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Introduction

Introduction

The total electrical power consumption of the world increases therefore the efficacy of electrical systems must be increased by improving their design, performance, and reliability. A key factor is to increase the operating voltage of electric systems and reduce its size. Besides, in most electrical systems, the electric field has a nonhomogeneous distribution, which can involve electric field strength that produces the insulation degradation because of space charge accumulation, partial discharge and electrical treeing across the whole material, which may lead to breakdown.

Thus, one of the key issues in high voltage engineering is the control of the electric field strength. The aim is to achieve the lowest possible electrical field strength at a fixed system voltage. Two strategies for controlling electrical stress are possible: capacitive control and resistive stress control. For resistive stress control, one alternative is the application of nonlinear stress control. This employs materials whose resistivity varies as a function of applied voltage.

These materials are obtained from a base material, which is usually an insulating polymer, with an additive that provides nonlinear functionalities. The nonlinearity in composites originates from two sources: particle-particle contacts and intrinsic properties of filler particles. The final properties then depend on the filler type, concentration and size. In general, these parameters influence the formation of conducting paths, which are responsible of the nonlinear conductivity.

Another way to control the conductive path formation, and therefore the final properties, is controlling the filler distribution into the matrix. One strategy is using electrophoretic deposition, i.e., the application of a DC electric field during the composite fabrication to produce the alignment and orientation of fillers. The final properties of the composites are anisotropic and depend on the applied electric field during the fabrication.

Then, in order to develop composites capable of adapting to the new demands of electrical systems, fabricating composite materials using nonlinear fillers remains an interesting alternative that can be complemented applying the electrophoretic deposition during the composite fabrication. Combining these two resources opens up the possibility of enhancing the reinforcement of materials in the weakest areas, thereby extending their lifespan.

Then, the purpose of this thesis is to study the nonlinear properties for composites with different fillers (SiC and ZnO) and size (micro, nano). The influence of electrophoretic deposition on the filler distribution and electric properties is also discussed. The work is organized into five chapters. Each chapter is summarized below.

Chapter I.

This chapter provides an overview of the electrical stress concentration issues and currently available solutions. After, the advantages of working with resistive stress control, in particular with nonlinear conductive materials, are presented. Then, the main fillers used in nonlinear composite fabrication are summarized and the effects of size and filler concentration on the final properties are presented. After, the techniques to control the filler distribution into composite material and its influence in the final properties is discussed. Finally, the current applications of nonlinear polymer composites in high-voltage engineering are presented.

Chapter II.

In this chapter the impact of the filler type in the nonlinear behavior of composites is studied.

The process to fabricated composite materials with µZnO and µSiC/Epoxy (EP), and different filler concentrations is presented. Also, the electrical behavior of both kind of materials is discussed. Additionality, the impact of different dispersion methods in electrical properties is studied in order to optimize the fabrication process.

Chapter III.

In this chapter, the influence of filler concentration and size on the nonlinear properties for µSiC/EP, nSiC/EP composites are studied. A description of both parameters influence on the nonlinear electrical characteristics is presented. After, the influence of mixing µSiC and nSiC on the nonlinear properties of µSiC/nSiC/EP composites is also studied. Finally, the electrical conduction mechanisms involved in the nonlinearity are discussed.

Chapter IV.

In this chapter, the nonlinear behavior of composites is adjusted to a four-elements electric model and its coefficients are calculated. After, the dependence of each coefficient on filler concentration is described by equations. Finally, from the calculated equations, the coefficients and therefore the electrical behavior for µSiC/EP, nSiC/EP and µSiC/nSiC/EP composites with different filler concentrations are calculated.

Chapter V.

In this chapter, the fabrication process by electrophoresis deposition of µSiC/EP composites is presented. Then, the influence of time and electric field of deposition on the filler distribution is presented. Also, the electrical behavior of these composites is presented.

Lastly, a general conclusion, contributions and perspectives of this work are presented.

Chapter I

Nonlinear electrical conduction in polymer composites for field grading in high voltage application

Chapter I. Nonlinear electrical conduction in polymer composites for field grading in high voltage application

The total electrical power consumption of the world increases with the number of electrical systems. Thus, the efficacy of electrical systems must be increased by improving their design, performance, and reliability. Size reduction impacts their weight-to-power relationship and in turn, their energy density. On highly constrained systems, size reduction affects the applied electric field as well as the operating temperature. To address the limitations of currently available materials, developing new materials that can intrinsically withstand or reduce constraints or modifying their configurations or properties is necessary.

In most electrical systems, the electric field has a nonhomogeneous distribution, which can involve electric field concentrations that reduce the lifetime of the material. In the following chapter, electrical stress concentration issues and currently available solutions are presented.

Among them, polymer composites that are used as electric field-grading materials provide electric field concentration reduction, improving the lifetime of the electrical system. Thus, factors that influence the electrical properties of isotropic composites and anisotropic materials with graded electrical conductivities are described. Finally, the advantages of using polymer composites with graded electrical conductivities in high voltage (HV) engineering applications are presented.

I.1. Field grading in high voltage applications

Electrical systems are usually made up of multiple elements or devices usually connected in a serial arrangement. A failure in any of them may cause the failure of the whole system [START_REF] Prosr | A new method of lifetime estimation for high-voltage insulating systems in rotating machines[END_REF]. In high voltage applications such as rotating machines, the insulating material is one of the weakest elements of the electrical system, leading to reliability loss [START_REF] Pascoli | Experiences with Online Partial Discharge Diagnoses on Turbogenerators[END_REF]. In electrical machines such as hydrogenerators, failure due to insulation damage is higher than 50% [START_REF] Lenko | New approaches towards the investigation on defects and failure mechanisms of insulating composites used in high voltage applications[END_REF][START_REF] Brütsch | Insulation Failure Mechanisms of Power Generators [Feature Article[END_REF].

It is known that the rate of aging, i.e., the rate at which the main insulating properties reduce, is not only a function of the magnitude, but it also depends on the nature of the applied stress [START_REF] Srinivas | Multifactor aging of HV generator stator insulation including mechanical vibrations[END_REF][START_REF] Kaufhold | Interface phenomena in stator winding insulation -challenges in design, diagnosis, and service experience[END_REF][START_REF] Kimura | The role of microscopic defects in multistress aging of micaceous insulation[END_REF]. The most important stress types to which insulation is subjected are electrical, thermal, and mechanical stresses [START_REF] Srinivas | Multifactor aging of HV generator stator insulation including mechanical vibrations[END_REF][START_REF] Kimura | The role of microscopic defects in multistress aging of micaceous insulation[END_REF][START_REF] Hoof | PD diagnostics on rotating machines. Possibilities and limitations[END_REF]. When high electric stress is applied to polymers, charges are injected and accumulated within the bulk [START_REF] Hoshino | Measurement of electric field distributions in polymer insulating materials under high DC voltage stress[END_REF], distorting the internal electric field distribution.

Consequently, insulation degrades because of space charge accumulation, partial discharge (PD), and electrical treeing across the whole material, which may lead to breakdown [START_REF] Farahani | Partial discharge and dissipation factor behavior of model insulating systems for high voltage rotating machines under different stresses[END_REF][START_REF] Farahani | Partial discharge and dielectric response behaviour of insulation systems for high voltage rotating machines under electrical stress[END_REF].

The main polymers used for insulation in HV applications include epoxy resin, ethylene propylene diene monomer (EPDM), ethylene propylene monomer, silicone rubber (SR), EPDM/silicone rubber alloy, and polyethylene (PE) [START_REF] Hoshino | Measurement of electric field distributions in polymer insulating materials under high DC voltage stress[END_REF][START_REF] Sundhar | Polymer insulating materials and insulators for high voltage outdoor applications[END_REF]. Low-density PE (LDPE) and crosslinked PE are mainly used in power cables for HV direct current (HVDC) applications.

However, the development of a nonhomogeneous distribution of space charge or polarization under a high DC voltage can dramatically increase the internal electric field, depending on the material structure, additives, impurities, applied field, and temperature [START_REF] Mizutani | Electrical properties of polymers: Space-charge behaviour in insulating polymers under high-voltage direct current[END_REF][START_REF] Alquié | Measurement of charge distributions in insulating materials for high voltage cables[END_REF]. Another problem with cables in HV applications is the failure of connectors and cable termination. Cable joints and terminations constitute the main points of weaknesses of power systems (more than 95%) [START_REF] Song | Electric field control in DC cable test termination by nano silicone rubber composite[END_REF][START_REF] Lee | The study on diagnostics for aging trend of cable termination[END_REF][START_REF] Rivenc | An overview of electrical properties for stress grading optimization[END_REF]. The insulated electrical conductor is placed in a grounded screen, and near the screen, field enhancement occurs at the sharp edge, where equipotential lines diverge (Figure [START_REF] Rivenc | An overview of electrical properties for stress grading optimization[END_REF]. A dramatic electric field enhancement causes PD, flashover, and breakdown [START_REF] Mizutani | Electrical properties of polymers: Space-charge behaviour in insulating polymers under high-voltage direct current[END_REF][START_REF] Eigner | 50 years of electrical-stress control in cable accessories[END_REF][START_REF] Boucher | Study of the influence of nonlinear parameters on the efficiency of a resistive field grading tube for cable termination[END_REF].

I
Likewise, electrical insulation of HV rotating machines is particularly important in generators and motors to reduce manufacturing and maintenance costs [START_REF] Kaufhold | Interface phenomena in stator winding insulation -challenges in design, diagnosis, and service experience[END_REF]. One of the main polymers used in these applications is epoxy resin (EP) [START_REF] Anton | New developments in resin rich insulating systems for high voltage rotating machines[END_REF]. The stator insulating system may involve defects created by combined thermal, mechanical, electrical, and environmental stresses, resulting in gradual deterioration [START_REF] Farahani | Partial discharge and dissipation factor behavior of model insulating systems for high voltage rotating machines under different stresses[END_REF][START_REF] Farahani | Study of Capacitance and Dissipation Factor Tip-Up to Evaluate the Condition of Insulating Systems for High Voltage Rotating Machines[END_REF][START_REF] Thorsen | A survey of faults on induction motors in offshore oil industry, petrochemical industry, gas terminals, and oil refineries[END_REF][START_REF] Chen | Study of epoxy/mica insulation deterioration in generator stator using ultra-wide band partial discharge testing technique[END_REF]. In particular, electrical stress can cause PDs in voids and cavities, thereby eroding insulating materials and leading to electrical treeing [START_REF] Farahani | Partial discharge and dissipation factor behavior of model insulating systems for high voltage rotating machines under different stresses[END_REF][START_REF] Farahani | Study of Capacitance and Dissipation Factor Tip-Up to Evaluate the Condition of Insulating Systems for High Voltage Rotating Machines[END_REF]. The electrical insulation of the stator end windings is stressed tangentially at the boundary surfaces due to the concentration of the electric field (E). The air near the end-turn insulation breaks down, leading to surface corona discharges. Not only corona discharges but also internal discharges can directly accelerate the deterioration of polymers due to highly localized electrical stress concentrations and ultimately, lead to the failure of the insulation material [START_REF] Schmerling | Investigations of modified nonlinear electrical materials for end corona protection in large rotating machines[END_REF][START_REF] El-Kishky | Time-Domain Analysis of Nonlinear Stress-Grading System for High Voltage Rotating Machines[END_REF].

High-power insulated-gate bipolar transistor (IGBT) modules are key components in industrial, traction, and HVDC transmission applications [START_REF] Hoeer | Online temperature estimation of a highpower 4.5 kV IGBT module based on the gate-emitter threshold voltage[END_REF]. Although the failure rate of power modules has been drastically reduced, IGBT modules are still one of the most fragile components regarding system reliability [START_REF] Hoeer | Online temperature estimation of a highpower 4.5 kV IGBT module based on the gate-emitter threshold voltage[END_REF]. The increasing demand for larger power densities requires increasing the voltage, temperature, and frequency [START_REF] Chen | Fabrication and testing of 3500V/15A SiC JFET based power module for high-voltage, high-frequency applications[END_REF]. Due to the high voltage, modules have a strong electric field reinforcement in the insulation media that causes dielectric breakdown Thus, one of the key issues in HV engineering is the control of the electric field strength. The aim is to achieve the lowest possible electrical field strength at a fixed system voltage [START_REF] Eigner | 50 years of electrical-stress control in cable accessories[END_REF].

