2O350 

SBR-BR/ 
SiO260 

SBR-BR/ 
SiO2@Al2O360 

_50% 
(MPa) 

1.10 1.31 1.48 1.09 

 _100% 
(MPa) 

1.76 2.14 2.43 1.69 

 _300% 
(MPa) 

7.68 5.01 10.03 3.94 

Tensile 
Strength 

(MPa) 
18.67 6.12 20.29 4.79 

 

Finally, thermal conductivities of the composites have then been measured by an MTPS 

method and the results are shown in figure 2.8. It can be observed that, in general, the 

introduction of filler in the SBR-BR matrix leads to an increase of the  value compared 

to the bare polymers. It is interesting to note that, when the SiO2@Al2O3 filler is utilized, 

more significant enhancement can be observed in the thermal transport properties, with 

an upgrade of ~30% for SBR-BR/SiO2@Al2O360 in comparison to the reference 

composite enclosing exclusively 60 PHR of silica and of ~ 80% with respect to the neat 

polymer blend. Considering that the novel filler system contains about 20wt. of alumina, 

this means that just a little concentration of the thermal conductive material leads to a 

substantial improvement of the heat transfer in the composites. Although still 

preliminary, these data suggest that combining SiO2 and Al2O3 with different aspect 

ratio in a singular multifunctional filler appears a promising strategy for attaining both 

good thermal transport and interesting mechanical features, even at relatively low 

loadings of thermal conductive materials. In order to investigate more in depth, the 

reasons of the improved performance imparted by SiO2@Al2O3 to the rubber matrix, 

TEM/EDS investigation has been performed on SBR-BR/SiO2@Al2O3 nanocomposites 

(Fig. 2.9). The experimental procedure adopted to prepare the sample specimens for the 

analysis is described in the Appendix of the thesis. 
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Figure 2.8 – Thermal conductivity results by MTPS method of bare SBR-BR and SBR-BR enclosing: 60 
PHR of bare silica NPs; 50 and 60 PHR of SiO2@Al2O3 filler. (rip.) stands for a repetition on another 

batch the same sample. The percentage reported in the bars is the increment with respect to the 
composite enclosing exclusively silica. 

 

Micrometric or sub-micrometric interconnected filler aggregates can be observed at 

lower magnifications (Fig. 2.9a), Their dispersion in the rubber matrix appears rather 

homogeneous, even if regions with a poorer filler occurrence are clearly visible. Images 

collected at higher magnifications (Fig. 2.9b) reveal the presence of the sheet like 

structure typical of the SiO2@Al2O3 filler, suggesting that the ex-situ blending procedure 

does not damage the peculiar morphology of alumina. The dark field image and, 

particularly, the corresponding Si and Al EDS map (Fig. 2.9c, d) allow to identify, besides 

several isolated agglomerates, some interconnected large areas where both Si and Al are 

detectable, implying that they are composed of SiO2@Al2O3 particles. These unique 

morphological features may support the existence of some thermally conductive 

pathways, which can increase of the thermal transport of the composite, as 

demonstrated by mild enhancement of the  value upon incorporation of SiO2@Al2O3 

in the SBR-BR matrix in comparison to SBR-BR/SiO260 (cfr. Fig. 2.8). Moreover, the 

TEM images seem to support the mechanical characterization results which, besides 

showing that alumina, despite its very different chemistry compared to silica filler, does 

not significantly hamper the reinforcement, highlight critical issues for SBR-

BR/SiO2Al2O3 composites as regards their static behaviour. 
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Figure 2.9 – (a, b) TEM images at different magnifications, (c) TEM dark field image and (d) 
corresponding EDS map for Si and Al of SBR-BR/SiO2@Al2O360 composite 

 
 

In summary, a novel nanofiller, SiO2@Al2O3, where silica NPs and alumina nanosheets 

belong to the same functional structure, has been developed by a simple and easy to 

scale-up method. Although tensile properties need to be improved, incorporation of the 

material in SBR-BR matrix imparts interesting dynamic-mechanical properties to the 

composites and a considerable decrease of the hysteresis, foreshadowing a potential 

application in tire tread formulation.  Moreover, a mild but significant increase of the 

thermal conductivity (+30% in comparison to reference compound enclosing only silica 

NPs) has been detected in SBR-BR/SiO2@Al2O3, envisaging the ambitious chance to 

tailor the thermal dissipation properties of tires. 
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Chapter 3 - Al2O3@POSS filler in PB and SBR/BR matrix 

3.1 - Introduction 

As already mentioned in Chapter 1, Al2O3 represents an interesting choice to produce 

composite for tire application due to its low cost, chemical stability and non-toxicity and 

good intrinsic thermal conductivity. Moreover, alumina has been extensively studied as 

filler in silicon rubber, thus dependence of mechanical, thermal conductivity and 

electrical features from of crystal phase, morphology and surface properties are known. 

However, both scientific and technological problems must be solved when alumina is 

included in polymers to produce composites with  values comparable with the 

theoretical prediction. Generally, the main concerns are associated with: i) the 

interfacial adhesion between the fillers and the matrix that influence the phonon 

scattering and thus the interfacial thermal resistance; ii) the inhomogeneous fillers 

distribution in the matrix, which hinders the generation of thermal conductive pathways 

and leads to an increase of the interfaces and contact thermal resistance. To overcome 

these issues, extremely high Al2O3 loadings (even higher than 50-60 v/v %) are usually 

needed to increase thermal conduction, generating severe drawbacks in terms of 

mechanical properties and processability of the composites. Furthermore, when dealing 

with tire industry, it must be considered that the superficial chemistry of Al2O3 is 

different from the commonly used filler like silica, silicate or carbon black. With the aim 

of producing an Al2O3-rubber composites with both good thermal conductivity and 

mechanical properties, a filler based on Al2O3 modified at the surface with polyhedral 

silsesquioxane (POSS) was produced. A similar system was already investigated in 

Milano Bicocca research group, in particular OctaMethacrylPOSS (POSS) units 

functionalized SiO2 (i.e. SiO2@POSS hybrid filler) was utilized to make rubber 

composites for tire application. The composites showed significant reinforcement and 

decreased energy loss under strain. [1, 2] In the present work, the extension to a different 

functional filler was successfully achieved. Alumina nanoparticles (NPs) functionalized 

with POSS (Al2O3@POSS), combine the optimal compatibilization and 

thermomechanical properties conveyed by silsesquioxane with the thermal conductivity 

of alumina. The two-step synthesis consists of a first silanization step with a 
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methacrylsilane (MPTMS) and subsequently the POSS grafting was performed by a 

radicalic reaction utilising dicumylperoxide (DCP) as initiator. The use of this initiator 

permits to anchor the POSS nanocages preserving in the hybrid structure unreacted 

methacryl groups which are fundamental for creating interaction with the polymeric 

matrix. The as produced filler was structurally, surface, and morphologically 

characterized by X-ray diffraction analysis (XRD), attenuated total reflection Fourier 

transform infrared spectroscopy (ATR-FTIR), 13C and 29Si solid-state Nuclear Magnetic 

Resonance (NMR) and Transmission Electron microscopy (TEM). TGA was used as 

quantitative analysis to estimate the functionalization degree. Al2O3@POSS was then 

used as filler in polybutadiene (PB) matrix to produce composites by an easy solution-

blending methodology. The choice of a simple binary system allows us to reveal the role 

played by the POSS units. The composites were characterized by solid-state NMR, 

scanning electron microscopy (SEM) and dynamic mechanical thermal analysis (DMTA) 

to study their structure, morphology and mechanical properties, while Laser Flash 

Analysis (LFA) was used to determine the thermal transport features.   

3.2 - Preparation of Al2O3@POSS NPs 

Materials: Nanometric aluminium oxide “NanoArc”, Toluene and Dicumyl peroxide 

(DCP) was acquired from Alfa Aesar, MPTMS was obtained from Sigma Aldritch and 

POSS-MA from Hybrid Plastics. 

Al2O3@POSS filler was prepared according to a double-step functionalization procedure 

shown in Scheme 3.1. 

 

Scheme 3.1 - Experimental procedure for the preparation of Al2O3@POSS filler 
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Firstly, the commercial Al2O3 NPs (1.00 g) were dispersed in 25.0 mL of toluene by 

ultrasonication (2 min) in a two-neck round-bottom flask, the mixture was then taken 

in reflux conditions. MPTMS (0.304 g) were added to the dispersion and kept under 

reflux conditions for 12 hours. The mixture was finally centrifuged at 9000 rpm for 15 

min and washed twice with toluene and ethanol (EtOH) and dried at 120 °C for 12h. The 

as obtained nanoparticle was called Al2O3-MPTMS. In the second step, Al2O3-MPTMS 

NPs were suspended in 50 mL of toluene and then POSS (0.1000 g) was introduced in 

the solution. Successively, a small amount of DCP (4 wt.% with respect to Al2O3-

MPTMS) was added and the suspension was refluxed for 2h. Finally, the obtained 

Al2O3@POSS powders were filtered, washed several times with toluene and finally with 

EtOH, and dried in oven at 120 °C in air for 12 h.  

3.3 - Structural, morphological and surface characterization of alumina-based 

fillers  

The crystalline phases of commercial Al2O3 NPs were determined by XRD (Fig. 3.1).  

 

 

Figure 3.1 – XRD pattern of commercial Al2O3 nanoparticles. 

 

The diffraction pattern shows the presence of two different crystalline structures,  and 

 alumina (JCPDS card [3] no. 29-0063 and JCPDS card no. 46-1215, respectively). The 

presence of other reflections could be related to impurities. The NPs phase composition 
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was evaluated by profile fitting, revealing that the sample is composed of ~88% of -

Al2O3 and ~12 % of -Al2O3.  

To preliminary prove the effective functionalization of the NPs firstly with MPTMS and, 

in turn, with POSS, FT-IR spectra were acquired.  

 

Figure 3.2 – FT-IR spectra of: (a) MPTMS (black line), pristine Al2O3 (grey line) and Al2O3-MPTMS 

(blue line); (b) pure POSS (black line), Al2O3-MPTMS (blue line) and Al2O3@POSS (red line); the insets 

show the magnifications of the spectral regions related to the functional groups of MPTMS (top) and of 

the POSS units (bottom). 

 

Figure 3.2a presents the comparison between the spectra of the reagents and the final 

product. MPTMS spectrum a (black line) accordingly to literature presents the following 

peaks: at 2945 and 2840 cm-1 of the silane C–H stretching; at 1454 cm-1 of the methylene 

C–H bending; the 1320 and 1160 cm-1 bands attributed to the –C–CO–O– skeletal 

vibration; at 1080 cm-1 Si–O–C stretching; the carbonyl vibration band at 1715 cm-1 and 

MPTMS

           

Al2O3

POSS

Al2O3-MPTMS

Al2O3@POSS

a)

b)
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finally the weak stretching band at 1639 cm-1 of C=C bond. The spectra of bare alumina 

(grey line) show the presence of a broad band at ∼3498 cm−1 that could arise due to the 

probable presence of Al–OH bonds in the materials. Moreover, the peak at 1650 cm–1 

(right inset Figure 3.2a) of H–O–H bending of weakly bound molecular water is clearly 

visible. The bands below 900 cm–1 are typical of alumina and are correlated to Al–O–Al 

bending and Al–O stretching modes. Other weak bands may be attributed to the 

presence of some undesired impurities in the commercial Al2O3 NPs. [4] The spectra of 

the product obtained after silanization (Al2O3-MPTMS, blue line) confirm the presence 

of MPTMS bonded to alumina surfaces. In fact, the peaks at 2840 cm–1 of the methylene 

C–H bending (left inset Figure 3.2a), at 1720 and 1639 cm–1 ascribed to C=O and C=C 

stretching, and the –C–CO–O– skeletal vibration bands typical of MPTMS (right inset 

Fig. 3.2a) are clearly detectable. FTIR spectra of the second step reactants and of 

Al2O3@POSS reaction product are reported in Figure 3.2b. The spectra of the alumina 

functionalized with MPTMS and POSS (blue and red line, respectively) results similar, 

since the organic functional groups of the MPTMS and POSS are essentially the same. 

Noticeably, in Al2O3@POSS spectra (right inset Figure 3.2b), beyond the higher intensity 

of the stretching modes of C  O at 1710 cm–1 and C  C at 1640 cm–1 related to the 

methacrylic groups, the presence of an intense band at 1090 cm–1 distinctive of the Si–O 

stretching vibration of the POSS cage, indicates the anchoring of POSS units on the filler 

surface. 