Stress control methods fall into two main approaches: i) capacitive stress control, for example, geometrical electrode grading by controlling the shape of conducting parts, refractive grading by high-permittivity materials, and impedance stress control by applying layers with specific resistivity to the screen cut and cable insulation; ii) resistive stress control using materials with specific current-field characteristics [START_REF] Eigner | 50 years of electrical-stress control in cable accessories[END_REF][START_REF] Christen | Nonlinear resistive electric field grading part 1: Theory and simulation[END_REF][START_REF] Strobl | Evolution of stress control systems in medium voltage cable accessories[END_REF]. Eigner and Semino [START_REF] Eigner | 50 years of electrical-stress control in cable accessories[END_REF] reported various technologies used for stress control, and their results are presented hereafter. method is based on the fact that the permittivity of the refractive material (𝜀 ! " ) is always much higher than those of the insulator (𝜀 ! ! ) and environment (𝜀 ! # ). The ratio of electrical stresses in two different materials (𝜀 ! ! and 𝜀 ! # ) can be adjusted by inserting a material with high permittivity between them (𝜀 ! " ), and high electrical stresses can be reduced to noncritical values. The major limitation of this technique is the dielectric loss in the refractive material. This loss increases with the volume and permittivity of the refracting material. It is also necessary to properly design the insulation system for adequately transfer heat to avoid local overheating, especially at higher frequencies [START_REF] Eigner | 50 years of electrical-stress control in cable accessories[END_REF].

Impedance stress control (Figure I-3c) consists of applying layers with specific electrical resistivities to the screen cut and cable insulation. These layers are commonly deposited using shrinkable tubes or patches. For this method, when the impedance is chosen, there are three options. The first one is to use an insulating material (Z = ∞). As a consequence, the material is at the full potential leading to a steep slope of voltage at the screen cut of the power cable.

The electrical field strength is thus very high at this location (Figure I-4a, curve a). A highly insulating material is undesired because the electrical stress remains at the surface. The second option is to apply a material with high conductivity (Z = 0). However, it is also undesired because it does not reduce the electrical field strength at the screen cut (X1) but moves the maximum to the end of the stress control material (X2) ( This option prevents the accelerated aging of cable insulation and the accessory itself. The main advantage of this stress control system is its slim and compact design, which is independent of the size of the power cable [START_REF] Eigner | 50 years of electrical-stress control in cable accessories[END_REF]. [START_REF] Ghorbani | HVDC Cable Systems-Highlighting Extruded Technology[END_REF]. These materials can be developed using a base material, which is usually an insulating polymer with an additive that provides nonlinear functionalities. Common additives used for corona protection for motor stator bars and cables are SiC, ZnO, carbon black, or blends of different oxides such as BaTiO3, TiO2, SiO2, Fe3O4, and mica [START_REF] Song | Electric field control in DC cable test termination by nano silicone rubber composite[END_REF][START_REF] Eigner | 50 years of electrical-stress control in cable accessories[END_REF][START_REF] Christen | Nonlinear resistive electric field grading part 1: Theory and simulation[END_REF].

One important advantage of using nonlinear field-grading materials is the compact design of cable accessories, which makes them easy to install and thus reduces costs [START_REF] Donzel | Silicone composites for HV applications based on microvaristors[END_REF]. As can be observed in Figure I-4b, without any stress control, the highest electric field appears at the screen cut, increasing the probability of triggering PD activity in this region. By placing a nonlinear stress control tube over the screen cut, the electrical stress can be limited to a certain level (E " ) (Figure I-4b, curve b). This level does not change, even at higher voltages (Figure I-4b, curve c) [START_REF] Eigner | 50 years of electrical-stress control in cable accessories[END_REF].

One example for impedance stress control was reported for IGBT modules. The edge of the ceramic was coated with a high-impedance layer, which electrically connects the top copper metallization with the bottom one, thus leading to a very low electric current between the collector and ground [START_REF] Donzel | Nonlinear resistive electric field control for power electronic modules[END_REF][START_REF] Mitic | IGBT module technology with high partial discharge resistance[END_REF]. It is reported that the electric current homogenizes the electric field strength at the edge of AlN coated with high-impedance doped amorphous silicon (-Si:H) [START_REF] Mitic | IGBT module technology with high partial discharge resistance[END_REF]. As shown in Figure I-2c, coated AlN substrates substantially increase the PD resistance of IGBT modules [START_REF] Mitic | IGBT module technology with high partial discharge resistance[END_REF]. Finite element method (FEM) simulations showed that the application of a nonlinear resistive layer at the metallization edge of power electronic substrates significantly reduces the electric field at the critical triple point between the copper metallization, ceramic substrate, and silicone gel or polyimide encapsulation [START_REF] Donzel | Nonlinear resistive electric field control for power electronic modules[END_REF][START_REF] Li | Modeling of electric stress control in HV bushing using field grading material[END_REF]. Some examples of nonlinear stress control have been reported for rotating machines. Nonlinear resistance tapes are the universal choice for stress-grading motor and generator coils [START_REF] Roberts | Stress grading for high voltage motor and generator coils[END_REF].

(Figure I-2)
Evaluating system performance by simulating the electric field and potential distributions in the overhang region showed that a highly conductive stress-grading tape reduces the maximum electric field at this region [START_REF] Naeini | Effect of Stress Grading Tape Conductivity on the Electric Field Distribution in Stress Grading System of an Inverter-Fed Rotating Machine[END_REF]. Usually, the main insulation is provided with outer corona protection applied by multilayer semiconducting paints or wrapping tapes [START_REF] Schmerling | Investigations of modified nonlinear electrical materials for end corona protection in large rotating machines[END_REF]. Carbon-based semiconductive tapes and SiC-based nonlinear grading tapes have been widely used to control the field where the stator bar exits from the slot in form-wound large rotating machines [START_REF] Umemoto | Novel evaluation methods of end-turn stress grading materials for converter-fed high voltage rotating machines[END_REF].

The conductivity of the stress-grading tape depends on the electric field and is high at the end of the semiconductive armor tape, where the electric field is the highest and gradually decreases along the stress-grading tape. Consequently, it makes the electric field at the end of the armor tape more uniform.

In general, nonlinear resistive field-grading materials have a field-dependent conductivity, σ(E), which increases strongly from a low conductivity value, σ(0), to a high value in a narrow field region ΔE near the switching field (E # ) [START_REF] Rivenc | An overview of electrical properties for stress grading optimization[END_REF][START_REF] Boucher | Study of the influence of nonlinear parameters on the efficiency of a resistive field grading tube for cable termination[END_REF][START_REF] Christen | Nonlinear resistive electric field grading part 1: Theory and simulation[END_REF]. The value of the switching field indicates where field grading becomes active [START_REF] Christen | Nonlinear resistive electric field grading part 1: Theory and simulation[END_REF]. Efficient nonlinear resistive field grading needs a sufficiently large nonlinearity coefficient, α [START_REF] Christen | Nonlinear resistive electric field grading part 1: Theory and simulation[END_REF]: Nonlinear field grading implies that a conduction current flows in the field-grading material, leading to Joule heat production [START_REF] Christen | Nonlinear resistive electric field grading part 1: Theory and simulation[END_REF]. Thus, a reasonably designed nonlinear material should be active only in a small region or during short time intervals (impulses, surges) so that heating is noncritical [START_REF] Christen | Nonlinear resistive electric field grading part 1: Theory and simulation[END_REF]. Donzel et al. [START_REF] Donzel | Nonlinear resistive electric field grading Part 2: Materials and applications[END_REF] proposed a model to describe the origin of nonlinearity in composites, where the filler concentration must be greater than the percolation threshold so that particles form a continuous, percolating network to ensure conductivity. Nonlinearity in composites originates from two sources: particle-particle contacts and intrinsic properties of filler particles (Figure I-6). In the first category, the surfaces of the conducting or semiconducting filler particles are either surrounded by a thin layer of oxide or another material, or they contain surface (interface) states leading to surface charging and band bending, similar to Schottky barriers in conventional semiconductors [START_REF] Donzel | Nonlinear resistive electric field grading Part 2: Materials and applications[END_REF]. A combination of the two effects can also exist. Changes in the band diagram at the particle-particle contacts lead to a nonlinear transport for electrons or holes passing from one particle to the next. Transport occurs either by hopping, tunneling, thermal activation over potential barriers, or combined transport mechanisms. For non-oxide filler particles such as SiC, C, and Al, nonlinearity occurs due to the spontaneous formation of thin interfacial oxide layers in polymer composites. For semiconducting oxide particles, surfaces are chemically more inert. Nonlinear resistive transport can be due to surface band bending caused by surface charging that forms back-to-back Schottky barriers at particle contacts. In more complex composite mixtures containing SiC and carbon black fillers, hetero-contacts such as C/SiC may also form and can reduce the percolation threshold for current transport [START_REF] Donzel | Nonlinear resistive electric field grading Part 2: Materials and applications[END_REF]. For materials where nonlinearity stems from particle-particle contacts, nonlinearities are usually moderate with nonlinearity coefficients in the range 3-8 [START_REF] Donzel | Nonlinear resistive electric field grading Part 2: Materials and applications[END_REF]. In the second category, a fundamentally different approach is taken. The nonlinearity is an intrinsic property of the particle alone, and the particle-particle contact resistance is low. Microvaristors [START_REF] Donzel | Nonlinear resistive electric field grading Part 2: Materials and applications[END_REF] and microvaristor-based composites have much higher nonlinearity coefficients, typically between 20 and 30 [START_REF] Donzel | Nonlinear resistive electric field grading Part 2: Materials and applications[END_REF]. Because the nonlinear electrical properties of composites depend on the formation of conducting paths, the factors that influence the formation of the conductive paths are the type of particle, its size, its concentration, as well as its position and orientation within the matrix (Figure I-7). Regarding the filler position, the materials can have a homogeneous and random distribution of particles or a nonhomogeneous distribution. A particular case of material with nonhomogeneous distribution are the functionally graded materials. In the following sections, the different filler particles used in the fabrication of nonlinear composite materials are presented. Likewise, the impact of the type of particle, its size and its concentration on the final properties are discussed. Finally, a description of different process to get functionally graded materials and their advantages are also presented.

I.2. State-of-the-art of particles properties

To obtain nonlinear properties required in various HV applications presented above, various fillers have been used to modify the electrical properties of composites. The final composite conductivity depends on the filler type, their physicochemical characteristics, size and shape, and interaction with the matrix. Particles used in nonlinear composites and their characteristics are presented in Table I-1, 2, and 3 for ZnO, SiC, and carbon allotropes, respectively. As can be seen from Table I-1, 2, and 3, fillers possess various characteristics. Because each parameter has a different influence on the final properties of composites, the impact of different characteristics is discussed in the next section.

I.3. Polymer composites with single particle type

I.3.1. ZnO-based composites

ZnO is one of the most used filler materials for nonlinear conduction applications. At low electric fields, it exhibits a linear current-voltage relationship. Above a certain electric field, its conductivity starts to increase, characterized by a dramatic nonlinear increase in the current around the points with high voltage [START_REF] Ahmad | Electrical characterisation of ZnO microvaristor materials and compounds[END_REF]. The final properties of the composite (switching field and nonlinearity coefficient) depend on the characteristics of the fillers, then, the influences of different factors for materials fabricated with ZnO are reviewed.

I.3.1.1. Effect of the filler concentration

The filler concentration has an important influence on the final properties of composites. For example, Auckland et al. [START_REF] Auckland | Non-linear fillers in electrical insulation[END_REF][START_REF] Auckland | Nonlinear fillers in electrical insulation[END_REF] fabricated composites of polyester with 8, 14, and 30 vol% of ZnO varistors. Composites with 8 vol% ZnO produced small currents comparable with those of the unfilled polyester. Composites with 14 vol% ZnO showed nonlinear conduction, where the electrical conduction rapidly increased above 0.1 MV/cm [START_REF] Auckland | Nonlinear fillers in electrical insulation[END_REF]. Finally, with 30 vol% ZnO, the concentration was so high that the conduction changed significantly, even at low fields [START_REF] Auckland | Non-linear fillers in electrical insulation[END_REF].

Tavernier et al. [START_REF] Tavernier | Improvement in the electrical performance of electrical insulation by non-linear fillers[END_REF][START_REF] Tavernier | Improvement in electrical insulators by nonlinear fillers[END_REF] studied composites of polyester and 10, 20, 30, 40, and 50 wt% ZnO fillers (~6 µm granule size). When the filler concentration was 30 wt%, the conductivity in the filled resin had a nonlinear relationship with the electric field. The conductivity increased with the electric field, and the dependence was higher when the filler concentration increased [START_REF] Tavernier | Improvement in the electrical performance of electrical insulation by non-linear fillers[END_REF][START_REF] Tavernier | Improvement in electrical insulators by nonlinear fillers[END_REF].