Quantitative estimation of the functionalizing agents grafted on alumina NPs was 

obtained by TGA analysis. In Figure 3.3 the thermal profiles of the bare Al2O3 and the 

functionalized Al2O3-MPTMS and Al2O3@POSS NPs are presented. As expected, in bare 

alumina (back curve) only a small weight loss at about 400°C can be detected. This loss 

was associated to the condensation of superficial Al-OH and consequent production of 

water. The amount of functionalizing agent was calculated by the net loss in weight 

between 150 and 1000°C. For MPTMS calculations contribution of unbonded OH was 

determined and subtracted from weight loss, while for POSS both unbonded OH and 

MPTMS contribution was withdrawn. Additionally, the number of functionalizing 

molecules per nm2 (Σ = molecules nm−2) was assessed assuming that the functionalizing 
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agent is equally distributed on the alumina surface and using the BET surface area 

provided by the supplier (SSABET = 35 m2 g−1). The results are shown in Table 3.1. 

 

 

Figure 3.3 – TGA curves of bare Al2O3 (black line), Al2O3-MPTMS (blue line) and Al2O3@POSS (red line) 

 

Table 3.1- Surface density of functional molecules on Al2O3-MPTMS and Al2O3@POSS 

Sample 
Functionalizing 

Agent 

Net 

weight 

loss  

(wt. %) 

Mw  

(g mol-1) 

Grafted 

amount 

 (mmol g-1) 

 
(molecules nm-2) 

Al2O3-MPTMS MPTMS 2.13 248.4 1.41  10-4 2.7 

Al2O3@POSS POSS 5.04 1434.0 4.17  10-5 0.8 

 

Solid state NMR spectra was also conducted in order to have a further proof of 

functionalization. Figure 3.4a show the 29Al spectra of Al2O3, Al2O3-MPTMS and 

Al2O3@POSS powder. All the samples show two resonances peaks. The main peak 

centred at 7.7 ppm is assigned to octahedral Al sites (Al(VI)) and the minor component 

at about 59 ppm is attributed to tetrahedral Al atoms. [5, 6] The ratio between Al(IV) 

and Al(VI) is 28:72 for all the spectra. Thus, the spectra result entirely superimposable, 

confirming that the functionalizing methods do not alter the Al-O structure. CPMAS 

29Si NMR investigation (Figure 3.4b), outlined remarkable difference between the 

different functionalized alumina NPs. In Al2O3-MPTMS spectrum it is possible to see the 

T1, T2 and T3 units due to the presence of the organosilane at δ -45.5, -54.7 and -64.3 
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ppm respectively. The simultaneous presence of T2 and T1 units indicates that the 

condensation degree of the silane on alumina surface is low. A small amount of Q units 

centred at -99.0 ppm arise due to the declared contamination present in the commercial 

alumina. The Al2O3@POSS spectrum displays instead the presence of signals ascribable 

to almost fully condensed T3 units at -66.3 ppm (i.e. POSS units) and a really small 

amount of T2 units. 

 

Figure 3.4 – a) 27Al Hahn-echo MAS NMR spectra of Al2O3, Al2O3-MPTMS and Al2O3@POSS; b) 29Si 

CPMAS spectra of Al2O3-MPTMS and Al2O3@POSS. 
 

To gain potential information on the interactions among the acrylate functions of 

MPTMS and POSS, 13C CPMAS NMR investigation was performed (Figure 3.5). The 

liquid NMR spectrum of the pristine MPTMS and the corresponding labelling is also 

reported for comparison. In Al2O3-MPTMS and Al2O3@POSS spectra a downshift of 

peak 7 (Si-CH2-) confirms the condensation of MPTMS; moreover, the absence of the 

resonance peak at 50ppm of OCH3 indicates a full hydrolyzation of the silane. Focusing 

on Al2O3-MPTMS sample, the presence of 1a and 2a in the 60-40 ppm and the downfield 

component of the broad resonance 4 confirm the partial dimerization of MPTMS. 

Therefore, both dimerized and free methacrylate groups can be easily identified due to 

the broadness of the environmental sensitive C=O signal. In Al2O3@POSS the carbon 

peaks reveal the presence of a high polymerized methacrylate groups. Anyway, signals 

related to unreacted methacrylate functionalities are present, in particular, the peaks 1, 

2 and 2a, and also the downfield shift of 4. Furthermore, the all the resonance peaks of 
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the spectrum result broad, indicating that the POSS functionalized alumina is a system 

more rigid compared with MPTMS one. 

 

 

Figure 3.5 – 13C CPMAS NMR spectra of Al2O3-MPTMS and Al2O3@POSS.  

For comparison, the liquid NMR spectrum of the pristine MPTMS is also reported (top). 
 

 

In summary, solid-state NMR confirms the surface functionalization of alumina with 

POSS and proves the presence of available methacrylate groups desirable for the cross-

linking reaction with the matrix. 

The morphology of neat alumina and POSS functionalized NPs was assessed by TEM 

(figure 3.6). From images it is possible to see that commercial alumina is made of 

polydisperse spherical nanoparticles with a diameter that ranges from 20 to 150 nm. At 

higher magnification nanocrystal facets and sharp edges are clearly visible. After 

functionalisation with the POSS units, the degree of aggregation increased and the 

surface of the NPs seemed less defined than in neat alumina. This behaviour could be 

attributed to the effective functionalization of the alumina surface. Indeed, the presence 

of POSS on the alumina surface, due to interactions driven by the condensation among 

the methacrylic terminations, leads to the aggregation of the NPs and the formation of 

a covering polymeric shell. 
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Figure 3.6 – TEM images of Al2O3 (a, b) and Al2O3@POSS (c, d) nanoparticles. 

 

3.4 - Preparation of PB/Al2O3 composites 

Materials: Toluene was acquired from Alfa Aesar, high molecular weight cis 

polybutadiene an azobisisobutirronitrile (AIBN) obtained from Sigma Aldritch. 

To create composites, bare, MPTMS and POSS functionalized alumina NPs was 

introduced in PB at various loading (10, 30, 40, 50 wt. %, corresponding to 2.57, 9.24, 

13.67, 19.19 v/v %,). The production procedure is shown in Scheme 3.2. Typically, 2 g of 

PB is dissolved in 20 mL of toluene at 65°C, subsequently a filler dispersion in toluene 

and 0,02g of AIBN as crosslinking agent was added. The solution was then stirred at 

65°C for 6h under nitrogen flow. The as obtained solutions was casted in pre-heated 

Teflon Petri and the solvent was allowed to evaporate under aspiration hood and finally 

the samples were heated at 70 °C for 9 h under vacuum. The obtained composites are 

films with an average thickness of 280–300 μm. 

 

a)   

  c)
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Scheme 3.2 - Experimental procedure for the preparation of PB/alumina composites by solution 

blending. 

 

The nanocomposites are labeled as PB/XAl2O3Y where X refers to the loading of the filler 

(X= 10, 30, 40, 50 wt. %) and Y denotes the alumina surface functionalization (-MPTMS, 

@POSS). Unfilled PB material was also producing utilizing same composite production 

procedure. FTIR and solid-state NMR was utilized to characterize the composites. 

 

3.5 - Spectroscopic and morphological characterization of nanocomposites 

FTIR spectra of PB, Al2O3@POSS and PB/40Al2O3@POSS are shown as illustrative 

example in Figure 3.7. The spectra have been divided in three spectral regions for a better 

visualization of the bands. At the high wavenumbers the typical PB associated peaks are 

present: in particular, at ~3005 cm–1 the =C–H stretching; at ~2940 cm–1 and ~2850 cm–

1, respectively, the asymmetrical and symmetrical C–H stretching vibration of methylene 

groups. The introduction of the filler does not significantly affect the spectral features 

of the PB in the composite.  More significant modifications in the spectra can be 

observed at lower wavenumbers (Fig. 3.7B-C). In particular, the thermal crosslinking in 

the presence of Al2O3@POSS leads to the generation of new signals at ~1695 cm–1 and 

~1722 cm–1, together with a decrease in the intensity of the absorption band at 1654 cm–

1 relatable to the stretching C=C of PB chains (Fig. 3.7B). These new features can be 

tentatively associated to the self-polymerization of the POSS methacrylic groups. At the 

lower wavenumber, a broad band at ~ 1100 cm–1 can be attributed to the Si–O stretching 

of the POSS cages and below 800 cm–1 the signal of alumina is dominant. 
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Figure 3.7 – FTIR spectra of Al2O3@POSS (red-dotted line), homopolymerized PB (black-dotted line) 

and PB/40Al2O3@POSS (red line) in the a) 2750-3250 cm−1, b) 1600-1850 cm−1 and c) 590-1525 cm−1 

spectral regions. 
 

Investigation on the influence of alumina functionalization on the distribution in the PB 

matrix was carried out by SEM-EDS analysis. SEM micrographs and the corresponding 

Al elemental mapping images of PB/40Al2O3, PB/40Al2O3-MPTMS and 

PB/40Al2O3@POSS are reported in figure 3.8. As visible, surface functionalization 

strongly affects the filler distribution in the matrix. Bare alumina, due to its polar 

surfaces, forms inhomogeneous dispersion in the matrix and tends to aggregate forming 

aggregates up to micrometric size. This is much clearly visible from Al EDS elemental 

map (Fig. 3.8a’). Alumina functionalization with both MPTMS and POSS improves filler 

distribution (Fig. 3.8b, c), due to the change of the alumina superficial properties that 

leads to a better affinity with the PB matrix. However, a key difference can be noticed 

between the fillers. In fact, in PB/40Al2O3-MPTMS, alumina is arranged sub-

micrometric or nanometric groups, which are only partially connected. While in 

PB/40Al2O3@POSS nanometric aggregates with a homogeneous distribution and well 

interconnected are formed, moreover, from SEM-EDS images it is possible to see that a 

continuous filler network is formed (Fig. 3.8c, c’). This distinctive feature could be 

exploited for the formation of thermally conductive pathways resulting in an increase of 

the thermal conductivity of the composites. 

 

A B C

Wavenumber (cm^-1)
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Figure 3.8 – SEM micrographs and corresponding EDS elemental maps of Al for PB/40Al2O3, 

PB/40Al2O3-MPTMS and PB/40Al2O3@POSS nanocomposites. 

 

Furthermore, to study the effect of filler inclusion on PB, 1H solid state NMR relaxation 

experiments were conducted on the composites. Figure 3.9 shows the resulting proton 

spectra. Resonance at 2.1 and 5.4 ppm can be attributed to the methylene and methine 

group of PB respectively. Interestingly broadening of the signals appear when alumina 

is functionalized suggesting that a difference in spin-spin (T2) and spin-lattice in the 

rotating frame (TH
1ρ) relaxation times arise when different nanofiller is included in PB. 

The values of the calculated relaxation time are summarized in Table 3.2. The results of 

the relaxation experiments show that bare alumina causes an expected higher TH
1ρ and 

T2 values proving the stiffening of the polymer chains. On the contrary, the 

functionalized filler generates a strong reduction of the relaxation times, corresponding 

to interaction between the organic groups onto the surface of alumina and the polymer 

chains of the PB that lead to conformational reorganization of the backbones. [7] 
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Figure 3.9 - 1H MAS spectra of PB and PB/alumina composites 

 

 

Table 3.2 - Resonance linewidth and relaxation time constants TH
1ρ and T2 obtained from the 

analysis of the proton spectra and related magnetization curve trends for all the composites. 

  PB PB/40Al2O3 PB/40Al2O3-MPTMS PB/40Al2O3@POSS 

LW (Hz) 
-CH2- 

=CH- 

24.0 

25.5 

20.2 

19.3 

60.4 

56.2 

78.9 

81.2 

TH
1ρ (ms) 

-CH2- 

=CH- 

41.2 

38.9 

57.5 

52.6 

16.5 

16.8 

11.8 

11.7 

T2 (ms) 
-CH2- 

=CH- 

25.5 

24.5 

29.9 

29.4 

16.2 

16.1 

12.6 

13.1 
 

 

The effect of chain reorganization is prominent in POSS functionalized alumina respect 

to MPTMS-ones, due to the presence of a higher number of organic groups that can 

interact with the PB leading to an improvement of the filler/polymer interactions. This 

results at molecular level collaborates the hypothesis done from SEM-EDS images and 

effectively explains the dispersion of the filler in the matrix.  
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3.6 - Functional properties of the nanocomposites: thermal transport properties 

and dynamic mechanical analysis 

 

The thermal transport properties of the composites were evaluated by LFA. Figure 3.10 

summarizes the results of the analysis for PB/Al2O3, PB/Al2O3-MPTMS and 

PB/Al2O3@POSS. In detail, thermal diffusivity () is plotted as a function of the filler 

volume fraction (Fig. 3.10a).  