Varlow et al. [START_REF] Varlow | Nonlinear fillers in electrical insulating materials[END_REF] reported composites of epoxy resin (MY750 resin, HY917 hardener, and The AC conductivity in composites with 10 vol% ZnO remained linear and only marginally higher than that of the unfilled resin [START_REF] Varlow | Nonlinear fillers in electrical insulating materials[END_REF]. For 15 vol% ZnO, the nonlinear behavior was observed above a threshold field (switching field) of about 2 kV/mm [START_REF] Varlow | Nonlinear fillers in electrical insulating materials[END_REF]. Composites with 20 vol% ZnO showed a much larger nonlinear conduction behavior with a lower threshold field (around 1 kV/mm) than that with 15 vol% ZnO [START_REF] Varlow | Nonlinear fillers in electrical insulating materials[END_REF]. The same behavior was observed in DC characterization. Composites with 10 vol% ZnO did not present a nonlinear behavior. As the ZnO concentration increased to 15 vol%, the behavior of the samples became nonlinear, and the nonlinearity became even more pronounced as the volume fraction of ZnO increased to 20% [START_REF] Varlow | Nonlinear fillers in electrical insulating materials[END_REF].

Auckland et al. [START_REF] Auckland | Non-linear conductivity in electrical insulation[END_REF] studied composites of LDPE and 10, 15, 20, 25, and 30 wt% ZnO (diameter of 1 µm). They reported a linear relationship between the current density and electric field for LDPE. A nonlinear J-E relationship was observed for composites with above 10 wt% ZnO due to the abrupt increase in J beyond a critical threshold field, and the switching field decreased as the ZnO concentration increased [START_REF] Auckland | Non-linear conductivity in electrical insulation[END_REF]. Glatz-Reichenbach et al. [START_REF] Glatz-Reichenbach | New low-voltage varistor composites[END_REF] worked with PE and commercially available doped ZnO-varistor powder (spherical, 60-160 µm), ranging the filler concentration between 20 and 50 vol%; Lin et al. [START_REF] Lin | A varistor-polymer composite with nonlinear electrical-thermal switching properties[END_REF] reported the results for linear low-density polyethylene (LLDPE) using ZnO with a diameter between 0.1 and 1 µm and concentrations varying from 14.1 to 100 vol%. The fillers were obtained using Bi2O3 + Sb2O3 as boundary formers and CoO + MnO as conductivity enhancers [START_REF] Lin | A varistor-polymer composite with nonlinear electrical-thermal switching properties[END_REF] depend on the filler concentration. Eb decreased when the filler concentration increased. In the case of PE composites, 𝛼 was independent of the filler concentration. For composites of LLDPE, α decreased when the filler concentration increased. The difference in the behavior of different polymers can be explained by differences in the contact resistivity of fillers [START_REF] Lin | A varistor-polymer composite with nonlinear electrical-thermal switching properties[END_REF].

Moreover, nonlinear conduction was reported for composites of ZnO/silicone rubber [START_REF] Yang | Tailoring the nonlinear conducting behavior of silicone composites by ZnO microvaristor fillers[END_REF][START_REF] Gao | ZnO microvaristors doped polymer composites with electrical field dependent nonlinear conductive and dielectric characteristics[END_REF].

Microspherical ZnO varistors were used as fillers (95 mol% ZnO + 1.0 mol% Bi2O3 + 0. barriers at both sides of grain boundaries, and these barriers are responsible for the nonlinear characteristics of varistors [START_REF] Auckland | Non-linear fillers in electrical insulation[END_REF][START_REF] Auckland | Nonlinear fillers in electrical insulation[END_REF]. Thus, it is possible to find nonlinear conductivity in the composites at sufficiently high filler concentrations [START_REF] Auckland | Non-linear fillers in electrical insulation[END_REF][START_REF] Auckland | Nonlinear fillers in electrical insulation[END_REF]. Gao et al. [START_REF] Gao | ZnO microvaristors doped polymer composites with electrical field dependent nonlinear conductive and dielectric characteristics[END_REF] 

I.3.1.2. Effect of the filler shape and size

The filler size is another parameter that affects the properties of composites. For filler particles exactly randomly dispersed in a polymer matrix, the distance between particles decreases with decreasing particle size at the same volume fraction. Thus, the smaller particles have a higher possibility of coming into contact together [START_REF] Jing | The effect of particle size on electric conducting percolation threshold in polymer/conducting particle composites[END_REF]. Additionality, the properties of composites depend on the interaction between the filler and the matrix interfaces. These interactions occur in a three-dimensional zone, called the interphase. This zone in an intermediate region of two phases in contact, whose composition, structure, and properties vary throughout the area and are generally different from the two phases [START_REF] Cazan | Synergic Effect of TiO2 Filler on the Mechanical Properties of Polymer Nanocomposites[END_REF]. Finally, the specific surface area (surface area of a material per unit of mass), increases as the particle size decreases, meaning nanoparticles are attracted due to van der Waals electrostatic forces. With the decreasing particle size, the ratio of surface/volume increases. Therefore, the smaller the particles, the more important the surface properties, influencing agglomeration behavior and interfacial properties as a result of interaction with the polymer matrix [START_REF] Cazan | Synergic Effect of TiO2 Filler on the Mechanical Properties of Polymer Nanocomposites[END_REF].

The influence of the ZnO filler size on the nonlinear electrical properties of composites has been reported [START_REF] Tian | Influence of ZnO filler size on the nonlinear electrical properties of ZnO ceramic-epoxy composite material[END_REF][START_REF] Yang | Grading electric field in high voltage insulation using composite materials[END_REF][START_REF] Yang | Tailoring the nonlinear conducting behavior of silicone composites by ZnO microvaristor fillers[END_REF]. Tian et al. [START_REF] Tian | Influence of ZnO filler size on the nonlinear electrical properties of ZnO ceramic-epoxy composite material[END_REF] while it remained stable (~10) for composites with 39 vol% of ZnO and increased to 17.5 for 46.5 vol% ZnO composites with the largest filler size [START_REF] Yang | Tailoring the nonlinear conducting behavior of silicone composites by ZnO microvaristor fillers[END_REF]. No significant changes were observed in α in [START_REF] Yang | Grading electric field in high voltage insulation using composite materials[END_REF] with the increase of the filler size, but Eb and α were higher for irregularly shaped fillers than those for spherical fillers. In addition, Figure I-13 and Table I-5 show that the switching field increased significantly with the decrease in grain size.

The nonlinear conduction of composites containing microvaristor fillers is largely determined by conduction paths formed by the fillers. When the filler concentration is below the percolation threshold, the composite behaves as an insulator. Conduction paths begin to develop above the percolation threshold, where the composite exhibits nonlinear properties [START_REF] Yang | Grading electric field in high voltage insulation using composite materials[END_REF]. At a given filler concentration, a larger filler size leads to fewer filler particles in the composite .

For randomly distributed fillers, the probability of fewer and larger fillers forming a conduction path is higher than that of many smaller fillers. Then, more conduction paths lead to shorter main conduction paths, resulting in lower switching fields for composites with larger filler particles [START_REF] Yang | Grading electric field in high voltage insulation using composite materials[END_REF]. In addition, the volume resistivity of composites is related to the number and resistance of contacts [START_REF] Tian | Influence of ZnO filler size on the nonlinear electrical properties of ZnO ceramic-epoxy composite material[END_REF]. For the same filler volume fraction, the number of contacts and contact resistance between the biggest particles are smaller than those between smaller particles (Figure I-14a and Figure I-14b) [START_REF] Yang | How nonlinear V-I characteristics of single ZnO microvaristor influences the performance of its silicone rubber composite[END_REF]. For the composites with the larger filler size, there is lower contact resistance at each interface. When the lower electric field is applied, more charge carriers can be transported through the polymer. A conduction path is easier and quicker to be switched on. Therefore, composites with larger fillers present sooner nonlinear electrical properties [START_REF] Tian | Influence of ZnO filler size on the nonlinear electrical properties of ZnO ceramic-epoxy composite material[END_REF]. The effect of the filler grain size on the switching field of composites is 

I.3.1.3. Effect of chemical treatments

Because the nonlinear properties of composites depend on the chemical structure of ZnO, it is possible to control Eb and α by modifying the bulk properties of the ZnO filler. For example, He et al. [START_REF] He | AC ageing characteristics of Y2O3-doped ZnO varistors with high voltage gradient[END_REF] studied ZnO varistors doped with different Y2O3 concentrations. The compositions of ZnO varistors were (95.05-x) mol% ZnO, 0.70 mol% Bi2O3, 0.50 mol% MnO2, 1.00 mol% Co2O3, 0.50 mol% Cr2O3, 1.00 mol% Sb2O3, 1.25 mol% SiO2, and x mol% Y2O3, where x = 0, 0.50, 0.75, and 1.00, respectively [START_REF] He | AC ageing characteristics of Y2O3-doped ZnO varistors with high voltage gradient[END_REF]. When the Y2O3 concentration increased, the grain size in the fillers was 10.13 µm, 7.22 µm, 6.85 µm, and 6.03 µm for 0, 0.50, 0.75, and 1.00 mol%, respectively [START_REF] He | AC ageing characteristics of Y2O3-doped ZnO varistors with high voltage gradient[END_REF], indicating grain growth inhibition with the introduction of Y2O3 As shown in Figure I-16a, the treated fillers showed enhanced nonlinear conduction compared to pure ZnO [START_REF] Wang | Nonlinear Electrical Behavior of Treated ZnO-EPDM Nanocomposites[END_REF]. With controlled treatments, the conductivity can remain constant at low field, and the switching filed and the nonlinear coefficient can be adjusted through surface treatment [START_REF] Wang | Nonlinear Electrical Behavior of Treated ZnO-EPDM Nanocomposites[END_REF]. For example, by increasing the concentration of SnF2 solution, the conductivity of fillers can be increased [START_REF] Wang | Nonlinear Electrical Behavior of Treated ZnO-EPDM Nanocomposites[END_REF]. For composites, Figure I-16b shows the resistivity as a function of the electric field [START_REF] Wang | Nonlinear Electrical Behavior of Treated ZnO-EPDM Nanocomposites[END_REF]. The nonlinear coefficient and conductivity increase for composites with ZnO treatment. It can be deduced that the higher conductivity of SnO decreases the barrier for tunneling through the polymer matrix, and the higher nonlinearity in the composites could be due to the much larger conductivity of the treated powders at the fields of interest (10 5 V/m) compared to untreated ZnO [START_REF] Wang | Nonlinear Electrical Behavior of Treated ZnO-EPDM Nanocomposites[END_REF].

I.3.2. SiC-Based composites

Another particle used for nonlinear applications is silicon carbide (SiC). As for ZnO fillers, the electrical properties of composites can vary based on SiC type, size, and concentration. In this section, the impacts of these factors are described.

I.3.2.1. Effect of the filler concentration

The first factor described is the filler concentration. Du et al. [START_REF] Du | Field-dependent conductivity and space charge behavior of silicone rubber/SiC composites[END_REF][START_REF] Du | Surface charge behavior of silicone rubber/SiC composites with field-dependent conductivity[END_REF] studied composites with silicone rubber (SiR) and SiC fillers. The fillers were spherical α-SiC hexagonal crystals with an average diameter of 0.45 μm. In the first work, the filler contents were 10, 30, 50, and 100 wt%. In the second work, the composites included SiO2 (20 wt%) with a diameter of 30 nm for structural reinforcement. Hexamethyldisilazane (5 wt%) was introduced as a coupling agent to modify the SiO2 surface so that nanoparticles could distribute uniformly [START_REF] Du | Surface charge behavior of silicone rubber/SiC composites with field-dependent conductivity[END_REF]. Additionally, structure control (1.3 wt%) and vulcanizing (1.2 wt%) agents were included. The SiC concentrations used were 10, 30, and 100 wt% [START_REF] Du | Surface charge behavior of silicone rubber/SiC composites with field-dependent conductivity[END_REF]. The results are presented in materials possessed ohmic conductivity. However, for high electric field regions, the conduction showed a space-charge-limited current (SCLC) mechanism [START_REF] Du | Field-dependent conductivity and space charge behavior of silicone rubber/SiC composites[END_REF]. Based on the percolation theory, for composites with low filler content (below the percolation threshold), the mean distance between particles is so large that no conducting paths can be formed throughout the composites [START_REF] Du | Field-dependent conductivity and space charge behavior of silicone rubber/SiC composites[END_REF]. Further increase in the filler content and exceeding the percolation threshold lead to a decrease in the mean distance between the particles, resulting in the formation of conduction paths within the matrix [START_REF] Du | Field-dependent conductivity and space charge behavior of silicone rubber/SiC composites[END_REF]. The DC conductivity increased exponentially when the electric field exceeded the threshold field. The switching fields of the nonlinear conductivity were much lower than the inflection points of the SCLC effect due to the percolation theory [START_REF] Du | Field-dependent conductivity and space charge behavior of silicone rubber/SiC composites[END_REF]. Under low fields, SiR/SiC composites were in the ohmic conductivity region. In this region, the carriers meet difficulties to overcome the potential barrier at the interface of SiC particles. When the electric field increases and exceeds a certain threshold field, electric-field-assisted tunneling occurs between neighboring particles. In this case, a large number of carriers pass through the interface of particles, and the conductivity of SiR/SiC composites rises macroscopically, resulting in nonlinear conductivity [START_REF] Du | Field-dependent conductivity and space charge behavior of silicone rubber/SiC composites[END_REF].

Li et al. [START_REF] Li | Nonlinear conductivity and interface charge behaviors between LDPE and EPDM/SiC composite for HVDC cable accessory[END_REF] studied the effect of the filler concentration in composites of ethylene propylene diene terpolymer and SiC (β-crystal) as fillers with a diameter of 0. giving rise to a whole or partial conductivity network in the matrix [START_REF] Li | Nonlinear conductivity and interface charge behaviors between LDPE and EPDM/SiC composite for HVDC cable accessory[END_REF].

I.3.2.2. Effect of the filler shape and size

The effects of particle size on the nonlinear properties of SiC-based composites were studied.

Vanga-Bouanga et al. [START_REF] Vanga-Bouanga | Tailoring of the electrical properties of silicon carbide for field grading application[END_REF] used commercially available black SiC powder with a purity of 99.9 % and an average particle size of 50.6 µm. To alter the distribution of SiC particle sizes, a ball milling process was conducted using an impact grinder for up to [START_REF] Donzel | Nonlinear resistive electric field control for power electronic modules[END_REF] The SiC particle size decreased with the ball milling time (1, 2, 3, 4, 5, 15, and 30 min), and the obtained sizes were 33.17, 23.36, 16.33, 13.22, 7.32, 3.28 All the composites exhibited nonlinear electrical characteristics; however, the switching field increased when the grain size decreased. In the composites with particle sizes of 22.8 and 9.3 µm, the materials showed nonlinearity even at low electric fields. The resistivity of the composites also decreased when the filler size increased. The decrease in resistivity results from the fewer grain-to-grain contacts needed to obtain a conducting path and the increased voltage across each contact.

In general, the behavior is the same as that obtained for ZnO: if the filler size increases, the probability to form conducting paths increases, and the contact resistance decreases; thus, the switching field of composites decreases. The materials fabricated with undoped fillers had the highest electrical resistance. When the fillers were n-type, the electrical resistance of composites decreased compared with that of the undoped one. Finally, the composite with the lowest resistance was Al-doped p-type SiC [START_REF] Gartner | Field-grading with semi-conducting materials based on silicon carbide (SiC)[END_REF].

I.3.2.3. Effect of chemical treatments

The filler composition influenced the final properties of the composites.

In conclusion, the nonlinear properties of composites with SiC can be controlled through filler characteristics (doping, size, and concentration) in the polymer matrix. These parameters are very important to obtain specific properties for intended applications.

I.4. Polymer Composites with multiple particle types

The properties of composites depend on filler properties. Many fillers can be used to obtain properties different than that obtained with one filler type. The idea of using two or more fillers is to improve composite performance by combining their advantages [START_REF] Yu | Enhanced Thermal Conductivity in a Hybrid Graphite Nanoplatelet -Carbon Nanotube Filler for Epoxy Composites[END_REF]. For instance, this technique was used to modify the electrical and optical properties of chitosan-ZnO composites by dispersing GO and ZnO in the chitosan matrix [START_REF] Anandhavelu | Single step synthesis of chitin/chitosan-based graphene oxide-ZnO hybrid composites for better electrical conductivity and optical properties[END_REF]. Also, the electrical conductivity of composites using GO-ZnO particle combination was ∼4.131 × 10 8 S/m, which is higher than those using only GO, where the conductivity was limited to ∼0.231 × 10 8 S/m. Further, the dielectric response of composite materials was investigated based on ZnO/BaTiO3/EP [START_REF] Ioannou | Dielectric and functional properties of polymer matrix/ZnO/BaTiO3 hybrid composites[END_REF].

They were prepared in different filler concentrations, and the dielectric response was studied by broadband dielectric spectroscopy. The dielectric permittivity and loss of ZnO/BaTiO3/EP composites increased with ceramic filler content and diminished rapidly with frequency. The functionality of the composite systems is related to the abrupt variation of the real part of permittivity near the characteristic Curie temperature of BaTiO3 and the polarization of ZnO particles. The simultaneous presence of both effects in hybrid composites generates bifunctional response. Ouyang et al. [START_REF] Ouyang | Enhanced nonlinear optical and optical limiting properties of graphene/ZnO hybrid organic glasses[END_REF] studies the optical properties of graphene/ZnO/poly(methyl methacrylate) (PMMA) organic glass composites. They reported that the nonlinear optical coefficient of the graphene/ZnO/PMMA organic glass was approximately 5.6 and 7.8 times larger than that of graphene/PMMA and ZnO/PMMA organic glasses, respectively. The enhancement in the nonlinear optical properties was related to the positive synergistic effects between graphene and ZnO. Yu et al. [START_REF] Yu | Enhanced Thermal Conductivity in a Hybrid Graphite Nanoplatelet -Carbon Nanotube Filler for Epoxy Composites[END_REF] and Lee et al. [START_REF] Lee | Enhanced thermal conductivity of polymer composites filled with hybrid filler[END_REF] worked on the thermal properties of composites. Yu group worked with an epoxy resin as a matrix and purified SWCNTs and graphite nanoplatelets (GNPs) comprised of few graphene layers (n~4) as fillers (10 wt%). The results showed a pronounced maximum thermal conductivity with GNP:SWNT filler ratio of 3:1 (7.5 wt% GNPs and 2.5 wt% SWNTs in epoxy); thus, the hybrid fillers demonstrated a strong synergistic effect and superseded the performances of individual SWCNT and GNP fillers [START_REF] Yu | Enhanced Thermal Conductivity in a Hybrid Graphite Nanoplatelet -Carbon Nanotube Filler for Epoxy Composites[END_REF]. The electrical conductivity also showed a nonmonotonic behavior as a function of the GNP fraction with a minimum reached for a GNP:SWNT filler ratio of 1:3. For field-grading properties, Mårtensson et al. [START_REF] Mårtensson | Electrical properties of field grading materials with silicon carbide and carbon black[END_REF] fabricated composite materials using an EPDM matrix filled with both SiC and CB. The sizes of SiC and CB particles were 10 and 1 µm, respectively. The composites were formed by 17.5 vol% SiC and 11.7 or 13.1 vol% CB.

The electrical characterizations showed a nonlinear behavior. An increase in the amount of CB gave a higher conductivity at low electric fields. When the concentration of CB increased, the switching field and the nonlinear exponent of the composites decreased. The SiC grains were mostly isolated and were not in contact with each other. CB grains served as links between the semiconducting SiC particles. When the amount of CB increased, the system percolated better.

Thus, the conductivity at low field, determined by the matrix plus percolated chains of CB alone, increased. CB grains may short-circuit certain SiC contacts, while a lower nonlinearity threshold field and nonlinearity exponent could be expected.

Finally, Hu et al. reported the characterization of composites fabricated with an epoxy resin and different fillers (nano-SiC, nano-ZnO, micro-ZnO) [START_REF] Hu | Study on the Nonlinear Conductivity of SiC/ZnO/Epoxy Resin Micro-and Nanocomposite Materials[END_REF]. The mass fractions of inorganic fillers were 1, 3, and 5 wt%. The composition and nomenclature of each composite are presented in Table I As described in the previous sections, the switching field intensity decreases and the conductivity increases with increasing the filler concentration [START_REF] Hu | Study on the Nonlinear Conductivity of SiC/ZnO/Epoxy Resin Micro-and Nanocomposite Materials[END_REF]. The nonlinear coefficients of composite materials are significantly higher than that of undoped epoxy resin, and the nonlinear coefficients increase with increasing filler concentrations. For the same filler concentration, the nonlinear coefficients of nano-SiC/EP composites are the highest. Micro-ZnO/nano-SiC/EP composites and nano-ZnO/nano-SiC/EP composites were also prepared. In both cases, the total mass fraction of inorganic fillers was 5 wt%. The ratios of ZnO to SiC were 1:4, 2:3, 3:2, and 4:1. The characteristic curves of conductivity-electric field are presented in I-9, the nonlinear coefficients of composites involving using two inorganic filler types were superior to those of single-filler composites. At a ZnO:SiC ratio of 2:3, the nonlinear coefficients of nano-ZnO/nano-SiC/EP and micro-ZnO/nano-SiC/EP composites reached maximum values of 2.96 and 3.50, respectively. Therefore, the micro-ZnO inorganic filler had a greater influence on the nonlinear coefficients. Compared to the composites of 5 wt% nano-SiC/EP, micro-ZnO/EP, and nano-ZnO/EP, the nonlinear coefficient of 5 wt% 3:2 micro-ZnO/nano-SiC/EP composites was greater by a factor of 0.82, 2.48, and 5.01, respectively [START_REF] Hu | Study on the Nonlinear Conductivity of SiC/ZnO/Epoxy Resin Micro-and Nanocomposite Materials[END_REF].

These results show that working with a combination of different fillers helps to tune the final electrical properties of composites and obtain different nonlinear conduction properties, depending on application specifications.

I.5. Anisotropic polymers composite with nonlinear electrical properties

Forming conducting paths with fillers is important to obtain nonlinear polymer composites. The position and orientation of filler particles inside the matrix impact the final properties of composites, particularly when particles are non-spherical. Techniques or processes to handle the position and formation of conducting paths inside a polymer matrix and their impact on the final properties of composites were studied. For example, an original design to control the properties of composites is to develop FGMs, which involve materials whose composition and/or microstructure vary continuously in one or several directions [START_REF] Watanabe | Control of composition gradient in a metal-ceramic functionally graded material manufactured by the centrifugal method[END_REF][START_REF] Qasim | Functionally graded material composites for effective stress control in insulators[END_REF]. Several preparation techniques were developed for these composites, depending upon their physical state and specific applications [START_REF] Parida | An Overview: Different Manufacturing Techniques used for Fabricating Functionally Graded Material[END_REF][START_REF] Naebe | Functionally graded materials: A review of fabrication and properties[END_REF]. Constituents can be mixed in solid, liquid, or gaseous phases prepared through solid, liquid, and gaseous phase processing, respectively.

In gaseous phase processing, constituents are boiled to their vapor state and then condensed after thorough mixing to form a solid FGM with the required microstructure and properties.

The commonly used gas-based methods to fabricate FGMs are CVD, chemical vapor infiltration, physical vapor deposition, ion plating, plasma spraying, and ion mixing [START_REF] Parida | An Overview: Different Manufacturing Techniques used for Fabricating Functionally Graded Material[END_REF][START_REF] Naebe | Functionally graded materials: A review of fabrication and properties[END_REF].

Liquid-phase processing can be divided into different methods: centrifugal, combustion, casting, and deposition methods. In the centrifugal method, constituents are mixed in a liquid or liquid-solid state and poured into a casting cylinder. Due to differences in their densities, they form graded layers of different densities when the cylinder rotates. In the combustion method, constituents react exothermically and produce heat energy, which melts them. The commonly used combustion techniques are reactive combustion forging, rolling, pressing and extrusion. In the casting method, constituents in a powder form are mixed thoroughly in a solution of solvent and plasticizer; then, it is cast or solidified to the required geometry. In the deposition method, a solution of powder constituents is prepared. Then, the deposition of these materials is triggered by an electric, chemical, or laser field using electrodeposition, chemical solution deposition, or laser deposition. Commonly used liquid-phase processing methods include sedimentation, electrochemical gradation, and directional solidification [START_REF] Parida | An Overview: Different Manufacturing Techniques used for Fabricating Functionally Graded Material[END_REF][START_REF] Naebe | Functionally graded materials: A review of fabrication and properties[END_REF].

The solid phase processing of FGMs generally involves the processing of constituent materials in a solid state. The constituent materials may be processed in powder form. Powder metallurgy is assumed as the simplest method for the preparation of FGMs. In this method, mixtures of powder constituents are kept in a die, compacted, and then sintered to get the final product. The commonly used methods are 3D printing, solid-state foaming, and solid freeform laminate/stack processing [START_REF] Parida | An Overview: Different Manufacturing Techniques used for Fabricating Functionally Graded Material[END_REF][START_REF] Naebe | Functionally graded materials: A review of fabrication and properties[END_REF].