 

Figure 3.10 – Thermal diffusivity (a) and thermal conductivity (b) of PB filled with 

unmodified and functionalized Al2O3 
 

Two different regions can be identified. In the Region I (< 10 v/v %), only slight changes 

in values can be displayed for PB/Al2O3 nanocomposites, while an appreciable decrease 

of  respect to bare alumina is visible when Al2O3-MPTMS and Al2O3@POSS are used as 

filler. This behaviour could be correlated to the better interaction between the 

functionalized alumina and the matrix that leads to the occurrence of homogeneous and 

random dispersion of the filler as already discussed in SEM-EDS images. Increasing the 

filler volume fraction up to Region II, significant differences in  emerge when POSS is 

used as functionalizing agent. In fact, while for PB/Al2O3 and PB/Al2O3-MPTMS  values 

are almost the same, a remarkable enhancement in thermal transport can be observed 

for PB/Al2O3@POSS nanocomposites (+60-70% with respect to PB/Al2O3 and PB/Al2O3-

MPTMS and +90% compared to homopolymerized PB). Again, an explanation to this 

phenomenon can be found in the morphological features of the nanocomposite and to 

the ability of the Al2O3@POSS NPs to create interconnected aggregates and, thus, 
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thermal conductive pathways which enhance the thermal diffusivity of the composites 

already at relative low filler loadings. 

Thermal conductivity was calculated by the equation (1): 

 

(1) 𝜆 = 𝛼 ∙ 𝜌 ∙ 𝐶𝑝 

 

where r is the density measured by He pycnometer and Cp is the specific heat capacity 

of the composites measured by differential scanning calorimetry (DSC). High error bars 

on the determination of the Cp, due to the small amount of the samples analysed, lead 

to an increase of the uncertainties in the thermal conductivity values (Fig. 3.10b). 

However, higher  values are retrieved for PB/Al2O3@POSS composites with respect to 

PB/Al2O3-MPTMS, confirming the ability of the POSS nanounits in improving the 

thermal transport. In summary, POSS functionalization, besides assuring the 

compatibility between filler and polymer host, allows a homogeneous distribution and 

a continuous networking of the alumina NPs. This positively influences heat transport 

of the nanocomposites leading to the raise of the thermal diffusivity even at low filler 

loadings. 

Producing Al2O3-rubber composites with simultaneous satisfactory thermal 

conductivity and mechanical properties is a challenging target. Supported by the good 

thermal diffusivity evidenced in PB/Al2O3@POSS nanocomposites, DMTA analysis were 

performed to study the mechanical properties of the nanocomposites. The results of 

temperature sweep analysis shown as the trend of the storage modulus (E’) and the loss 

modulus (E”) for the neat PB and the PB-50Al2O3, PB-50Al2O3-MPTMS, and PB-

50Al2O3@POSS composites are summarized in Figure 3.11. Noticeably, for all the 

samples the E’ decrease with increasing of the temperature with a fast drop between -

110 and -90°C where the glass transition takes places. The glass transition temperature 

(Tg) is associated with the peak temperature of E” graph and shift to higher values when 

filler is introduced in the matrix, passing from -104°C for neat PB to  -101°C for the 

nanocomposites. This small but evident shift could be caused by difference on the 

crosslink density or due to the confinement effect of the nanofillers on the matrix (Fig. 

3.11a). While the filler functionalization does not influence the Tg, the absolute values of 
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E’ and E” show a strongly dependence on the filler functionalization (Fig. 3.11a). In fact, 

introduction of alumina NPs in PB leads to an increase of both the moduli values, more 

remarkably for Al2O3@POSS. Moreover, for PB/Al2O3-MTPMS and PB/Al2O3@POSS, the 

stiffness of the materials is retained also above the glassy state, as observable from the 

inset of Figure 3.11a. The same trend can be noticed for E” (Fig. 3.11b) and confirms the 

more homogeneous dispersion of the nanofiller after the functionalization. To prove the 

improved filler/matrix adhesion other analysis are required. 
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Figure 3.11– Trend of the storage (a) and complex (b) modulus of homopolymerized PB, PB/40Al2O3, 

PB/40Al2O3-MPTMS and PB/40Al2O3@POSS nanocomposites. 

 

Overall, the results of DMTA analysis confirm that the addition of functionalized 

alumina NPs not only promotes an increase in the thermal transport properties but also 

an improvement in the mechanical features of the composites, thus making them 

promising candidates for real applications. 

3.7 - A versatile strategy: extension to alumina nanorods 

Filler morphology is one of the key aspects that affect the enhancement of the thermal 

conductivity of polymer nanocomposites. High aspect ratio fillers generally have the 

advantage of reaching percolation threshold at lower loadings in comparison to 0D 

nanomaterials, providing also higher  values, due to their improved ability to form 

thermally conductive pathways. [8, 9] In the light of these considerations, the POSS 
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modification protocol developed for commercial alumina NPs has been extended to 

elongated -alumina particles (-Al2O3), obtained by hydrothermal synthesis. 

Hereafter the synthesis, characterization and functionalization of -Al2O3 with POSS 

nanounits, as well as their exploitation in the preparation of thermally conductive 

polybutadiene nanocomposites, will be comprehensively described. 

3.7.1 - Hydrothermal synthesis of  -Al2O3 nanorods 

Materials: Aluminium Nitrate nonohydrate was acquired from Sigma Aldritch, Urea was 

acquired from Alfa Aesar and used as received. 

Alumina nanorods were prepared according to a previously reported experimental 

synthesis. [10] In a typical procedure, 7,5 Al(NO3)3  9H2O and 3,6 g urea were mixed 

with 20 mL distilled water. After 30 min of stirring, the resulting solution was 

transferred into a Teflon-lined stainless autoclave (45 cm3 capacity). The autoclave was 

sealed and maintained in an electric oven at 120 °C for 24 h, and then cooled to room 

temperature naturally. The product was carefully collected by centrifugation and 

washed with distilled water and then dried at room temperature. To get the final 

−alumina the precursor was calcined for 4 h at 1200 °C (ramp of 3°C/min) in a muffle 

furnace (Scheme 3). 

 

Scheme 3.3 – Experimental procedure of the -alumina nanorods synthesis 

 

3.7.2 - Structural, morphological and surface characterization of -alumina nanorod 
fillers  

The structural features of the materials obtained from hydrothermal synthesis and after 

calcination have been assessed by XRD (Fig. 3.12). The precursor have a Dawsonite like 

structure (NaAl(CO3)(OH)2), but Na+ is substituted with NH4
+ (i.e. (NH4)Al(CO3)(OH)2) 

(Fig. 3.12, left side). Due to the difference in the radius of this cations, a shift of the peaks 
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respect to dawsonite structure is present. After calcination, the diffractogram shows the 

characteristic pattern of -alumina (JCPDS card no. 42-1468) and no other different 

phases are detectable (Fig. 3.12, right side)  

 

 

Figure 3.12 – XRD of hydrothermally synthetized alumina precursor and -alumina nanorod 

 

The morphology of the alumina nanorods was TEM (Fig. 3.13). Elongated structures with 

micrometric length, width of ~ 200 nm and aspect ratio > 10 are clearly visible in the 

images (Fig. 3.13a). At a higher resolution, besides some necking among the particles, 

clearly defined edges can be detected (Fig. 3.13a’). After surface modification with POSS 

nanounits, no relevant morphological changes can be detected (Fig. 3.13b) However, NPs 

boundaries appear less defined than in naked nanorods (Fig. 3.13b’), suggest the 

presence of POSS domains at the alumina surface. 

First evidence of the occurred functionalization of alumina nanorods both with MPTMS 

and POSS was obtained from FTIR spectra (Fig. 3.14). The spectra are similar to ones 

retrieved for the commercial alumina NPs. The presence of peaks attributable to the 

functionalizing agents in the -Al2O3-MPTMS and -Al2O3@POSS indicate the effective 

functionalization of the -Al2O3 nanorod. The quantitative determination of the amount 

of grafted functionalizing agents was performed by TGA analysis (Figure 3.15). The 

results, shown in Table 3.4, are rather similar to those obtained for commercial alumina 

NPs. 
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(a) 

 
 

(b) 

 
 

(a’) 

 

(b’) 

 

Figure 3.13 –TEM images of -Al2O3 (a, a’) and  -Al2O3@POSS (b, b’) 

 

 

Figure 3.14 – FT-IR spectra of: (a) MPTMS (black line), pristine -Al2O3 (grey line) and −Al2O3-

MPTMS (blue line); (b) pure POSS (black line), -Al2O3-MPTMS (blue line) and -Al2O3@POSS (red 
line); the insets show the magnifications of the spectral regions related to the functional groups of 

MPTMS (top) and of the POSS units (bottom). 
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Figure 3.15 – TGA curves of bare -Al2O3 (black line), -Al2O3-MPTMS (blue line) and -Al2O3@POSS 

(red line) 

 

Table 3.4- Surface density of functional molecules on -Al2O3-MPTMS and Al2O3@POSS 

Sample 
Functionalizing 

Agent 

Net weight 

loss (wt. %) 

Mw  

(g mol-1) 

Grafted 

amount 

 (mmol g-1) 

-Al2O3-MPTMS MPTMS 1.64 248.4  1.33⋅10-4 

−Al2O3@POSS POSS 3.04 1434.0 4.79⋅10-5 

 

3.7.3 - Nanocomposites preparation and characterization 

Following the same procedure used for commercial alumina NPs, different 

concentrations (20, 30, 40 and 50 wt%) of bare -Al2O3 -Al2O3-MPTMS and -

Al2O3@POSS particles have been incorporated into PB to produce composites with an 

average thickness of 500–650 μm. 

 

 

Scheme 3.5 – Experimental procedure for the preparation of PB/-alumina composites by solution 
blending. 
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Hereafter, the different nanocomposites will be labeled PB/-Xal2O3Y where X refers to 

the different percentage of filler (X= 20, 30, 40, 50 wt. %), while Y denotes the different 

surface functionalization (-MPTMS, @POSS).  

The influence of alumina nanorods incorporation on the polymer matrix, was initially 

assessed by FTIR. In detail, Figure 16 shows the spectra of PB, −Al2O3@POSS and of 

select corresponding nanocomposites. As already described for the systems enclosing 

commercial alumina NPs, the introduction of the filler does not significantly affect the 

spectral features of the PB in the composite, and the more relevant modifications in the 

spectral features can be observed at lower wavenumbers, i.e. decrease in the intensity of 

the absorption band at 1654 cm–1 relatable to the stretching C=C of PB chains associated 

to the self-polymerization of the POSS methacrylic groups. At very lower wavenumbers, 

the broad band at at ~ 1100 cm–1 of the Si–O stretching of the POSS cages and the signal 

of alumina below 800 cm–1 are dominating the spectra. 

 

Figure 3.16 – FTIR spectra of -Al2O3@POSS (black-dotted line), homopolymerized PB (black-line), 

PB/20-Al2O3@POSS (red line), PB/30-Al2O3@POSS (red-dashed line) and PB/40-Al2O3@POSS (red-
dotted line) in the a) 2750-3100 cm−1, b) 1600-1800 cm−1 and c) 600-1500 cm−1 spectral regions. 

 

The PB/-Al2O3@POSS composites were also characterized by SEM (Fig. 3.17). The 

images shows that good dispersion of the filler is achieved especially at low loading (Fig 

3.17a). At a higher loading (Fig. 3.17b), the filler aggregation increases together with a 

certain degree of interconnection between the elongated particles. From the cross-

section of the two composites (Fig. 3.17a’ and b’) an orientation of the filler could be 
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stated especially for PB/20-Al2O3@POSS composite. This behaviour could be 

associated to the solution blending methodology, in which filler may possibly reorganize 

during solvent evaporation. 