Functional grading methods used in the literature for the fabrication of polymer composites and micro-and nanofillers are liquid-phase processing. Extrusion [START_REF] Badini | SiC whiskers-aluminium 6061 composite: microstructure and mechanical characteristic anisotropy[END_REF][START_REF] Qu | Effect of Filler Orientation on the Electrical Conductivity of Carbon Fiber/PMMA Composites[END_REF], infiltration [START_REF] Dombovari | Moderate anisotropy in the electrical conductivity of bulk MWCNT/epoxy composites[END_REF][START_REF] Yang | High electrical conductivity and anisotropy of aligned carbon nanotube nanocomposites reinforced by silicon carbonitride[END_REF], electrical deposition methods [START_REF] Ladani | Improving the toughness and electrical conductivity of epoxy nanocomposites by using aligned carbon nanofibres[END_REF][START_REF] Komesu | Simulation on the microvaristor chain formation in liquid epoxy under electric field[END_REF][START_REF] Larijani | Effect of aligned carbon nanotubes on electrical conductivity behaviour in polycarbonate matrix[END_REF][START_REF] Martin | Electric fieldinduced aligned multi-wall carbon nanotube networks in epoxy composites[END_REF][START_REF] Prasse | Electric anisotropy of carbon nanofibre/epoxy resin composites due to electric field induced alignment[END_REF][START_REF] Ladani | Multifunctional properties of epoxy nanocomposites reinforced by aligned nanoscale carbon[END_REF], magnetophoretic deposition [START_REF] Nardi | Graded-permittivity polymer nanocomposites as superior dielectrics[END_REF], centrifugal method [START_REF] Watanabe | Control of composition gradient in a metal-ceramic functionally graded material manufactured by the centrifugal method[END_REF][START_REF] Shimomura | Fabrication technique of permittivity graded materials using particle movement simulation[END_REF][START_REF] Hayakawa | Fabrication and simulation of permittivity graded materials for electric field grading of gas insulated power apparatus[END_REF], and gravity-assisted casting [START_REF] Qasim | Functionally graded material composites for effective stress control in insulators[END_REF] have been reported to produce FGMs, as discussed below.

Badini [START_REF] Badini | SiC whiskers-aluminium 6061 composite: microstructure and mechanical characteristic anisotropy[END_REF] reported the fabrication of SiC whiskers/aluminum 6061 composites by extrusion using two different ratios of extrusion. The difference in the ratio generates different degrees of alignment and fracture in whiskers. The degree of orientation of the matrix and reinforcement crystals increases as the diameter of the extruded material decreases. The mechanical properties of the materials showed anisotropy: its compressive strength in the longitudinal direction was considerably higher than that in the transverse direction [START_REF] Badini | SiC whiskers-aluminium 6061 composite: microstructure and mechanical characteristic anisotropy[END_REF]. Qu et al. [START_REF] Qu | Effect of Filler Orientation on the Electrical Conductivity of Carbon Fiber/PMMA Composites[END_REF] also worked on extrusion and reported the effect of filler orientation on the electrical conductivity of composites. The matrix material was PMMA, and the fillers were carbon fibers (CF) with a diameter of 7 μm, initial length of 6 mm, density of 1.79 g/cm 3 , and specific resistance of 1.7 × 10 -3 Ω/cm. The composites were extruded through a capillary rheometer, utilizing either 1mm-or 3-mm-diameter extrusion dies, resulting in cylindrical composite filaments of two different diameters. They reported that the average CF orientation became more aligned with the extrusion flow when the diameter of the extrusion dies decreased [START_REF] Qu | Effect of Filler Orientation on the Electrical Conductivity of Carbon Fiber/PMMA Composites[END_REF]. This orientation impacted the percolation thresholds of composites, which were 20.0 ± 2.5 vol% and 32.0 ± 5.9 vol% for 3-mm and 1-mm filaments, respectively. The oriented CFs in the composites shifted the percolation threshold to a higher value. Below 32 vol% fibers, the conductivity of 3-mm composites was higher than 1-mm composites, but the opposite was observed above 32 vol% [START_REF] Qu | Effect of Filler Orientation on the Electrical Conductivity of Carbon Fiber/PMMA Composites[END_REF]. Thus, the orientation of particles influenced the percolation threshold and produced anisotropy in the final properties of the composites [START_REF] Dombovari | Moderate anisotropy in the electrical conductivity of bulk MWCNT/epoxy composites[END_REF][START_REF] Yang | High electrical conductivity and anisotropy of aligned carbon nanotube nanocomposites reinforced by silicon carbonitride[END_REF][START_REF] Fernandes Nascimento | Anisotropy of electrical conductivity and structure in polymer-carbon fiber composite materials[END_REF]. Dombovari et al. [START_REF] Dombovari | Moderate anisotropy in the electrical conductivity of bulk MWCNT/epoxy composites[END_REF] reported anisotropy in the electrical conductivity of aligned MWCNT/epoxy composites. The composites were fabricated by infiltrating the films of CNTs with a commercial epoxy [START_REF] Dombovari | Moderate anisotropy in the electrical conductivity of bulk MWCNT/epoxy composites[END_REF]. The MWCNT films were grown in a laboratory-made catalytic CVD chamber with an area of 10 × 10 mm 2 and length of ~2 mm. Then, the films were punctured with a plastic tube. Subsequently, an epoxy resin was poured onto the punctured film.

After hardening (12 h), the sample was removed from the punch, cut into smaller pieces, and polished to a size of ~2.0 × 2.0 × 1.4 mm 3 [START_REF] Dombovari | Moderate anisotropy in the electrical conductivity of bulk MWCNT/epoxy composites[END_REF]. The electrical characterizations in DC and AC are presented in Figure I-28. In DC the current in the parallel direction was higher than the current in the perpendicular direction. Therefore, in the direction parallel to the fiber orientation, the conductivity was higher than that in the perpendicular direction. The During all the process stages, the electrical conductivity of CNT nanocomposites was higher in the direction parallel to the filler orientation. Therefore, it is possible to control the properties of the compound by controlling the manufacturing process and applying mechanical methods to produce a filler orientation. This orientation produces anisotropic properties with higher conduction in the parallel direction to the filler orientation.

Nardi [START_REF] Nardi | Graded-permittivity polymer nanocomposites as superior dielectrics[END_REF] et al. reported that a suspension of Fe3O4@TiO2 nanoparticles in an epoxy matrix induced the magnetophoretic motion of particles and high-aspect-ratio particle alignment under an external magnetic field. The combination of these two effects produces graded nanocomposites with permittivity gradients. Moreover, under an electric field between a pair of parallel-plate electrodes, particles may align to form a chain-like network in the direction of the electric field. This mechanism of self-aligning fillers in polymers, assisted by (di)electrophoresis, offers a great opportunity to create multiscale structures [START_REF] Ladani | Improving the toughness and electrical conductivity of epoxy nanocomposites by using aligned carbon nanofibres[END_REF]. Komesu et al. [START_REF] Komesu | Simulation on the microvaristor chain formation in liquid epoxy under electric field[END_REF] reported the application of an AC electric field (60 Hz) of 450 Vrms/mm in a mixture of They reported that when an AC electric field was applied during the curing process of the resin, microvaristors were aligned colinearly to the electric field. The formation of the chains was homogeneous so that the nonlinear electrical conductivity could be obtained anisotropically between the electrodes in the epoxy resin by forming the chains of microvaristors. The formation of filler chains was also modeled to obtain particle positions, and it was very similar to the experimental results [START_REF] Belijar | Impedance Network Modeling of non-linear Restistive Material[END_REF]. The effect of applying an electric field has also been reported on the alignment and orientation of different particles, including CNTs [START_REF] Larijani | Effect of aligned carbon nanotubes on electrical conductivity behaviour in polycarbonate matrix[END_REF][START_REF] Martin | Electric fieldinduced aligned multi-wall carbon nanotube networks in epoxy composites[END_REF][START_REF] Ma | Alignment and dispersion of functionalized carbon nanotubes in polymer composites induced by an electric field[END_REF], carbon fibers [START_REF] Ladani | Improving the toughness and electrical conductivity of epoxy nanocomposites by using aligned carbon nanofibres[END_REF][START_REF] Prasse | Electric anisotropy of carbon nanofibre/epoxy resin composites due to electric field induced alignment[END_REF][START_REF] Ladani | Multifunctional properties of epoxy nanocomposites reinforced by aligned nanoscale carbon[END_REF], and graphene nanoplatelets [START_REF] Ladani | Multifunctional properties of epoxy nanocomposites reinforced by aligned nanoscale carbon[END_REF]. Larijani et al. [START_REF] Larijani | Effect of aligned carbon nanotubes on electrical conductivity behaviour in polycarbonate matrix[END_REF] reported the effect of aligned carbon nanotubes under a DC and AC electric field on the electrical conductivity behavior of polycarbonate nanocomposites. The CNTs were MWCNTs (diameter, 10-20 nm; length, 5-15 µm) with a purity higher than 95%. A mixture of CNTs, polycarbonate, and a solvent was poured on glass dishes, an AC and DC (V = 1.5-3 kV) were applied between two electrodes with a gap distance of 100 mm, and the solvent was left to evaporate slowly [START_REF] Larijani | Effect of aligned carbon nanotubes on electrical conductivity behaviour in polycarbonate matrix[END_REF].

They reported that the application of the AC and magnetic field in this system led to the formation of continuous networks, and the applied DC only prevented the agglomeration of CNTs. They also reported the electrical conductivity of different tailored composites (Figure In Figure I-34, the conductivities of CNT/EP composites increased with the strength of the applied field. The reference (without any electric field application) showed a typical dielectric behavior, indicated by the frequency-dependent conductivity increase with a slope of unity when plotted in the double-logarithmic scale. On the contrary, all the other samples exposed to AC and DC showed frequency-independent conductivity, i.e., a DC horizontal plateau of more than 10 -7 S/m at low frequencies. This constant conductivity was maintained up to a specific switching frequency, above which a transition to a dielectric behavior was observed.

Furthermore, the AC led to significantly higher conductivity values than the DC of similar strength, by as much as an order of magnitude, reflecting the more homogeneous carbon nanotube network structure.

Ladani et al. [START_REF] Ladani | Improving the toughness and electrical conductivity of epoxy nanocomposites by using aligned carbon nanofibres[END_REF] studied the alignment of carbon nanofibers (CNFs) in an epoxy resin during curing using an AC. The applied voltage was 60 V at 10 kHz to generate an AC electric field of 30 V/mm. During the curing of epoxy resin, CNFs were simultaneously observed showing rotation and alignment in the applied electric field direction to form a chain-like structure. Upon curing, the epoxy nanocomposites contained aligned CNFs. The effect of CNF alignment on the electrical conductivity of epoxy nanocomposites was measured for different filler contents (wt%). The results for the AC and DC conductivities of randomly oriented and aligned CNFs composites were reported. In AC characterization, the conductivity increased when the filler content increased. Moreover, composites with aligned fillers exhibited higher AC conductivity.

The same behavior was found in DC conductivity: the conductivity of aligned composites was higher than the conductivity of composites with randomly distributed CNFs, especially at low The electrical properties of the composites were anisotropic. For example, for 0.5 wt% CNFs, the network percolated only in the direction parallel to the electric field [START_REF] Prasse | Electric anisotropy of carbon nanofibre/epoxy resin composites due to electric field induced alignment[END_REF]. For other filler concentrations, the specific resistance (or resistivity) decreased as a function of CNF concentration, and that it was lower in the parallel direction than in the perpendicular one.

Finally, Ladani et al. reported the anisotropic properties of epoxy nanocomposites reinforced by aligned nanoscale carbon [START_REF] Ladani | Multifunctional properties of epoxy nanocomposites reinforced by aligned nanoscale carbon[END_REF]. They worked with two nanofillers: one-dimensional CNFs or two-dimensional GNPs. The alignment of nano-reinforcements in epoxy nanocomposites was achieved through the application of an AC before gelation and curing the epoxy resin.

CNFs had a diameter of about 70-200 nm and a length of 50-200 µm, while GNPs had a thickness ranging from 1 to 20 nm and platelet diameter of ~1-50 µm. GNPs had an average thickness of ~8 nm, which equals about 18 graphene sheets based on the d-spacing of graphene, which is 0.34 nm. The epoxy nanocomposites containing 0.5, 1.0, 1.5, and 2.0 wt% GNPs were fabricated by applying an AC of 30 V/mm at 10 kHz during the initial one-hour period of resin curing to align nanoparticles in the parallel direction to the field before resin gelation, which occurred within 1 h at 25°C. For CNFs and GNPs, due to their form factor ratio, the longitudinal polarizability was at least an order of magnitude greater than the transverse polarizability [START_REF] Ladani | Multifunctional properties of epoxy nanocomposites reinforced by aligned nanoscale carbon[END_REF].