(a) 

 

(b) 

 
(a’) 

 

(b’) 

 
Figure 3.17 – SEM images of a) PB/20-Al2O3@POSS and b) PB/40-Al2O3@POSS nanocomposites and 

their lateral cross sections (a’, b’) 

3.7.4 – Preliminary thermal conductivity measurements on PB/-Al2O3@POSS  

 

 

 

 

 

 

Figure 3.18 – thermal conductivity of neat PB, PB/40-Al2O3@MTPMS and                                             

PB/40-Al2O3@POSS composites 
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The thermal transport properties of PB/−Al2O3@POSS composites was just preliminary 

evaluated by LFA. Figure 3.18 shows the results of the analysis for PB/40-

Al2O3@MTPMS and PB/40-Al2O3@POSS composites. It can be easily observed that the 

introduction of a volume fraction of 13 v/v% the hybrid filler produces a very remarkable 

increase of the , much higher than that of neat PB and compared to the value retrieved 

at the same filler concentration for composite enclosing Al2O3@POSS constituted by 

smaller and almost spherical -alumina NPs (see Fig. 3.10b). These results suggest that 

the tailoring of both crystalline phase and morphology of the conductive filler allows to 

“take the best” from the intrinsic thermal conductivity of Al2O3 and from the anisotropic 

features of the particles, which allow, even at a very low loadings, the production of 

continuous and effective thermal conductive pathways in the rubber matrix. Further 

analysis are in progress on these samples. 

 

In summary, Al2O3@POSS hybrid filler where alumina particles and POSS units belong 

to the same functional structure, appear promising candidates for upgrading both the 

thermal transport and the mechanical properties of rubber composites for tires.  

In fact, the peculiar hybrid structure of the hybrid filler, where a shell of POSS nanounits 

decorate the alumina surface, besides assuring the compatibility between filler and 

polymer host, allows a homogeneous distribution and a continuous networking of the 

alumina NPs. This positively influences heat transport, providing thermal conductive 

pathways and leading to the raise of the thermal diffusivity even at low filler loadings, 

with a potential reduction of filler utilization in rubber composite formulations. 
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Chapter 4 - Coupling thermal conductivity & self-healing in 
rubber nanocomposites: Al2O3@POSS and Al2O3@ZnO in XNBR 

matrix as cases of study 

4.1 - Introduction 

According to Eurostat, the statistical office of the European Union, Europe is producing about 

2,5 billion tonnes of waste every year. (Fig. 4.1a) Although municipal wastes affect less than 

10% on that amount, the impact on nature is visible and complex. Due to this European Union 

(EU) parliament introduced stricter limits in order to reduce the amount of dangerous 

chemicals in waste and production processes, banning certain chemicals and keeping 

pollutants away from recycling. From 2018 EU is trying to reach ambitious goals on recycling, 

packaging waste and landfill to promote the shift towards a more sustainable model known 

as the circular economy. [1] Circular economy in contrast with linear economy, is a model of 

production and consumption in which life cycle of a product is extended by sharing, leasing, 

reusing, repairing, renovating and recycling. This model implies to reduce waste by 

reintroducing the materials that compose the object at the end of its life in the economy, 

creating further value and reducing the volume of raw materials needed (Fig. 4.1b). 

 

 

(a) 
 

 
 

(b) 

 

 

Figure 4.1 – (a) Eurostat analysis of European waste; (b) linear and circular economy models 
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In this context, smart materials which are capable of automatic healing and restoration of 

damage after suffering external damage appear promising alternatives to fulfil the reduction 

of waste production as well as the principles of circular economy. [2–5] Inspired by the energy 

dissipation and self-healability of sacrificial bonds in nature, several recent research efforts 

have been devoted to the incorporation of these sacrificial bonds into synthetic and natural 

polymers for imparting both mechanical strength and self-healing ability. [6–9] To design 

self-healing polymer composites, non-covalent interactions, such as H-bonding, metal-ligand 

coordination, π-π stacking, van der Waals, ion-dipole, hydrophobic and host-guest 

interactions, which exhibit a reversible association-dissociation mechanism, have been 

exploited. However, this often results in poor mechanical performance. [10–12]  Self-healing 

polymer composites have been applied in many fields and several attempt were also directed 

to tire application [13]. However, in conventional natural or synthetic rubber composites, the 

presence of a stable covalently bonded network hinders the restoring upon damage and 

therefore they usually do not show self-healing. Therefore, a synergistic alliance between 

robust mechanical properties and virtuous self-healing ability remains a challenging task in 

order to upgrade the tire durability and, consequently, its safety. The healing ability of 

polymer composites mainly depends on: (i) the filler dispersion in the matrix, and (ii) the 

filler-polymer interfacial interactions. The former governs the segmental dynamics and the 

displacement of polymer chains, while the latter defines the strength and conformational 

relaxations of the polymer chains. [14–16] Connected to these parameters, three key concepts 

guarantee self-healing in polymer composites [17]: i) localization, ii) temporality and iii) 

mobility. Localization is correlated with the scale and position of the damage. Damages in 

fact can be macro or microscopic but can arise also at molecular level (i.e. breakage of the 

material network [18]). Temporality and mobility are two correlated concepts. Temporality 

indicates the time gap that occurs between the damage and the repair events. This parameter 

is strictly correlated to the mobility of the material. In fact, it can be assumed that, when a 

damage is produced, the healing agents need to flow to the damaged site to repair it. High 

mobility material will promote the diffusion of the healing agent to the damage area and thus 

the reformation of the broken bonds, allowing faster reparation. Self-healing materials can be 

classified depending on the healing mechanism in two families, extrinsic and intrinsic. In 

extrinsic self-healing materials, the healing process is activated by an external agent dispersed 

in the matrix, generally as capsules. In opposition, in intrinsic self-healing materials, 
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reversible bonds are already present and thus can be restored after the damaging event. [18] 

Whether intrinsic or extrinsic a self-healing composite should be capable of repairing 

molecular, micro and macro-scale damages via a transient local increase in the mobility of the 

polymer chains. 

 

 

Figure 4.2 – Scheme of the main interactions and or reactions in self-healing materials 

 

The intrinsic self-healing mechanism can be grouped into two broad classes according to the 

involvement of reversible supramolecular interactions or dynamic covalent bonding (Fig. 4.2). 

[2] Specifically, non-covalent interactions, such as H bonding, and metal-ligand coordination 

(see Fig. 4.2), have been exploited in the present thesis to develop reversible networks. The 

matrix chosen has been a carboxylated nitrile rubber (XNBR), which is a synthetic co-polymer 

of acrylonitrile (ACN), butadiene and acrylic acid. This kind of rubber has good resistance to 

oils and diluted acids and bases. Properties of the rubber can be modulated and strictly 

depend on the ACN content. Introduction of carboxylic groups leads to an increase of tensile 

and tear modulus and abrasion resistance, but reduction in compression set, water resistance 

and resilience properties. [19] Due to these properties XNBR is widely used in automotive and 
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aeronautical application for (i.e., hoses and seals) but also in protective gloves for nuclear 

industry and to produce moulded materials, shoes, adhesives, sponges and expanded foams, 

sealants and floor mats. XNBR is interesting for the design of self-healing material, since the 

CN and the COOH groups can be exploited to produce weak and thus dynamic bonds useful 

for self-healing mechanisms. [20] With this background in mind and considering that, as 

mentioned in the Introduction, the mitigation of tires overheating effects entails also the 

problem of a permanent damage of the composites, we pursued the ambitious goal of 

developing/exploiting filler systems able not only to improve the thermal transport but also 

to induce self-healing effects in XNBR composites, in order to extend the service-life, the 

sustainability and the safety of the tires. The first material utilized has been Al2O3@POSS 

hybrid filler (cfr. Chapter 3). The high number of carbonylic groups belonging to the 

methacrylic terminations of POSS units has been employed to provide H-bond interactions 

with the carboxylic groups of the XNBR rubber [21]. Although 10 times weaker compared to 

carbon-carbon (C–C) bonds (~345 kJ mol-1) [22], the H-bonding is strongest among the 

noncovalent interactions, thus conferring satisfactory mechanical strength and self-healing 

properties to polymer composites. [23–26] An innovative filler material based on Al2O3 and 

ZnO (i.e. Al2O3@ZnO) was also developed to impart remarkable  and self-healing capability 

to XNBR, simultaneously. In this case, the possibility to generate ionic dynamic interactions 

in the rubber matrix by inducing the formation of electrostatic ZnO clusters or ionomers has 

been exploited [27]. In fact, it was demonstrated that, at a molecular scale, Zn2+ ions can form 

ionic interaction with the carboxylic groups of the XNBR. Anyway, usually not all the ZnO is 

solubilized in the rubber, thus ionic clusters are formed, where rubber interact with the 

aggregate (Fig. 4.3). The novel Al2O3@ZnO filler was obtained by the modification of a 

synthetic procedure previously developed in our group. [28] The filler was characterized by 

TEM, ICP-OES and DRS analysis. Both Al2O3@POSS and Al2O3@ZnO were then utilized to 

produce XNBR composites, which were comprehensively characterized in terms of 

mechanical, self-healing and  properties. 
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Figure 4.3 – Scheme of ionic interactions between XNBR and ZnO. [27] 

 

4.2 - Preparation and Characterization of Al2O3@POSS 

The filler was prepared and characterized according to the procedures reported in Chapter 3. 

4.3 Preparation of Al2O3@ZnO 

Materials: Alumina nanorods were synthetized following the procedure described in Chapter 

3; Zinc acetate dihydrate (Zn(CH3COO)2·2H2O), sodium hydroxide (NaOH), ethanol (EtOH) 

was purchased from Sigma Aldrich. 

 

Figure 4.4 – scheme of the synthesis of Al2O3@ZnO filler 

 

Al2O3@ZnO was synthesized firstly preparing a 0,1 M solution of NaOH in 70 mL of EtOH in 

a two neck round bottom flask. To this solution was then added 0,33 g of Zn(CH3COO)2·2H2O 

and heated at 65°C for 20 minutes. Lately, 1 g of Al2O3 was added and the suspension 

continuously stirred for additional 20 minutes at 65 °C. After cooling the suspension was 

vacuum filtered and the solid washed with ethanol, dried and stored. To increase the amount 

of ZnO in the filler the product of the reaction was subjected to another cycle of the ZnO 
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deposition. The samples obtained after the first and the second cycle of ZnO grafting have 

been labelled as Al2O3@ZnO_I and Al2O3@ZnO_II, respectively. A simplified scheme of the 

reaction procedure is reported in Figure 4.4. 

4.4 - Compositional, morphological and spectroscopic characterization of Al2O3@ZnO 
filler  

The amount of ZnO grafted on the surface of alumina nanorods was determined by ICP-OES. 

The analysis revealed the initial presence of 6.3 wt. % ZnO (Al2O3@ZnO_I). After the second 

cycle of the reaction, the amount of ZnO grown on the surface of alumina nanorods increases 

and reaches the 11 wt. % (Al2O3@ZnO_II). 

 

Figure 4.5 – TEM images ad different magnifications of: a-b) alumina nanorods, (e-i) Al2O3@ZnO_II. Dark 
field images and corresponding EDS elemental maps of Al and Zn in: c-d) Al2O3 nanorods and l-n) 

Al2O3@ZnO_II 
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The morphological features of the novel Al2O3@ZnO filler were investigated by TEM analysis 

and compared to those of bare alumina nanorods (Fig. 4.5). As already described in Chapter 

3, hydrothermal Al2O3 nanorods present elongated structures with micrometric length, width 

of ~ 200 nm and aspect ratio > 10 (Fig. 4.5a). At a higher resolution, clearly defined edges can 

be observed (Fig. 4.5b), while EDS elemental analysis on a selected area (Fig. 4.5c) reveals the 

exclusive presence of Al (Fig. 4.5d) and O (not shown). Upon grafting of ZnO (sample 

Al2O3@ZnO_II), the surface boundaries of nanorods appear less defined (Fig. 4.5e, f) and, at 

higher magnifications, the presence of tiny NPs becomes detectable (Fig. 4.5g, h). In 

particular, figure 4.5i highlights the growth onto the crystalline alumina surfaces of 

amorphous and spherical ZnO NPs with an average diameter of 5 nm. EDS elemental map 

(Fig. 4.5l-n) allowed to distinguish the presence of Al and Zn, confirming the successful 

decoration of alumina nanorods with ZnO. Similar images have been obtained for 

Al2O3@ZnO_I, though with a minor occurrence of ZnO NPs covering the Al2O3 surface.  

To further prove the presence of ZnO a UV-DRS analysis was carried out on both 

Al2O3@ZnO_I and Al2O3@ZnO_II samples. The material shows the typical reflectance spectra 

(Fig. 4.6a), with a maximum of light adsorption centered at 370 nm, with just minimal 

differences between the material after 1 or 2 deposition cycles. Kubelka-Munk analysis of the 

data (Fig. 4.6b) shows an energy blue-shift of band gap energy (Eg = 3.48 eV) compared with 

the conventional value retrieved for bulk ZnO (Eg = 3.37 eV), in agreement with the small and 

amorphous ZnO NPs dimensions revealed by TEM for these systems. These results match well 

with our previous investigation on mesoporous silica NPs decorated by ZnO. [28, 29] 

 

(a)

 

(b) 

 

Figure 4.6 – (a) UV diffuse reflectance spectra vs wavelength of Al2O3@ZnO materials and 
(b) Kubelka-Munk analysis 
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4.5 - Al2O3@POSS compounds preparation and functional characterization 

Materials: Krynac® X 750, XNBR with 27% of ACN content and 7% of carboxyl groups was 

supplied by Arlanxeo; FeCl3*6H2O was acquired from Alfa Aesar. 

 

The Al2O3@POSS nanocomposites were prepared in a two-roll rubber mill water chilled. 

Firstly 108 g of XNBR were masticated for 4 minutes and subsequently 20 g of commercial 

alumina NPs or Al2O3@POSS were introduced in the rubber. This amount allows to attain a 

loading of 15 wt. % of filler in the composite. Finally, 5,4 g of FeCl3*6H2O (corresponding to 5 

PHR) were introduced as crosslinking agent. In fact, this salt activates the crosslinking 

reaction through coordination of Fe3+ ions by CN groups of XNBR. [30] A reference compound 

without alumina filler was also produced for comparison. The mixing time was of about 30 

minutes for all the compounds. The composites have been labelled as XNBR, 

XNBR/15%_Al2O3, XNBR15%_Al2O3@POSS corresponding to the unfilled, the commercial 

alumina and the Al2O3@POSS filled composites, respectively. In order to study the curing 

behaviour of the composites curing curves at 170°C for 6 minutes have been obtained in a 

rheometer (see experimental details and explanation in Appendix). The curves reported in 

Figure 4.7 show that FeCl3 effectively acts as curing agent and the higher torque values 

obtained for XNBR/15%_Al2O3 and XNBR/15%_Al2O3@POSS compared to neat XNBR may 

suggest that effectively alumina filler is acting as a reinforcing agent. Moreover, it is important 

to notice that curing curves do not achieve a plateau, but the torque steadily increases along 

the curing time. This is a known behaviour in ionically crosslinked rubbers. [27, 31, 32] From 

these curves the t90 value, i.e. the optimum time required for reaching 90% of the maximum 

achievable torque or network density at the given temperature, was determined. As expected, 

the t90 only differ between the unfilled and the filled composite, suggesting that 

functionalization does not affect the curing process. Moreover, maximum torque results to be 

higher for the bare alumina suggesting the occurring of different interaction between the filler 

and the matrix. [33] 

The composites were cured in a hot press at 170°C for the respective t90 values using a squared 

mold with length of 11 cm and thickness of 2 mm. For the determination of  a squared sample 

with 4 cm of length and a thickness of 5 mm was necessary. In order to achieve a homogeneous 

curing, in such a sample the curing time was equal to t90 +3 minutes. 
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Table 4.1 – maximum torque and t90 of the reference and alumina filled composites 

Sample 
Maximum Torque 

(dNm) 
t90 (min) 

XNBR 5.30 46 

XNBR_15%Al2O3 8.05 42 

XNBR_15%Al2O3@POSS 6.94 41 

 

 

Figure 4.7 – Curing curves of XNBR (black), XNBR/15%_Al2O3 (red), XNBR/15%_Al2O3@POSS (blue). 

 

The crosslink density (n) of the cured samples was then evaluated with a swelling technique. 

Briefly, for each compound, 5 pieces of the cured rubber were weighted (m1) and submerged 

in toluene for 72 hours. After this time, the wet pieces were weighted again (m2), then 

completely dried and re-weighted (m3). The 3 masses were used in the Flory–Rehner equation 

to calculate the crosslink density of the composites. Results are summarized in Figure 4.8. 

The n value suggests that introduction of alumina effectively increases the crosslink density 

of the composite independently from the surface functionalization. This is clearly correlated 

to the interaction between alumina surface and the CN or COOH groups of the rubber. 

Despite OH groups are lower in functionalized alumina; crosslink density value appears 

almost similar to that of bare particles. This behaviour suggests that other kind of interactions 
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are arising, hopefully the desired H-bond interactions among methacryl POSS termination 

and rubber carboxylic groups. 

 

 

Figure 4.8 – Average crosslink density obtained by Flory–Rehner equation for XNBR, XNBR/15%_Al2O3 and 

XNBR/15%_Al2O3@POSS 

 

Thermal conductivity of the composites was measured by the use of a FOX50 heat flowmeter 

instrument (see details in Appendix). The results of the measurements are shown in table 4.2 

and indicate that the inclusion of bare commercial alumina in XNBR substantially does not 

affect the  of the composite, while a noticeable increase of thermal transport (+ 54 %) is 

achieved when even small loadings (i.e. 15 wt. %) of Al2O3@POSS are used as filler.  As already 

observed for PB in chapter 3, POSS functionalization, besides assuring the compatibility 

between filler and polymer host, allows a homogeneous distribution and a continuous 

networking of the alumina NPs. This may upgrade the heat transport also in XNBR leading to 

a raise of the thermal diffusivity even at low filler concentrations. 
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Table 4.2 – Thermal Conductivity of XNBR, XNBR/15%_Al2O3 and XNBR/15%_Al2O3@POSS measured by 
FOX50 instrument. 

 XNBR XNBR/15%_Al2O3 XNBR15%_Al2O3@POSS 

 
(W m-1 K-1) 

0.1852 0.1865 0.2007 

Error ±0.0002 ±0.0003 ±0.0001 
 

Self-healing properties of XNBR/15%_Al2O3@POSS were evaluated firstly producing 

rectangular shaped specimens of cured rubber and then cutting them in two parts, to induce 

a damage. The two parts were then put in a rectangular mold and pressed at 60°C and 200 

bar for 24h to drive the healing process (Fig. 4.9a).  

 

                                                   (a)      

 
(b) 

 

(c) 

 
 

Figure 4.9 – (a) Scheme of healing procedure; pictures of (b) the self-standing samples and (c) a magnification 
on the cut after the healing thermal treatment 

 

The tensile strength before and after the healing treatment was assessed and the healing 

efficiency (%SH) was calculated by the following equation (1): 

(1)          𝜼%𝑺𝑯 =  
𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝐻𝑒𝑎𝑙𝑒𝑑

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑃𝑟𝑖𝑠𝑡𝑖𝑛𝑒
∗ 100  
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At least three samples for each compound were analyzed and the average tensile strength () 

values was calculated. In this case, the treated self-standing samples (Fig. 4.9b) result to be 

only partially healed as more clearly visible in Figure 4.9c. Accordingly the calculated %SH 

resulted slightly lower than 60%. These results, besides supporting a certain degree of self-

repairing capability imparted by Al2O3@POSS to the XNBR matrix, indicate that an increased 

filler concentration is probably required in order to guarantee a satisfactory self-healing 

behavior. Moreover, the bending of the sample after the healing treatment could generate 

internal stresses and network inhomogeneities that may affect the mechanical properties and 

the self-healing features of the material. Further investigation will be done to shed light on 

this point. 

4.6 - Al2O3@ZnO compounds preparation and functional characterization  

Materials: Krynac® X 750, XNB with 27% of ACN content and 7% of carboxyl groups was 

supplied by Arlanxeo; micrometric ZnO was obtained from Sigma Aldrich. 

The XNBR/Al2O3@ZnO composites formulations were developed in order to have a constant 

concentration of ZnO, equal to 10 PHR (Table 4.2). Typically, XNBR was initially masticated 

in two roll mill and then filler and ZnO were added. Compounding time was fixed to about 

20 minutes. 

Table 4.2 – Formulations of Al2O3 and Al2O3@ZnO XNBR filled composites 

SAMPLE 
XNBR/ 

ZnO 
XNBR/ZnO/ 

10_Al2O3 
XNBR/ZnO/ 

10_Al2O3@ZnO_I 
XNBR/ZnO/ 

30_Al2O3@ZnO_I 
XNBR/ZnO/ 

10_Al2O3@ZnO_II 

RUBBER PHR 

XNBR 100 100 100 100 100 

FILLER PHR 

Al2O3  10    

Al2O3@ZnO_I   10 30  

Al2O3@ZnO_II     10 
CURING AGENT PHR 

ZnO 10 10 9.37 7.70 8.92 
 

The curing curves of the composites were measured at 160°C and the t90 values were obtained. 

As visible from table 4.3, the t90 values become smaller when the Al2O3@ZnO filler is included 

in the formulation. This could be correlate to the nanometric size of ZnO supported on the 

alumina surface that is more reactive than the micrometric commercial one, and is capable of 

accelerating the curing process. 
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Table 4.3 – t90 of the references and ZnO/alumina filled composites 

Sample t90 (min) 

XNBR/10ZnO 10 

XNBR/10ZnO/10Al2O3 9 

XNBR/10ZnO/10Al2O3@ZnO_I 7 

XNBR/10ZnO/30Al2O3@ZnO_I 8 

XNBR/10ZnO/10Al2O3@ZnO_II 8 

  

Composites were cured for their respective t90 in a hot press working at 200 bar. Crosslink 

density was then determined, following the same procedure described before. Results are 

shown in Figure 4.10 and indicate a very poor variation of the cross-link density upon 

incorporation of the filler in XNBR. 

 

 

Figure 4.10 – Crosslink density value of Al2O3 and Al2O3@ZnO XNBR filled composites 

 

As previously described, tensile strength () before and after the healing treatment was 

measured on at least three samples for each compound and the retrieved average values are 

summarized in Figure 4.11, with the corresponding %SH reported in Table 4.4. 

 

Table 4.4 – Values of tensile strength of the composites before and after healing treatment, and 

relative healing efficiency. 
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Before the healing procedure, all the samples possess almost a similar tensile strength, which 

ranges between 6 and 9 MPa, suggesting that filler inclusion does not affect the tensile 

properties of XNBR. Upon the thermally induced self-repairing reaction, a very similar 

behavior can be observed for XNBR/ZnO and XNBR/ZnO/10Al2O3@ZnO_II, suggesting the 

suitability of this filler system in providing Zn(II) centers able to activate reversible ionic 

interactions with the carboxylic groups of XNBR chains. 

 

 

Figure 4.11– Average tensile strength of XNBR composites filled with Al2O3 and Al2O3@ZnO before and after 

healing treatment. 
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As the amount of ZnO grafted at the surface of alumina nanorods decreases (i.e. 

XNBR/ZnO/10Al2O3@ZnO_I and XNBR/ZnO/30Al2O3@ZnO_I composites) or becomes nil 

like in XNBR/ZnO/10Al2O3, the healing efficiency display values much higher than 100% 

(highlighted in red in Table 4.4), indicating the occurrence of other side-phenomena besides 

healing. These results might be interpreted referring to the curing curves reported in Figure 

4.7, which show that, specifically in presence of bare alumina, the torque does not reach a 

plateau, while it gradually increases with time. This unavoidably modifies the mechanical 

properties of the composites. We may assume that also for both XNBR/ZnO/10Al2O3 and 

XNBR/ZnO/10Al2O3@ZnO_I a similar behavior occurs. In fact, without ZnO grafted at the 

surface of Al2O3 nanorods, the interaction with rubber seems to involve exclusively this latter 

filler, notwithstanding the presence of commercial ZnO particles in the formulation. These 

considerations suggest that a high degree of surface decoration with ZnO NPs in Al2O3@ZnO 

is essential to avoid overcuring effects and provide remarkable self-healing ability, 

simultaneously. 

Thermal conductivity was measured by the heat flow meter method and the results are shown 

in Table 4.5. Data prove that alumina introduction is beneficial for the thermal conductivity 

of the composites with the best result in terms of  improvement (+ 62%) achieved enclosing 

in XNBR 30 PHR of Al2O3@ZnO_I. 