Therefore, the interaction between the applied electric field and the induced dipole on CNFs and GNPs generates a torque, causing both nanoparticle types to rotate and align in the liquid resin. Upon gelation and subsequent curing of the resin, the aligned nanoparticles remained in 7 orders of magnitude compared to that of the unmodified epoxy, respectively. Also, the percolation threshold of the nanocomposites containing aligned nanocarbons was about 50% lower than that of their randomly oriented counterparts.

In conclusion, by applying an electric field for aligning fillers in composites, it is possible to reduce the percolation threshold, generate anisotropy, and improve the electrical conductivity in composite materials.

For EPD, there are two groups of parameters that determine the characteristics of this process: those related to the suspension, and those related to the process including the physical parameters such as the electrical nature of the electrodes and the electrical conditions [START_REF] Besra | A review on fundamentals and applications of electrophoretic deposition (EPD)[END_REF].

According with the Henry equation [START_REF] Henry | The cataphoresis of suspended particles. Part I.-The equation of cataphoresis[END_REF], the mobility (𝑈) of particles during EPD is,

𝑈 = 𝜖𝐸𝜁𝐹(𝑏) 4𝜋𝜂 Eq.I.2
where 𝜖 is the dielectric constant; 𝐸, the field strength; 𝜁, the Z potential and 𝜂, the viscosity.

As it can be observed in Eq.I.2, to increase the filler mobility is necessary to work with a liquid medium with low viscosity and high dielectric constant. Finally, the zeta potential of particles plays a role in: stabilization of the suspension by determining the intensity of repulsive interaction between particles and, determining the direction and migration velocity of particle during EPD [START_REF] Besra | A review on fundamentals and applications of electrophoretic deposition (EPD)[END_REF].

On the other hand, Qasim and Gupta [START_REF] Qasim | Functionally graded material composites for effective stress control in insulators[END_REF] studied the distribution of dielectric permittivity in composites for efficient electric stress control. To create an FGM, epoxy resin was used as the matrix and micro-sized alumina (Al2O3, diameter of 9 µm, density 4 g/cm 3 ) was used as the filler material [START_REF] Qasim | Functionally graded material composites for effective stress control in insulators[END_REF]. Gravity-assisted casting was used to obtain field-grading properties. Due to the particles are denser than epoxy, they started to fall under the effect of gravity from the The centrifugal methods were also applied to fabricate FGMs with an epoxy resin and carbon fibers [START_REF] Lee | Characterization of functionally gradient epoxy/carbon fibre composite prepared under centrifugal force[END_REF][START_REF] Funabashi | Gradient composites of nickel coated carbon fibre filled epoxy resin moulded under centrifugal force[END_REF][START_REF] Tsotra | Electrical and mechanical properties of functionally graded epoxyresin/carbon fibre composites[END_REF]. For example, Funabashi [START_REF] Funabashi | Gradient composites of nickel coated carbon fibre filled epoxy resin moulded under centrifugal force[END_REF] reported the fabrication of a composite of an epoxy resin and chopped carbon fibers (1.5 mm) coated with nickel. The process is depicted in As can be observed in Figure I-43, without centrifugation, the conductivity remained constant across the sample thickness. The maximum conductivity was observed at the bottom of the sample for each rotation speed. Then, the conductivity decreased rapidly, meaning that the centrifugation speed greatly influences the gradient of conductivity across the sample thickness.

Lower centrifugation speeds led to a smoother decrease in electrical conductivity over distance X. At higher speeds, the samples showed a progressive conductivity decrease over a certain length before sharply returning to the insulating state of the neat matrix [START_REF] Tsotra | Electrical and mechanical properties of functionally graded epoxyresin/carbon fibre composites[END_REF].

In conclusion, applying a centrifugal method it is possible to generate graded filler distribution and grading properties in polymer composites. Final composite properties depend on process conditions and filler properties.

I.6. Current applications of nonlinear polymer composites in HV engineering

The composite materials with nonlinear properties have an important role in HV systems as they can reduce the electric field stress, which is the origin of electrical aging and insulation failure. For example, in HV motor windings, it is possible to find nonlinear resistance tapes as stress grading materials [START_REF] Roberts | Stress grading for high voltage motor and generator coils[END_REF]. Materials with nonlinear dielectric behaviors are applied to rotating electrical machines for the control of the electrical field strength in the insulation system of stator end windings [START_REF] Schmerling | Investigations of modified nonlinear electrical materials for end corona protection in large rotating machines[END_REF]. It is also possible to find nonlinear materials in cable accessories [START_REF] Eigner | 50 years of electrical-stress control in cable accessories[END_REF][START_REF] Strobl | Evolution of stress control systems in medium voltage cable accessories[END_REF][START_REF] Li | Nonlinear conductivity and interface charge behaviors between LDPE and EPDM/SiC composite for HVDC cable accessory[END_REF], such as cable joints and HVDC cable terminations ( Naeini et al. [START_REF] Naeini | Effect of Stress Grading Tape Conductivity on the Electric Field Distribution in Stress Grading System of an Inverter-Fed Rotating Machine[END_REF] simulated the effect of tape conductivity on the electric field distribution in a stress-grading system of an inverter-fed rotating machine. The main parts of this system consisted of a semiconductive armor tape (CAT) and a stress-grading tape (SGT). CAT, commonly made of CB embedded in a fiberglass tape, is used in the corona suppression of form-wound coils, and SGT is used to prevent PD at the end of the CAT in the overhang region of a rotating machine. The geometry of the stress-grading system used in the FEM is presented in Figure I-47. The results of the simulation with three different levels of SGT conductivities are also presented [START_REF] Naeini | Effect of Stress Grading Tape Conductivity on the Electric Field Distribution in Stress Grading System of an Inverter-Fed Rotating Machine[END_REF].

Figure I-47. Electric field distribution along the stress-grading system of an inverter-fed rotating machine [START_REF] Naeini | Effect of Stress Grading Tape Conductivity on the Electric Field Distribution in Stress Grading System of an Inverter-Fed Rotating Machine[END_REF].

The increment of the SGT conductivity decreased the electric field. They reported that the conductivity of SGT depended on the electric field and was high at the end of the CAT, where the electric field was very high, and gradually decreased along the SGT. Therefore, it makes the electric field at the end of the CAT more uniform. Umemoto et al. [START_REF] Umemoto | Novel evaluation methods of end-turn stress grading materials for converter-fed high voltage rotating machines[END_REF] also reported the use of a nonlinear grading tape to control the field in a stator bar from large rotating machines. Donzel and Schuderer [START_REF] Donzel | Nonlinear resistive electric field control for power electronic modules[END_REF] reported the application of nonlinear resistive electric field control for high-power modules with insulated-gate bipolar transistors. As discussed before, the electric field at the edges of the substrate metallization increases accordingly and can exceed the dielectric strength of the gel, commonly used for encapsulation, leading to PDs or even insulation breakdown. They studied how the field concentration could be significantly reduced by applying a functional coating with suitable nonlinear resistive characteristics by finite element simulations. Their results are presented in Figure I-48 [START_REF] Donzel | Nonlinear resistive electric field control for power electronic modules[END_REF]. with a nonlinear field-grading layer [START_REF] Donzel | Nonlinear resistive electric field control for power electronic modules[END_REF].

In Figure I-48a, the maximum electric field inside the gel (without the nonlinear resistive layer) was found at the protrusion tip (2.6 × 10 8 V/m). Figure I-48b shows that the electric field at the protrusion reduced to 7 × 10 6 V/m because of the equipotential line spreading that reduced the field nonuniformity. Then, with a nonlinear resistive coating at the metallization edges, field peaks due to protrusions or other defects were efficiently mitigated [START_REF] Donzel | Nonlinear resistive electric field control for power electronic modules[END_REF].

Other applications of electric field-grading materials have been reported for gas-insulated switchgears. For example, Matsuoka et al. [START_REF] Matsuoka | Electric field grading of gas insulated switchgears with microvaristor composites[END_REF] worked with the model shown in 

I.7. Conclusion

In high-voltage applications, electric stress is one of the factors that influences the rate of aging of systems. When high electric stress is applied to most polymers, charges are induced and accumulated within the polymers and the insulation degrades because of space charge accumulation, partial discharge, and electrical treeing across the entire material, which may cause the material to breakdown. Therefore, it is necessary to control the strength of the electric field. The aim is to achieve the weakest possible electric field at a fixed system voltage.

There are two strategies for controlling electrical stress: capacitive control and resistive stress control. In resistive stress control, the application of nonlinear stress control is a good alternative. Nonlinear stress control employs materials whose resistivity varies with the applied voltage. These materials are obtained from a base material, which is usually an insulating polymer, with an additive that provides nonlinear functionalities. Nonlinearity in composites originates from two sources: particle-particle contacts and intrinsic properties of filler particles.

The conductivity of the final composite depends on the filler type, its physicochemical characteristics, size and shape, and interaction with the matrix.

ZnO and SiC fillers are some of the most commonly used filler materials for nonlinear conduction. The nonlinear conductivity of composites strongly depends on the filler concentration. The switching field decreases as the filler concentration increases because the nonlinear conductivity of composites containing fillers is highly determined by the conduction paths formed by the fillers. In addition, composites with a higher amount of filler present sooner nonlinear electrical properties. Another alternative method is using composites with multiple particle types, different sizes, morphology, or nature. Results show that combining different fillers helps to tune the final electrical properties of composites and results in different nonlinear conduction properties depending on the application specifications.

On the contrary, it is possible to control the distribution of the composite properties by controlling the filler distribution. The centrifugal method, electrical deposition, and 3D printing are suitable techniques for controlling the final properties of composite materials. For example, when an electric field is applied during the material fabrication, it is possible to induce the alignment and orientation of particles. The electrical properties of the obtained composites are anisotropic and depend on the electric field characteristics.

Finally, the current applications of nonlinear polymer composites in high-voltage engineering herein were presented. Composite materials with nonlinear properties play an important role in high-voltage systems as they can control the nonuniformity of the electric field and reduce electrical stress in insulating materials. By reducing the stress concentration in electrical systems, space charge accumulation, PD, and electrical treeing can be efficiently reduced and insulation degradation can be achieved.

From this perspective, fabricating composite materials using nonlinear fillers remains an interesting alternative that can be complemented with one of the three great fabrication alternative methods: centrifugation, orientation by an electric field, and 3D printing. Combining these two resources opens up the possibility of enhancing the reinforcement of materials in the weakest areas, thereby extending their lifespan. In the next chapters, the study of nonlinear properties for composites with different fillers (SiC and ZnO) and size (micro, nano) is presented. After, a mathematical model to predict the electrical behavior of composites with different filler concentrations is also presented. Finally, a study of the distribution of particles for composites fabricated by electrophoresis deposition is discussed. This Chapter I was published for the most part as a paper review in the journal Polymers [START_REF] Can-Ortiz | Nonlinear Electrical Conduction in Polymer Composites for Field Grading in High-Voltage Applications: A Review[END_REF].

Chapter II

Impact of the filler type and manufacturing process on the electrical properties of homogeneous materials

Chapter II. Optimization of the manufacturing process for homogenous materials with nonlinear properties

According with the background presented in Chapter I, when high voltage applications are applied to polymers, charges are injected and accumulated within the bulk [START_REF] Hoshino | Measurement of electric field distributions in polymer insulating materials under high DC voltage stress[END_REF], distorting the internal electric field distribution. Consequently, insulation degrades because of space charge accumulation, partial discharge, and electrical treeing across the whole material, which may lead to breakdown [START_REF] Farahani | Partial discharge and dissipation factor behavior of model insulating systems for high voltage rotating machines under different stresses[END_REF][START_REF] Farahani | Partial discharge and dielectric response behaviour of insulation systems for high voltage rotating machines under electrical stress[END_REF]. Is also reported a nonhomogeneous distribution of space charge or polarization under high DC voltage that can dramatically increase the internal electric field, depending on the material structure, additives, impurities, applied field, and temperature [START_REF] Mizutani | Electrical properties of polymers: Space-charge behaviour in insulating polymers under high-voltage direct current[END_REF][START_REF] Alquié | Measurement of charge distributions in insulating materials for high voltage cables[END_REF]. Thus, one of the key issues in high voltage engineering is to achieve the lowest possible electrical field strength at a fixed system voltage [START_REF] Eigner | 50 years of electrical-stress control in cable accessories[END_REF]. Stress control methods fall into two main approaches: capacitive stress control and resistive stress control. Within the second approach, nonlinear stress control turns out to be promising because use materials that have the ability to adapt their electrical conductivity as a function of the applied electric field. These materials can be developed using a base material, which is usually an insulating polymer with an additive that provides nonlinear functionalities.

The nonlinearity in composites originates from two sources: particle-particle contacts and intrinsic properties of filler particles. Thus, the final properties of the composite depend on the characteristics of the fillers, such as the filler concentration, size, morphology, and composition.

Then, in order to compare the impact of the filler type, composite materials with two different particles (µZnO and µSiC/EP) and different filler concentrations were fabricated and the nonlinear behavior of both kind of materials was studied. Additionality, the impact of different dispersion methods in electrical properties was studied in order to optimize the fabrication process. In order to study the filler type impact, two fillers were chosen. µZnO/EP and µSiC/EP composites, both with 10, 15 and 20 vol% filler concentration were fabricated. The fabrication process is presented in Figure II-2. First, the particles were dried at 300 °C for 1 h and kept at 100 °C for one day in a furnace (more than heat 30-3000 °C, Nabertherm, Lilienthal, Germany).

II.1. Materials and methods

II

After, the dried fillers were mixed with the epoxy resin part A with the corresponding concentration using a planetary vacuum mixer (ARV-310, Thinky, California, USA), under a vacuum of 1.0 kPa and 800 rpm for 3 min, then 1.0 kPa and 1800 rpm for 1 min. After, 10 wt% (with respect to part A) of epoxy resin part B (hardener) was added and mixed using the same cycle in the planetary vacuum mixer. 

II.1.2.2. Fabrication of 𝜇SiC/EP composites with different dispersion methods

In order to study the impact of the mixing method on the particle dispersion, µSiC/EP composites with a filler concentration of 10 vol% were prepared using different mixing methods. For all the process, the particles were dried at 300 °C for 1 h and kept at 100 °C for one day.

Process 1 (Figure II-2). The dried fillers were mixed with the epoxy resin part A in a concentration of 10 vol% using the planetary vacuum mixer under a vacuum of 1.0 kPa and 800 rpm for 3 min, then 1.0 kPa and 1800 rpm for 1 min. After, 10 wt% (with respect to part A) of epoxy resin part B was added and mixed using the same cycle in the planetary vacuum mixer.

Process 2 (Figure II-3). The dried fillers were dispersed on ethanol using a shear mixer (L5M-A, Silverson, Evry, France), applying 500 rpm for 15 min. Then, the mix was poured on the epoxy resin part A to have a filler concentration of 10 vol%. After, the ethanol was evaporated using the planetary vacuum mixer under a vacuum of 1.0 kPa and 800 rpm for 90 min. Finally, 10 wt% (with respect to part A) of epoxy resin part B was added and mixed using the planetary vacuum mixer under a vacuum of 1.0 kPa and 800 rpm for 3 min, then 1.0 kPa and 1800 rpm for 1 min. Process 6, 7 and 8 (Figure II-7). The dried fillers were dispersed on epoxy part A with a filler concentration of 10 vol% using the ultrasonic probe with a power of 950 watts, amplitude of 40 %. Then, 10 wt% (with respect to part A) of epoxy resin part B was added and mixed using the planetary vacuum mixer under a vacuum of 1.0 kPa and 800 rpm for 3 min, then 1.0 kPa and 1800 rpm for 1 min. In this method, the energy applied to the mix (filler + resin) is higher in comparation with the other methods. If this energy is not well dissipated, the mixture could heat up and degrade the properties of the resin. For that reason, three different cycles were applied. The effective time was fixed to 15 min, with cycles of 5s on/5s off for process 6, 5s on/15s off for process 7 and 5s on/25s off for process 8. For all the process, the samples were manufacturing using a pressing process (Figure II-8). The pressing was prepared using an assemblage with different layer. As it can be observed in Figure II-8a, from down to top, a layer of kraft blue, a layer of aluminum, a layer of stainless steel, a layer of pacoplus 4500 and the mold were put together. Samples of 300 µm thick were prepared using a mold fabricated with a layer of pacoplus 4500 cutting circles with a diameter of 44 mm.

After, the holes in the mold were filled with 0.500 ml of the epoxy resin mixed with the fillers 

II.1.2.4. Breakdown strength characterization of composite materials

The breakdown characterization was carried out in a breakdown voltage tester (BAUR DPA 75 C oil tester, BAUR, Sulz, Austria) in AC voltage at 50 Hz. In order to obtain a failure time between 10-20 s, the voltage ramp was adjusted between 0.5-2.0 kV/s. After, the breakdown behavior of samples was analyzed. The breakdown field (𝐸 %& ) was calculated using,

𝐸 %& = 𝑈 %& 𝑑 Eq.II.1
where 𝑈 %& is the breakdown voltage and 𝑑 is the sample thickness. After, the experimental data were statically analyzed using the Weibull distribution law [START_REF] Weibull | A Statistical Distribution Function of Wide Applicability[END_REF],

𝐹(𝑥) = 1 -𝑒 '( )'* + $% , & Eq.II.2
where 𝐹(𝑥) is the cumulative probability of failure, 𝛼 %& is the scale parameter (V/cm) corresponding to a probability of failure 𝐹(𝛼 %& ) = 63.2 %, 𝛽 is the shape parameter. As it is reported by [START_REF] Diaham | Dielectric breakdown of polyimide films: Area, thickness and temperature dependence[END_REF], a high 𝛽-value is related to a low scattering of the data. The location parameter 𝛾 was set to zero.

The experimental data were ranked using the median rank approximation given by [START_REF] Fothergill | Estimating the cumulative probability of failure data points to be plotted on Weibull and other probability paper[END_REF],

𝐹(𝑖, 𝑛) = 𝑖 --0.3 𝑛 + 0.4 Eq.II.3
where 𝑖 -is the rank of a failed sample and 𝑛 is the total number of tested samples. 12 breakdown points were carried out for each composite.

II.1.2.5. Electrical characterization of composite materials on DC electric field

The current-voltage (I-V) DC characterization was carried out in order to describe the electrical behavior of composites and to find the nonlinearity. In this purpose, samples of 300 µm were metalized with a layer of 50 nm of gold using a configuration of three electrodes ( The voltage was applied by steps with logarithmic increment, using 20 points per decade. For each step, the voltage was applied for 300 s (polarization). Then, the corresponding current for the applied voltage was measured. After, the voltage was set to 0 V for 300 s (depolarization).

Finally, the voltage was set to the next value and the process was repeated. After I-V DC measurements, the electric field E for each sample was calculated,

E = V d Eq.II.4
where d is the sample thickness.

The conductivity σ was also calculated,

σ = I d V A Eq.II.5
where A is the area calculated using the diameter of guarded electrode.

II.2. Results and discussion

With the previous methodology, the discussion strategy is as follows. First, a study of the effect of the filler type is presented, comparing the nonlinearity of composites fabricated with µSiC and µZnO at different filler concentrations. After, a filler type is chosen and the manufacturing process for that filler is optimized. For this purpose, composites with 10 vol% fillers were manufactured by carrying out different processes, using mainly three dispersion methods (planetary mixer, shear mixer and ultrasonic mixer). Finally, the electrical properties for the different composites are compared and a single fabrication method is chosen for fabrication of materials for the next sections of this thesis.

II.2.1. Effect of the filler type on the electrical properties of composite materials

In order to study the effect of the filler type on the electrical behavior of composite materials, Because of this, it is necessary to improve the filler dispersion using different dispersion methods, especially for µSiC/EP composites.

In order to compare the electrical behavior between µZnO/EP and µSiC/EP composites, I-V DC characterization was carried out using a voltage between 0.03-3. Some works reported nonlinear behavior for µZnO composites using filler concentrations between 8 and 30 vol%. For example, Auckland et al. [START_REF] Auckland | Nonlinear fillers in electrical insulation[END_REF] reported nonlinearity for 14 vol% ZnO/polyester, where the electrical conduction rapidly increased above 10 kV/mm. Varlow et al. [START_REF] Varlow | Nonlinear fillers in electrical insulating materials[END_REF] reported nonlinearity in 15 and 20 vol% ZnO/EP composites, where the electrical conduction rapidly increased above 1 kV/mm. Others works reported the beginning of the nonlinear conductivity behavior in ZnO composites with filler concentration bigger than 20 vol% [START_REF] Lin | A varistor-polymer composite with nonlinear electrical-thermal switching properties[END_REF][START_REF] Glatz-Reichenbach | New low-voltage varistor composites[END_REF][START_REF] Yang | Tailoring the nonlinear conducting behavior of silicone composites by ZnO microvaristor fillers[END_REF][START_REF] Gao | ZnO microvaristors doped polymer composites with electrical field dependent nonlinear conductive and dielectric characteristics[END_REF]. On the other hand, typically ZnO varistors are used in the fabrication of nonlinear composites due to the grain boundary is responsible of the nonlinearity [START_REF] Donzel | Nonlinear resistive electric field grading Part 2: Materials and applications[END_REF]. Then, the absence of nonlinearity in µZiO/EP composites could be explained first because the filler concentration is not enough or because non-varistors are used. Because under the same agglomerates with considerable size appear. When the density of the dispersion medium is high, it is more complicated to mix the fillers, then agglomerates appear. For that reason, the dispersion on the lower density medium (ethanol) presents the best filler dispersion and the dispersion on higher density medium (directly on epoxy) presents agglomerates of considerable size. Despite presenting an adequate dispersion, process 2 and 3 have the disadvantage of being carried out in ethanol. This implies an additional evaporation process and possible residues could remain in the composite material.

µSiC particles were also dispersed in EP with an ultrasonic probed using different conditions. The advantage of ultrasonic method dispersion is that solvent is not necessary to get a homogeneous dispersion without agglomerates in comparation with planetary and shear mixer methods.

II.2.2.2. Influence of fabrication method on the breakdown strength of 𝜇SiC/EP composite materials

The breakdown strength for composites fabricated with different dispersion methods was measured and the cumulative probability was calculated according with Eq.II. the probability to find defects or impurities in the composites increases and parameter 𝛽 decreases.

For composites fabricated by ultrasonic dispersion (process 5-8), the scale parameter 𝛼 %& (F=63.2 %) is between 39.91-44.12 kV/mm. Apparently, composites fabricated with the process 7 presents the higher dielectric breakdown field. The shape parameter 𝛽 is smaller for process 5, where the ethanol was utilized. The highest parameter 𝛽 value is obtained in process 8, this means a lower scattering of the data.

Finally, the materials fabricated by ultrasonic methods present higher breakdown strength than materials fabricated by planetary mixer and shear mixer methods.

II.2.2.3. Influence of fabrication method on the nonlinear behavior of 𝜇SiC/EP composite materials

To complete the study of dispersion method effects on the electric behavior for µSiC/EP composites, the I-V DC characterization was carried out. The conductivity as a function of electric field was calculated according with Eq.II. In Figure II-18, it can be observed that for all the composites the nonlinear behavior is present.

The initial conductivity (low electric field) is between 2×10 -14 -3×10 -12 S/m, this variation could be related with the filler dispersion, with the noise in the measures or with the variability between each sample for the different conditions. Despite these variations, for all the materials the nonlinear behavior starts around 8 kV/mm, and there are not enough differences in the slopes (nonlinear coefficient) after this electric field except for materials fabricated with process 6. This variation in the slope could be related to the shorter time of cycle off (5s) and the slower heat dissipation during the ultrasonic dispersion. This problem disappears increasing time of cycle off. It can be concluded that there is not enough influence of the dispersion method in the nonlinear behavior of composites.

After all these observations, the composite materials fabricated by ultrasonication are more interesting because it is not necessary to add and after to evaporate ethanol for having a good filler dispersion. Between the process 7 and 8, both present high breakdown strength in comparation with the other process, and their nonlinear behavior is very closed. However, to achieve the 15 min of effective sonication time, process 7 requires a total time of 60 min and process 8 of 90 min. In order to save process time, the process 7 was selected to fabricated the composites for the following sections.

It is important to say that this study was carried out to select a dispersion method and that a more exhaustive study of the nonlinear behavior for composites will be presented in the following chapters.

II.3. Conclusion

µZnO/EP and µSiC/EP composites with 10, 15 and 20 vol% filler concentration were fabricated in order to study the filler type impact on nonlinear properties of composites. Both composite types were characterized by I-V DC measurements. These measurements showed that for the three concentrations, µSiC/EP composites present a nonlinear behavior. For µZnO/EP composites, the conductivity is constant in all the range studied. Because of this, µSiC particles were selected to fabricate nonlinear materials for the next sections of this researcher work.