 

Table 4.5 –  values of XNBR composites filled with Al2O3 and Al2O3@ZnO 

Sample 
XNBR/ 

ZnO 

XNBR/ZnO/ 

10Al2O3 

XNBR/ZnO/ 

10Al2O3@ZnO_I 

XNBR/ZnO/ 

30Al2O3@ZnO_I 

XNBR/ZnO/ 

10Al2O3@ZnO_II 

  

(W m-1 K-1) 
0,1894 0,20176 0,2056 0,2360 0,1995 

Error ±0,002 ±0,008 ±0,004 ±0,0010 ±0,004 

 

In summary, the whole results reported in this Chapter, though preliminary, envisage the real 

chance of imparting enhanced self-healing and thermal transport properties to elastomers 

utilized in automotive industry. This can be accomplished by a careful modification of the 

alumina surface through POSS units or ZnO NPs, which activate selective healing 

mechanisms without hindering the intrinsic thermal conductivity of Al2O3. 

Unquestionably, further in-depth studies on the effect of filler concentration and on the 

healing reaction mechanism must be performed to complete the picture described, together 

with a careful morphological characterization of the composites. 
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Chapter 5 - Other attempts: Graphitic materials in SBR/BR 

matrix 
5.1 - Introduction 

As already mentioned in Chapter 1, carbon fillers like CNTs, carbon fibres, graphene, and 

graphite are extensively used to increase the thermal conductivity of polymer 

composites [1–8]. In fact,   values of this materials results to be high (100-4000 W m−1 

K−1), anyway their heat conductivity is highly anisotropic and, as a result, strongly 

dependent on the direction of the heat propagation. [9] Thus, if on one side these 

materials allow the production of highly conductive composites by filler alignment, on 

the other side, their application in systems where anisotropic thermal conductivity is 

essential, like in tires, raises some concerns. Moreover, since a consistent volume 

fraction in the matrix is usually required, delamination or peeling phenomena which 

sacrifice the composite processability and finally damage the composites may occur, 

besides an increase of the costs of formulations. In this scenario, graphite can be a cost-

effective alternative. Owing to its high theoretical intrinsic thermal conductivity (500-

1000 W m−1 K−1) and the platelet like morphology, it has been already applied in silicone 

rubber nanocomposites. [10] In particular, expanded graphite (EG), also known as 

exfoliated graphite and constituted of layers with wide surface area and high aspect 

ratio, has shown to provide, when included in polymer, outstanding thermal and 

electrical conductivity as well as good mechanical properties. [11] Due to these 

properties, EG attracts a lot of interest in terms of industrial-scale composites. However, 

the use of graphite entails its compatibilization/dispersion and interfacial adhesion with 

the rubber matrix, in order to avoid segregation and peeling effects and very few studies 

in the literature report the exploitation of graphite platelets in rubber composites for 

tires. Very recently, Khan et al. [13, 14] reported on milled graphite nanoparticles having 

a porous structure and consisting of stacked and randomly oriented planes with a large 

number of defect sites, which can be easily oxidized, silanized and incorporated in a 

polymer matrix, remarkably improving their thermo-mechanical behaviour. Although 

focused on epoxy nanocomposites, these studies suggest a facile and economical 

approach to potentially replace the use of graphene at industrial scale. Moreover, the 

results envisage the importance of the silanization of the graphite surface in order to 
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provide a suitable platform not only for compatibilization with rubber chains but also 

for further modification/derivatization of the carbon-based filler. In this context, 

another very recent investigation of Cao et al. [15] stimulated our attention. The authors 

produced a novel hybrid filler based on surface silanized SiO2 NPs grafted on graphene 

oxide sheets (GO) to develop natural rubber (NR)-based high-performance tire-treads 

(Fig. 5.1). Besides the good compatibilization properties with natural rubber, the 

SiO2/GO filler imparted increasing storage modulus and energy dissipation capability to 

the final master batch, while decreasing loss factor and elongation at break with 

increasing GO content. Fabrication of tire-tread enclosing just 10 PHR of the NR 

composite leads to remarkable wear resistance and decreased rolling resistance 

properties, foreshadowing a promising utilization of this filler system. 

 

 

Figure 5.1 – Schematic representation on the preparation and exploitation in tire tread fabrication of 

SiO2/GO hybrid filler 

Along the same line, Song et al. recently prepared hybrid fillers based on silica 

nanoparticles decorating graphene nanosheets for the preparation of SBR 

nanocomposites for tire. [16] Their mechanical properties, thermal and electrical 

conductivities, even at low filler loadings (i.e. 5 PHR), resulted significantly higher than 

those of similar SBR nanocomposites enclosing silica decorating carbon black, graphite 

and rGO, prepared by the same procedure (See Chapter 1). Moreover, the tread 

compounds enclosing this filler showed lower rolling resistance and highly improved 

grip, corroborating the great potentiality of surface modifying carbon-based filler with 
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silica NPs for tire engineering. Although referred to graphene, these studies prompted 

us to try to extend the described approach also to exfoliated graphite. With this aim, 

three graphitic materials and a graphene with different characteristics have been 

supplied and enclosed in SBR-BR rubber composites, evaluating their ability to impart 

enhanced dynamic mechanical and thermal conductivity properties. Successively, a 

specific graphite was utilized for developing a novel SiO2/graphite hybrid filler (i.e. 

EG@SiO2), which was incorporated in SBR-BR to produce composites, whose thermal 

transport properties has been preliminary determined.  

 

5.2 - Info on the supplied graphite and graphene nanomaterials 

 

The materials have been supplied by Imerys S.A and Avanzare S.L. companies. 

According to the producer, Timrex® is a high aspect ratio graphite specifically 

engineered to enhance the  of polymers using low filler loadings. No further 

information about the dimensions of this graphite is given by the manufacturer. Two 

graphite nanoplatelets (NPls) and a highly reduced graphene oxide, here referred as 

graphene, were instead supplied by Avanzare S.L. The information provided by the 

producer about these materials are reported in Table 5.1. 

All the materials were characterized by SEM and XRD. Subsequently they were 

introduced at low loadings in tire model compounds and characterized by means of 

DMA and thermal conductivity. 

 

Table 5.1 – Relevant information supplied by Avanzare on their graphitic materials 

Material Lateral size Thickness BET Average nlayer 

av-PLAT_40 40 m 10 nm 22 m2 g-1 < 30 

av-PLAT_7 7.2 m 3 nm 70 m2 g-1 5 - 10 

Graphene 70 m < 1 nm 416 m2 g-1 < 3 
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5.3 - Commercial graphitic materials characterization  

Representative SEM images collected on the commercial Timrex® and Avanzare 

graphitic materials are reported in Figure 5.2. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5.2 – SEM images of (a) graphite Timrex®, (b) av-PLAT_40, (c) av-PLAT_7 and (d) graphene. 

From the images, except for the graphene in which the morphological parameters are 

hard to identify, for the other graphitic materials, the lateral size and the platelet 

dimension have been measured. Timrex® graphite resulted formed of platelets with a 

thickness of 10/15 nm that strongly aggregate leading to the formation micrometric 

structure of stacked platelets. Moreover, the platelets are irregular morphology with a 

lateral size of about 40 m. the av-PLAT_40 graphite have a platelet morphology similar 

to Timrex® one, but the lateral sizes result to be more polydisperse within 25 and 40 m 

range. Differences are present also on the thickness, in fact, the platelets have a 
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thickness of about 30/40 nm and the aggregates in the hundreds of nm. Av-PLAT_7 

have the smallest lateral size of about 10 m, a thickness of 10 nm and the platelet results 

to be quietly regular. Graphene deposited on the stub forms aggregate structure that 

does not permit to evaluate its lateral size, anyway it is still possible to see the sheet like 

morphology and the really small thickness of this material.  

XRD characterization revealed the presence for all the materials, except for graphene, of 

the (002) peak typical of graphite P63/mmc space group, which appear rather larger for 

the av-PLAT_7 sample due to its reduced particle size (see Fig. 5.2c). The peak position 

and full width at half maximum (FWHM) allowed the calculation of the interplanar 

spacing, which correlates with the layer stacking distance (Lc) and the number of the 

layers of the three graphitic materials. (Table 5.3) [17] As a first observation, the retrieved 

interplanar distances are compatible with those of true graphytic structures, confirming 

that the materials are in an hexagonal crystal structure. [18] Thickness values are in 

accordance with those estimated by SEM images for the Timrex® and av-PLAT_7 

graphites, while appear lower for the av-PLAT_40.  

 

Figure 5.3 – XRD diffraction patterns of the different commercial graphitic and graphene materials 
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Table 5.3 – Summary of the XRD structural parameters of graphitic materials. [17] 

Sample 
2q 

(deg) 

Interplanar 

spacing 

(d, Å) 

FWHM 

(deg) 

Thickness 

(Lc, Å) 

Thickness 

(nm) 

Layer 

Packing 

Density 

(g cm-3) 

nlayer 

Timrex® 26.34 3.38 0.48 169 17 2.25 39 

av-PLAT-7 26.37 3.38 0.84 97 10 2.26 22 

av-PLAT-40 26.49 3.36 0.83 98 10 2.27 23 

 

5.4 - Composites preparation and functional characterization  

Materials: Sprintan SLR 4630 (Styrene Butadiene Rubber, SBR) supplyed from Synthos 

Group, while Europrene Neocis BR60 (Butadiene Rubber, BR) from Versalis; Silica Zeosil 

1165MP from Solvay, bis(3-triethoxysilylpropyl)tetrasulphide (TESPT) from Aldrich; 

antioxidant N-(1,3-dimethylbutyl)-N-phenyl-p-phenylenediamine (6PPD) from Flexsys; 

stearic acid (Stearina TP8) from Undesa; N-cyclohexyl-2-benzothiazole sulfenamide 

(CBS) from Lanxess; sulphur from Redball Superfine; ZnO from Zincol Ossidi. 

In a Brabender Plasti-Corder internal mixer SBR and BR was masticated at 130 °C for 1 

min followed by inclusion of the silica, TESPT and the graphitic material and allowed to 

mix for 4 min. Subsequently, the antioxidant 6PPD, the curing activator ZnO and stearic 

acid as co-activator was added and mixed for 2 min. The compound was allowed to rest 

for 24 h and a second mixing was performed. The compound was successively 

masticated at 80°C for 1 min and then mixed with sulphur and CBS for 2 min. 

Compounds formulations are reported in Table 4. The composites were vulcanized in a 

hot press at 170°C for 10 minutes and dynamical and statical mechanical proprieties and 

 was measured. A compound containing only 60 phr of silica was used as reference. In 

these first experiments, Timrex® graphite was not utilized. 
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Table 5.4 – formulations of graphitic material containing composites 

Component PHR 

BR 30 30 30 

SBR 70 70 70 

SiO2 60 60 60 

TESPT 4.8 4.8 4.8 

Av-PLAT_7 2   

Av-PLAT_40  2  

Graphene   2 

6PPD 2.5 2.5 2.5 

ZnO 2 2 2 

Stearic acid 1 1 1 

CBS 3 3 3 

Sulfur 1 1 1 

 

DMA analysis was performed in compression, at three different temperatures (0, 23 and 

70°C) utilizing a frequency of 10 Hz. The results (Fig. 5.4a) show that the E’ values of the 

composites with Av-PLAT_7 and Av-PLAT_40 display values very similar or slightly 

lower than that of reference compound enclosing exclusively silica NPs, suggesting that 

no additional reinforcement can be obtained introducing these graphitic materials in 

SBR-BR rubber. Also, tan  values are in line with that of the reference formulation (Fig. 

5.4b). Remarkably higher E’ and tan  are obtained when graphene is used as filler (Fig. 

5.4), suggesting, besides an improvement of the mechanical strength, an increase of 

energy dissipation for this compound.  

Thermal conductivity of the composites was measured with the MTPS method. Results 

are summarized in Figure 5.5. Notwithstanding the very low filler loading, significant 

enhancement of the  value can be observed upon introduction of carbon-based filler in 

the SBR-BR matrix. In particular, concerning the graphitic materials, the composite 

enclosing Av-PLAT_40 display the best performance, with an upgrade of the thermal 

conductivity of +65% if compared to reference compound. This can be probably 

connected to the presence of large sheets in Av-PLAT_40 which can more easily provide 

continuous thermal conductive pathways in the rubber matrix. As expected, the 

composite with graphene sheets, despite their lateral dimensions close  to those of Av-
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PLAT_40, shows the highest  value, most likely due to the higher intrinsic  of 

graphene (3080–5150, in plane [19]) compared to that of graphite (500-1000 [20]). 

(a) 

 

(b) 

 

Figure 5.4 – DMA analysis at different temperature of reference SBR-BR compound containing 
exclusively 60 phr of commercial silica NPs and of SBR-BR composites including also 2 phr of different 

graphitic and graphene materials. 
 

 

 

Figure 5.5 – Thermal conductivity of compounds SBR-BR compound containing exclusively 60 phr of 
commercial silica NPs and of SBR-BR composites including also 2 phr of different graphitic and 

graphene materials. 
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5.5 - EG@SiO2 hybrid filler synthesis and characterization  

Materials: Timrex® graphite (EG) was purchased from Imerys, Ethanol, 

Tetraethylortosilicate (TEOS) and ammonia solution 25% was purchased from Sigma 

Aldritch and cetyltrimethylammonium bromide (CTAB) from Alfa Aesar. 

Introduction of graphite in polymer is generally associated with delamination and 

peeling of the composites. To enhance the interaction between graphite and rubber and 

the dispersion, EG was covered with silica modifying an easy synthetic procedure already 

present in literature [21]. Typically, in a round bottom flask, 0.575 g of expanded 

graphite was suspended by sonication in a solution of 2 mL of distilled water and 48 mL 

of EtOH. 0.0109 g of CTAB was then added and the flask heated at 65°C by oil bath for 

15 minutes with magnetic stirring. Then 10.6 mL of TEOS was added followed by 2.4 mL 

of NH4OH 25% solution after 5 minutes. The flask was kept for 2 hours at 65°C and after 

natural cooling the suspension was centrifuged, washed with EtOH and dried at 70°C 

for 12 hours. A scale up of this method was also conducted, the suspension in this case 

was vacuum filtered instead of been centrifuged. 

The quantitative amount of SiO2 grafted on the surface was evaluated by TGA and the 

morphology of the material by SEM and TEM. TGA analysis of the graphite and the 

hybrid filler material have been performed, measuring the weight loss from 30 to 1000°C 

in air (50 mL min-1). As shown in Figure 6, graphite degradation starts to at 600°C and 

at about 900°C is completed and graphite results fully converted into CO2 without any 

residue. When silica is deposited on the surface of the graphite (i.r. EG@SiO2 sample), a 

better thermal stability is observed, and at 1000°C a residual mass (~18.5 wt. %), which 

is attributable to the grafted SiO2 NPs. 
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Figure 5.6 – TGA curves of Timrex® graphite (black line) and of EG@SiO2 hybrid filler (red-line). 

 

Morphological analysis was carried out by SEM and TEM (Fig. 5.7). In particular, SEM 

images shows silica grafting does not improve the disaggregation of graphite sheets (Fig. 

5.7a). Interestingly, sub-micrometric aggregates composed of almost spherical SiO2 NPs 

are clearly visible at the surface of graphite layers (Fig. 5.7b). TEM images of a single 

graphite layer are reported in Figure 5.7c, d. The occurrence of nanometric particles and 

aggregates is observable (Fig. 5.7c) and, at a higher resolution (Fig. 5.7d) SiO2 NPs 

appear partially “socketed” in the graphite sheet. These results confirm the successful 

modification of the graphite surfaces with silica. 

 

 

 

 

 

 

 

 

 

 

 



117 
 

5.6 - Preparation and functional characterization of SBR-BR composites 

enclosing EG@SiO2 filler 

Following the procedure previously described, different compounds have been 

produced utilizing 60 phr of commercial SiO2 NPs and different concentrations of 

EG@SiO2 hybrid filler. For comparison compounds with 60 phr of silica and loadings of 

EG corresponding to the quantities of graphite present in EG@SiO2 filler were also 

prepared (i.e. EG+SiO2 composites). Details on the formulations are reported in Table 

5.5. 

(a) 

 

(b) 

 
© 

 

(d) 

 
Figure 5.7 – (a, b) SEM and (c, d) TEM images of EG@SiO2 hybrid filler 
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Table 5.5 – rubber formulation of composites containing graphite and silica/graphite fillers 

Compound PHR 

BR60 30 30 30 30 30 30 

SBR60 4630 70 70 70 70 70 70 

Graphite (EG) 4 6 8  

EG@SiO2  4.9 7.3 9.8 

SiO2 60 60 60 59.1 58.7 58.2 

TESPT 4.8 4.8 4.8 4.8 4.8 4.8 

6PPD 2.5 2.5 2.5 2.5 2.5 2.5 

ZnO 2 2 2 2 2 2 

Stearic acid 1 1 1 1 1 1 

CBS 3 3 3 3 3 3 

Sulfur 1 1 1 1 1 1 

 

 

Compression DMA tests of the vulcanized samples were performed. An example of 

results obtained at 23°C and utilizing a stress frequency of 10 Hz are reported in Figure 

5.8. The modulus E’ of the composites increases as a function of the filler loading (Fig.5. 

8a). Noticeably, a slightly higher reinforcement effect is observed when EG@SiO2 hybrid 

filler is utilized. The tan  values are instead very similar to that of the reference 

compound (Fig. 5.8b). These results, besides indicating that the introduction of 

graphite-based filler in SBR-BR affords satisfactory mechanical properties, suggest that 

the surface decoration of EG with SiO2 NPs in the hybrid filler makes a step forward, 

improving the compatibilization with the rubber matrix and partly enhancing the E’ and 

dissipation behaviour of the composite.  



119 
 

 

Figure 5.8 – E’ and tan  of the SBR-BR composites enclosing graphite-based filler at 23°C and stress 
frequency of 10Hz. 

 

Thermal conductivity properties of the composites were evaluated by the MTPS method. 

The obtained  values are reported in Figure 5.9. It can be clearly observed that the 

introduction of EG and EG@SiO2 effectively raise the heat transfer in the composites. 

More interestingly, the presence of a layer of non-conductive silica NPs at the graphite 

surface in the hybrid filler does not hinder the thermal transport in the rubber matrix. 
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Figure 5.9 – Thermal conductivity of SBR-BR composites enclosing graphite-based fillers 

 

Although very preliminary, these results prefigure a potential application for graphite-

based filler and, particularly, for the EG@SiO2 hybrid filler. Better structural and 

morphological characterizations of both filler and composites are needed, as well as the 

choice of graphite materials easier to exfoliate, in order to enable a more effective 

compatibilization with the rubber matrix, avoid peeling phenomena and make these 

materials readily applicable in large scale formulations for tires. 
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CONCLUSION 
 

The PhD research activity, in collaboration with Pirelli Tires, was focused on the 

modification of commercially available materials and on the design of novel 

fillers able to impart, upon introduction in rubber matrix, improved thermal 

conductivity and satisfactory mechanical performances, trying also to reduce the 

filler loading. 

Al2O3 was selected as an appealing choice, due to its low cost, the stable chemical 

performance and the negligible toxicity, which compensate the not very high intrinsic 

thermal conductivity.  

In particular by a proper tuning of crystal phase, morphology and surface properties of 

commercial and synthesized alumina particles, two different filler systems have been 

developed by simple and easy to scale-up methods: 

i. Alumina nanosheets supported on silica: SiO2@Al2O3 binary filler (see Chapter 

2)          

ii. Alumina decorated at the surface with polysilsesquioxanes units: Al2O3@POSS 

hybrid filler (see Chapter 3) 

The structural, morphological and surface features of these materials have been 

comprehensively investigated and the novel fillers have been utilized for the production 

of butadiene rubber (BR)-styrene butadiene rubber (SBR) composites, which were then 

characterized in terms of mechanical and thermal conductive properties. 

In particular, SiO2@Al2O3, an innovative filler where silica NPs and alumina nanosheets 

belong to the same functional structure, has been proved to supply to SBR-BR matrix 

satisfactory dynamic-mechanical properties and a considerable decrease of the 

hysteresis, foreshadowing a potential application in tire tread formulation.  

Furthermore, a moderate but significant increase of the thermal conductivity 

(+30% in comparison to reference compound enclosing only silica NPs) has been 

detected in the presence of this filler, envisaging the ambitious chance also to tailor 

the thermal transport properties of tires. 
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Al2O3@POSS hybrid filler where alumina particles and POSS units belong to the 

same functional structure, has been synthesized by grafting different loadings of 

OctaMethacrylPOSS onto silanized commercial alumina and alumina nanorods. Upon 

incorporation, by solvent casting, in PB matrix, a remarkable increase of both 

thermal conductivity (+ 60-70 % with respect to PB/Al2O3 and + 90 % compared to 

homopolymerized PB) and elastic modulus has been observed, even at relatively low 

loadings of thermal conductive filler (15-10 v/v %), if compared with the literature 

studies. This has been associated to the peculiar hybrid structure of the hybrid filler, 

where the shell of POSS nanounits, besides assuring the compatibility between 

filler and polymer host, allows a homogeneous distribution and a continuous 

networking of the alumina NPs. This positively influences heat transport, providing 

thermal conductive pathways and leading to the raise of the thermal diffusivity 

even at low filler loadings, with a potential reduction of filler utilization in rubber 

composite formulations. 

Since the mitigation overheating effects in tires, involves the issue of a permanent 

damage of the rubber composites, a part of the research activity was dedicated also 

to the development of filler systems able not only to improve the thermal 

conductivity but also to enable self-healing effects, in order to extend the service-

life, the sustainability and the safety of the composites. 

In collaboration with CSIC Madrid, the following actions have been pursued (see 

Chapter 4): 

i. Exploitation of Al2O3@POSS (with methacryl terminations) in XNBR 

employed in automotive to verify their potential self-healing ability 

ii. Development of an innovative filler composed by alumina nanorods 

surface decorated with ZnO NPs (Al2O3@ZnO) able to ensure, upon 

incorporation in XNBR, both enhanced thermal conductivity and self-

repairing properties 

The structural, morphological and surface features of Al2O3@ZnO have been 

investigated in depth as well as the ability of both the filler systems in imparting self-

healing. 
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As concerns on Al2O3@POSS hybrid filler, the high number of carbonylic groups 

belonging to the methacrylic terminations of POSS units has been exploited to 

provide H-bond interactions with the carboxylic groups of the XNBR rubber. The 

results, besides supporting a certain degree of self-repairing capability and the 

increase of  imparted by Al2O3@POSS to the rubber matrix, indicated that an 

increased filler concentration is necessary to achieve a more satisfactory self-

healing behavior. 

Al2O3@ZnO filler was developed in order to impart both remarkable  and self-healing 

capability to XNBR, simultaneously. The idea was connected to the chance of 

generating ionic dynamic interactions between the carboxylic groups of the 

XNBR matrix and the Zn2+ centers of ZnO clusters grafted at the alumina surfaces. 

The results supported this possibility, indicating that a careful modification of the 

ZnO NPs amount at the alumina surface activates selective healing mechanisms 

and provides enhanced thermal conductivity to the composites.  

Finally, though very preliminary, the data obtained for the EG@SiO2 hybrid filler, 

prefigure a potential application for graphite-based materials in rubber 

composites for tires, since satisfactory mechanical properties and high  values can be 

attained. However, further characterizations are necessary to investigate the potential 

occurrence of peeling phenomena, and, in this respect, the possibility of identifying a 

better strategy of exfoliation/compatibilization with the rubber matrix is essential.  

In summary, the results of the PhD activities disclose the potentialities of alumina 

materials in upgrading the thermal conductivity of rubber composites for tires. In 

particular, the most promising strategies appear those which enable targeted 

surface functionalization and aspect ratio tailoring, simultaneously, assuring 

remarkable compatibilization with the rubber matrix and the generation of thermally 

conductive networks.  In this frame and specifically for tires, binary filler systems and 

hybrid fillers, like SiO2@Al2O3, Al2O3@ZnO, Al2O3@POSS and EG@SiO2, seem very 

promising candidates since they can combine high intrinsic thermal conductivity 

and the possibility of morphology, packing density and reinforcing ability 

tailoring, thus significantly upgrading the advantages gained by using a single filler. 
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Appendix 

Characterization Methods 
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The aim of this Appendix is to explain the analytical techniques employed for the 

chemical, structural and functional characterization of the fillers and their relative 

composites.  

 

A1 - Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy 

(ATR-FTIR) 

Vibrational spectroscopy permits to qualitatively identify the functional groups of the 

materials. The different vibrational modes of bonds are associated to absorption of 

infrared radiation at different energy and thus at different wavelengths. When the angle 

of incidence at the interface between a crystal and a material is greater than the critical 

angle a total internal reflection arises and evanescent waves results (Fig. A.1).  

 

 

Figure A.1 - ATR-FTIR 

 

ATR spectroscopy exploits this phenomenon to measure the IR absorbance of materials. 

When the material is in close contact with the reflecting surface, the evanescent wave 

penetrates the material and loses energy at the wavelength where the material absorbs. 

The radiation resultant is measured (absorption energy) and plotted as a function of the 

wavelength. In this thesis the measurements were performed utilizing a Nicolet™ iS20 

FTIR Spectrometer instrument. (1 cm-1 resolution spectra, 650-4000 cm-1 region, 32 

scan). This instrument was utilised to qualitatively characterize the filler before and after 

functionalization and the PB composites. 
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A2 – X-ray powder diffraction (PXRD) 

XRD is an analytical technique that gives information about crystal structure of 

materials, that analyses the diffraction of X-ray at different  angles that interact with 

an ordered structure. In the classical technique single crystal, material with perfect 

crystal lattice, are analysed in order to get information about the distances between 

atoms in the lattice utilising Bragg laws. [1] This technique is not suitable for common 

routine characterization. PXRD permits to have information of crystal structure directly 

on powder assuming that the sample is randomly oriented.  Thus, a statistically 

significant number of each plane of the crystal structure will be in the proper orientation 

to diffract the X-rays and the resulting diffraction signal will be a distinctive diffraction 

pattern that contain the information about each plane present in the powder. Analysis 

were conducted on a Rigaki - Miniflex 600 diffractometer, that operates with a Bragg-

Brentano geometry equipped with Cu X-Ray source (Kα radiation λ1 = 1.5406 Å, λ2 = 

1.54443 Å). PXRD was utilized to study the structure of the aluminas and the graphitic 

materials. 

  

A3 - Thermal analysis (TGA) 

Thermo-gravimetric analysis (TGA) permits to study the changes of weight of a material 

as a function of the temperature in a controlled atmosphere. Lost in weight can be 

correlated to the degradation of organic molecules, solvent or humidity physically 

adsorbed on the surface or in the pores. Moreover, information about thermal stability 

of a sample can be obtained.  

A typical TGA instrument consists of a precision balance and a furnace with a 

programmable control temperature. Temperature is fixed to a determined value or 

increased with a fixed rate to produce a thermal reaction.  

 The TGA analysis of this thesis were carried out on a Mettler Toledo TGA/DSC1 Star 

System. The sample were heated in air from 30 to 1000°C, following the thermal profile: 

30 - 150°C at 5°C min−1; dwell at 150°C for 10 min; 150 - 1000°C at 10°C min−1.  
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A4 - Inductively Couple Plasma Optical Emission Spectroscopy (ICP-OES) 

ICP-OES is a spectroscopic technique that permits to have quantitative information 

about elements present in a sample. This technique exploits the use of a plasma to 

atomize and ionize the sample. Moreover, due to the high energy of the plasma the 

atoms will be in and excited state. The transition to fundamental state will be associated 

to release of atomic characteristic photons that will be analysed by a spectrometer. In 

this thesis the amount of ZnO and Al2O3 was determined on ICP-AES Optima 7000 DV 

Perkin Elmer instrument. Solid samples have been analysed and thus a mineralization 

process was necessary. This step was conducted on a microwave mineralizer utilizing a 

mixture of strong acid (HNO3, HF and HCl). For the determination of alumina deposited 

on the commercial silica, due to the strong resistance of alumina to acids, the analysis 

was conducted on the precursor and hot 2M NaOH solution was used to dissolve the 

material.  

 

A5 - Solid State NMR 

Solid-state NMR (ss-NMR) spectroscopy is an experimental technique that permits to 

analyse solid sample by nuclear magnetic resonance (NMR) spectroscopy. Unlike in 

conventional solution-state NMR where rapid motion averages out many of the spin 

interactions, in ss-NMR anisotropic part of many spin interactions are present. As 

results, solid-state NMR spectra are characterised by larger linewidths and thus low 

resolution. To reduce the anisotropic contribution, the sample can be spinned at a 

constant frequency (depending on the analysed nuclei) oriented at magic angle respect 

to the magnetic field. This technique is named as magic-angle spinning-NMR (MAS-

NMR) and permits to produce better resolution NMR spectra. MAS-NMR spectra have 

been exploited for confirm functionalization of the alumina and to characterize some 

PB composites. The experiments have been performed at University of Trento in 

collaboration with Dr. E. Callone and Prof. S. Dirè (Klaus Laboratory). 

 

A6 - Scanning Electron Microscope (SEM) 

Scanning electron microscope (SEM) is an electron microscope that produces images 

scanning in a raster pattern a focused beam on a sample. When electrons interacts with 
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the atoms of the sample, various signals are produced as visible in figure A.2 that give 

information about surface topography and composition of the sample. SEM utilizes 

secondary electrons and backscattered electron to produces images of the surface of the 

sample. Some microscopes can be equipped with X-ray detector that analyse the 

characteristic x-ray emission of atoms excited by the primary electron beam (SEM-EDX 

techniques). 

 

 

Figure A.2 - Scheme of SEM apparatus and typical “pear” form of the signal produced by interaction 
between electron and matter 

 

For the morphological characterization of powder and the study of dispersion of filler in 

composites a Zeiss FEG Gemini 500 equipped with secondary electron and 

backscattered detector both out- and in-lens was used. Moreover, a Bruker QUANTAX 

detector was present for the EDX analysis. Metallization of the sample was conducted 

on Edwards S150B or Quorum Q150T ES instrument.  

 

A7 - High-Resolution Transmission Electron Microscopy (HR-TEM) 

 

TEM is an electron microscopy in which electrons beam pass through a thin layer of 

sample and it is attenuated depending on the interaction between the beam and the 

matter. The transmitted electrons are directed to a fluorescent screen or a detector that 

forms the image of the sample. Due to the lower wavelength associated to electron 

respect to photon, much higher resolutions are achieved. HR-TEM is a particular TEM 

technique that allows to obtain direct imaging of the atomic structure of samples. 
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Figure A.3 - Scheme of TEM apparatus 

 

TEM images were acquired on JEOL JEM 2100 Plus depositing a suspension of about 

500 ppm of sample on a copper grid with carbon film. This technique was employed for 

the morphological characterization of nanometric materials. 

 

A8 - Swelling experiments 

Swelling experiments was conducted to calculate the crosslink density () of the 

vulcanized rubber exploiting the Flory–Rehner equation (1). [2]  

𝜈 =
[ln(1−𝑉𝑟) + 𝑉𝑟 +𝜒𝑉𝑟

2]

−2∙𝜌𝑝∙𝑉𝑠∙(𝑉𝑟 )1/3  (1) 

Where Vr is the volumetric fraction of the swelled rubber, χ is the Flory solvent-polymer 

interaction term, p the density of the polymer and Vs is the molar volume of the swelling 

solvent. In order to calculate the Vr parameter, squared sample of about 300-400 mg 

was weighted (m1) and soaked in toluene for 72 hours. The mass of the sample after this 

process was measured (m2) placing the sample in a closed vessel. The samples were then 

dried and weighted again (m3).  

Vr was determined according to (2): 

𝑉𝑟 =
(𝑚𝑑− 𝑓𝑚0)∙𝜌𝑝

−1

(𝑚𝑑− 𝑓𝑚0)∙𝜌𝑝
−1+ 𝑚𝑠𝑜∙𝜌𝑠

−1 (2) 

where: m1 and m3 are the mass of the composite specimen before and after 

swelling/extraction experiments, respectively; mso = (m2- m1) is the weight of the solvent 
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in the swollen mass; ρs is the solvent density and f is the fraction of the filler in the 

composite. At least 4 sample for compound have been examined and the average  and 

relative error reported. Crosslink density of XNBR compounds have been measured with 

this method. 

 

A9 - Rheometer 

In the rubber industry is important to know the behaviour of crosslinking of rubber, 

with temperature and time, in order to define its processability, curing time and final 

characteristics. In our works an oscillating disk rheometer was utilized. The instrument 

consists of a cone-shaped disk which is embedded in the rubber specimen and oscillated 

through a small angle while the specimen is heated under pressure (Fig. A.4).  

The curing curves are obtained by the instrument measuring the rotational modulus of 

force (torque) necessary to move the disk as function of time at constant temperature. 

As the curing proceeds with time the torque rises due to the hardening of the material. 

Different characteristic parameter can be obtained from this analysis, in this thesis only 

t90 has been utilized. The t90 is the moment in which 90% cross-linking has been 

reached. 

 

  

Figure A.4 – scheme of an oscillating disk and a typical curing curve with its characteristic parameter  
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A10 - Compression Dynamo Mechanical Analysis (DMA) 

Elastomers that are subjected to a mechanical stimulus show viscoelastic response. This 

response will be the combination of the an elastic solids and a Newtonian fluids that are 

generally modelled as mechanically combinations of springs and dashpots. [3] Following 

this model two mechanical modulus arise. The first one is connected to the spring and 

so to the elastic part of the rubber that store energy (E’) while the second one is related 

with the dashpot and so on the viscous part that is correlate with the dissipation of the 

energy (E”). DMA permits to mechanically characterize elastomeric material measuring 

these two moduli. Typically, rubber specimen is subjected to periodic sinusoidal shear 

strain γ (γt = γ + sin(ωt), at defined frequency ω and temperature T), the material 

response is a sinusoidal stress σ, offset by a certain phase angle (δ) respect to the shear 

strain applied, and expressed as: 

σt = σ + sin(ωt) + δ = σ [sin(ωt)cosδ+ cos(ωt)sinδ] (1) 

σt can be split into two contributions, respectively in phase and out of phase with the 

strain, defined as follows: 

(2)                                                             σosin(ωt)cos(δ)    

(3)                                                             σocos(ωt)sen(δ)    

Indicating σo cos(δ) = σo’ and σosin(δ) = σo’’, E’ and E’’ can be rewritten as follows: 

(4)                                                              E’ = 0’/0    

(5)                                                              E” = 0”/0    

Where E’ and E’’ are the real and imaginary part of a complex modulus G*, representing 

respectively the elastic and the viscous behaviour of the material, written as: 

(6)                                                     E* (γ) = E’(γ ) + i ・ E”(γ )    

δ, the phase angle between stress and strain, is given by equation (7): 

(7)                                                     tan[δ(γ)] = E”(γ ) / E’(γ )  

DMA can be also conducted along a wide temperature range, obtaining information 

about glass transition and other chains relaxations if present. In this thesis two 

instruments were utilized. SBR/BR compounds was testes in the Instron Universal 

Testing Systems equipped with compression DMA set. Measures was done at three 

temperature 0, 23 and 70°C and for each temperature three frequency was used, 1, 10 

and 100 Hz. PB/alumina composites were instead analysed on a DMA Q800 apparatus 
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from TA Instruments (New Castle, DE, USA) in tensile mode, at 1 Hz frequency and 

performing a temperature sweep from -120°C to 100°C (3°C/min). 

 

A11 - Tensile Tests 

 

Tensile testing is a simple test in which a sample is subjected to a controlled tension 

until failure. It permits to directly measured the ultimate tensile strength, maximum 

elongation and the reduction in area of the sample. From these measurements the 

following other properties can also be calculated: Young's modulus, Poisson's ratio, yield 

strength, and strain-hardening characteristics. Beside its simplicity, the information this 

test provide are commonly used for quality control, in the selection of specifical 

application material and to predict how a material will react under other types of forces. 

The common testing machine has two crossheads; one is fixed the other can be moved 

to  adjust to the length of the sample and apply tension to the test specimen by a motor. 

Dogbone shape specimens are generally used which essentially are sample with a narrow 

middle and wide ends. This shape permits to concentrate the stress in the middle which 

is also the testing area. Tensile tests were conducted on an Instron 5800 apparatus at 25 

°C and a speed of 50 mm min-1. 

 

 

 

Bibliography 

[1] “The reflection of X-rays by crystals,” Proc. R. Soc. London. Ser. A, Contain. Pap. a Math. Phys. 

Character, vol. 88, no. 605, pp. 428–438, Jul. 1913. 

[2] P. J. Flory and J. Rehner, “Statistical mechanics of crosslinked polymers. Rubber like elasticity,” J. 

Chem. Phys, vol. 11, p. 521, 1943. 

[3] J. D. Ferry, “Some reflections on the early development of polymer dynamics: viscoelasticity, 

dielectric dispersion, and self-diffusion,” Macromolecules, vol. 24, no. 19, pp. 5237–5245, Sep. 1991. 

 