µSiC/EP composites presented agglomerates with a considerable size. For that reason, eight dispersion methods were tested using three equipment: planetary mixer, shear mixer and ultrasonic probe. The dispersion was carried out in ethanol, epoxy resin or in a mix of both.

The ultrasonic dispersion method is the only method that allowed to mix the fillers directly in epoxy resin, obtaining a good filler dispersion without agglomerates.

For the electrical characterization, breakdown strength and I-V DC characterization were carried out for all the composites. The composites fabricated by ultrasonication showed a higher breakdown strength. All the composites presented nonlinear behavior and there are not significative differences between the eight dispersions method tested.

Finally, the dispersion by ultrasonic method with 15 minutes of effective time and cycle of 5s on/15s off was selected as the optimal process to fabricate composite materials for the next sections.

Chapter III

Impact of the filler concentration and size (micro-and nanoparticles) on the electrical properties for SiC/EP composites Chapter III. Impact of the filler concentration and size (micro-and

nanoparticles) on the electrical properties for SiC/EP composites

The nonlinear conductivity of composites strongly depends on the filler concentration and filler size. Then, in order to study the influence of filler concentration on the nonlinear properties of composites, µSiC/EP composites were fabricated using filler concentrations between 0 and 30 vol%. Then, the composites were electrically characterized and the main parameters of nonlinearity were calculated. A description of the filler concentration influence on these parameters is presented.

The filler size influence on the nonlinear properties of composites was also studied, nSiC/EP composites were fabricated using different filler concentrations between 0 and 12 vol%. Then, the composites were electrically characterized and the main parameters of nonlinearity were calculated. A description of the filler concentration influence for nanocomposites and the behavior comparation between micro-, and nanoparticles (filler size influence) on these parameters are presented.

In other hand, composites with multiple particle types, different sizes, morphology, or nature show that combining different fillers helps to tune the final electrical properties of composites.

Then, the influence of mixing micro-and nanoparticles on the nonlinear properties of composites was studied. µSiC/nSiC/EP composites were fabricated using a total concentration of 10 vol%. Then, the composites were electrically characterized and the main parameters of nonlinearity were calculated. A description of the influence of these combination on the nonlinear parameters is presented.

III.1. Materials and methods

III.1.1. Materials

Two different filler sizes were chosen to fabricate composite materials. 

III.1.2. Methodology III.1.2.2. Fabrication of SiC/EP composites with different filler concentrations

In order to study the impact of filler concentration, SiC particles in micro and nano sizes were utilized to fabricate composites. The filler concentrations were 5, 10, 15, 20, 25 and 30 vol% for µSiC/EP composites and 1,3,5,10 and 12 vol% for nSiC/EP composites. Additionality, composites with 10 vol% of SiC in a combination of both sizes were fabricated: 9 vol% µSiC/1 vol% nSiC/EP, 7 vol% µSiC/3 vol% nSiC/EP, 5 vol% µSiC/5 vol% nSiC/EP, 3 vol% µSiC/7 vol% nSiC/EP and 1 vol% µSiC/9 vol% nSiC/EP composites.

The fabrication process is presented in Figure II-7. First, the particles were dried at 300 °C for 1 h and kept at 100 °C for one day. After, the dried fillers were dispersed on epoxy part A with the respective filler concentration using the ultrasonic probe with a power of 950 watts, cycles of 5s on/15s off and amplitude of 40 %, with an effective time of 15 min for µSiC/EP composites and 30 min for nSiC/EP and µSiC/nSiC/EP composites. Then, 10 wt% of epoxy resin part B was added and mixed using the planetary vacuum mixer under a vacuum of 1.0 kPa and 800 rpm for 3 min, then 1.0 kPa and 1800 rpm for 1 min. With the different mixes, 300 µm samples were manufactured using the pressing process presented in Chapter 2 (Figure II-8).

The composites were fabricated using a temperature of 100 °C, a pressure of 150 N/cm 2 for a time of 55 min. Finally, the samples were post-curing in an oven at 120 °C for 1 h.

III.1.2.3. Morphological characterization of composites

In order to analyze the filler dispersion and distribution in the epoxy resin, scanning electron microscopy (SEM) was used. The characterization was carried out in a field emission electron microscope (JSM-6700F, JOEL, Tokyo, Japan) with an acceleration voltage of 10 kV. For preparation of samples, three squares of 5x5 mm were cut in different sections of each composite material (Figure II-9a), after the cut pieces were encapsulated in a PMMA resin.

III.1.2.4. Breakdown strength characterization of composite materials

The breakdown characterization was carried out in AC voltage at 50 Hz. In order to obtain a failure time between 10-20 s, the voltage ramp was adjusted between 0.5-2.0 kV/s. After the breakdown field, 𝐸 %& , was calculated and the experimental data were statically analyzed using the Weibull distribution law. Finally, the experimental data were ranked using the median rank approximation (Eq.II.3). 12 breakdown points were carried out for each composite.

III.1.2.5. Electrical characterization of composite materials on DC electric field

The current-voltage DC characterization was carried out in order to describe the nonlinearity of composites and to find the nonlinear parameters. In this purpose, samples of 300 µm thick were metalized with a layer of 50 nm of gold using a configuration of three electrodes. The diameter of the top electrode was 33 mm and the guarded electrode was 25 mm.

For I-V DC characterization, an electrometer (Keithley 6517B, Keithley Instruments, Ohio, USA) with a voltage range between 0 and 1000 V was used to apply voltage between 0.01 and 1000 V and to measure the current. For voltage higher than 1000 V, the setup is presented in section II.1.2.5. The connection was made in a Faraday cage following the diagram presented in Figure II-11. The voltage was applied by steps with logarithmic increment, using 20 points per decade. For each step, the sample was polarized for 300 s. Then, the corresponding current for the applied voltage was measured. After, the sample was depolarized for 300 s. Finally, the voltage was set to the next value and the process was repeated.

After I-V DC measurements, electric field E and conductivity σ for each sample were calculated. Then, the graph of σ as a function of E was plotted in logarithm scale (Figure III-2) and it was divided in two regions: a region with linear conductivity (constant conductivity) and a region with nonlinear conductivity (conductivity depends on electric field). Then, the switching field, Eb, of composites was calculated as the interception of both fits.

Finally, the nonlinear coefficient α was calculated according with the definition of Christen et al. [START_REF] Christen | Nonlinear resistive electric field grading part 1: Theory and simulation[END_REF] as,

α=1+ d ln (σ) d ln(E) =1+m Eq.III.1
where 𝑚 is the slope of the region with nonlinear conductivity (Figure III-2). A total of 3 samples per condition were tested.

III.2. Results and discussion

The discussion strategy is as follows. First, a study of the effect of the filler concentration for µSiC/EP composites on the electrical properties is presented. Second, the effect of filler concentration for nSiC/EP composites is also presented. Then, with results of both composite types, the effect of the filler size is discussed. After, the effect on the electrical properties of mixing µSiC and nSiC in the preparation of SiC/EP composites with 10 vol% total concentration is reported. Finally, the mechanisms to explain the nonlinear behavior for the composites is presented.

III.2.1. Effect of the filler concentration on electrical properties for 𝜇SiC/EP composites

In The distribution of fillers is apparently homogeneous for all the composites. In the grey level image from backscattered electrons, the resin epoxy has a grey level higher than the particles.

Then, it can be observed that the grey level of SEM images decreases when the filler concentration increases because the particle density increases. The increase in particle density implies a reduction in the distance between particles.

The breakdown strength for composites fabricated with different filler concentrations was measured and the cumulative probability was calculated according with Eq.II.1, Eq.II. kV/mm). Then, the breakdown strength of composites decreases when the filler concentration increases. This behavior was also reported by [START_REF] Li | The role of nano and micro particles on partial discharge and breakdown strength in epoxy composites[END_REF][START_REF] Chi | SiC/SiO2 filler reinforced EP composite with excellent nonlinear conductivity and high breakdown strength[END_REF][START_REF] Chi | Nonlinear conductivity and breakdown strength characteristics of silicon carbide and hexagonal boron nitride co-doped epoxy resin composites[END_REF]. Li et al. [START_REF] Li | The role of nano and micro particles on partial discharge and breakdown strength in epoxy composites[END_REF] reported that breakdown strength in composite materials decreases due to defects introduced by addition of fillers. Then, more filler concentrations means more defects, this defects reduce the breakdown strength [START_REF] Li | The role of nano and micro particles on partial discharge and breakdown strength in epoxy composites[END_REF]. Other reason for the breakdown strength reduction is the intrinsic semiconductivity of the SiC fillers that reduces the electrical resistance of the composites compared to that of neat epoxy resin [START_REF] Chi | SiC/SiO2 filler reinforced EP composite with excellent nonlinear conductivity and high breakdown strength[END_REF][START_REF] Chi | Nonlinear conductivity and breakdown strength characteristics of silicon carbide and hexagonal boron nitride co-doped epoxy resin composites[END_REF].

On the other hand, with the finality of characterizing the nonlinear behavior, composite materials were characterized with I-V DC technique. The conductivity and electric field were calculated according with Eq.II.4 and Eq.II. In Figure III-5, it can be observed that all the materials present a nonlinear behavior, even EP samples. For low electric field, the electric conductivity of composites does not have a significant dependence on the electric field, but when the applied electric field reaches the switching field value, the conductivity increases several orders of magnitude. The switching field and the nonlinear coefficient depend on the filler concentrations.

The nonlinear coefficient for µSiC/EP composites is between 4.30 and 6.93, and the switching field between 5.24 and 12.80 kV/mm. These values are consistent with the values reported in previous works for SiC composites, where the nonlinearities are usually moderate with nonlinearity coefficients between 3 and 8 [START_REF] Donzel | Nonlinear resistive electric field grading Part 2: Materials and applications[END_REF]. For example, α is reported between 0.9 and 1.1 and 0.5 and 1.7 for SiC/silicone rubber and SiC/EP composites, respectively [START_REF] Du | Field-dependent conductivity and space charge behavior of silicone rubber/SiC composites[END_REF][START_REF] Du | Surface charge behavior of silicone rubber/SiC composites with field-dependent conductivity[END_REF][START_REF] Hu | Study on the Nonlinear Conductivity of SiC/ZnO/Epoxy Resin Micro-and Nanocomposite Materials[END_REF]. Eb is reported between 0.9 and 20, 7 and 12, and 1 and 5.5 kV/mm for SiC/silicone rubber, SiC/EPDM and SiC/EP composites, respectively [START_REF] Du | Field-dependent conductivity and space charge behavior of silicone rubber/SiC composites[END_REF][START_REF] Du | Surface charge behavior of silicone rubber/SiC composites with field-dependent conductivity[END_REF][START_REF] Li | Nonlinear conductivity and interface charge behaviors between LDPE and EPDM/SiC composite for HVDC cable accessory[END_REF][START_REF] Hu | Study on the Nonlinear Conductivity of SiC/ZnO/Epoxy Resin Micro-and Nanocomposite Materials[END_REF].

As it can be observed in Figure III-5 and Table III-2, the EP samples present a weak nonlinear behavior, with a high switching field of 11.86 kV/mm and a small value α of 2.12. For 5 vol% materials, α of 4.30 is obtained. This value is higher in comparation with the value obtained for EP samples. Then, the introduction of µSiC in EP has an influence on the nonlinear behavior.

When the filler concentration increases to 10 vol%, the α increases to 5.29. This trend continues for all the concentrations (Table III after electric field of 20 kV/mm, the electric conductivity of 30 vol% µSiC/EP composites remains almost constant until the end of the curve. This means that the material reaches at a region of saturated conductivity. The same behavior was reported for graphene oxide/poly(dimethyl siloxane) and SiC/carbon black/EPDM composites [START_REF] Mårtensson | Electrical properties of field grading materials with silicon carbide and carbon black[END_REF][START_REF] Wang | Graphene oxide filled nanocomposite with novel electrical and dielectric properties[END_REF].

The mechanisms to explain the nonlinear behavior are complex. As it can be observed in Figure III-6, the nonlinear behavior for one sample could be divided in three regions. The first, for low electric filed named I; after, the region where the switching filed is reached named ii; and finally, the region at high electric field named iii. On the other hand, Hu et al. [START_REF] Hu | Study on the Nonlinear Conductivity of SiC/ZnO/Epoxy Resin Micro-and Nanocomposite Materials[END_REF] reported that the nonlinearity of a composite with fillers is mainly due to the effective contact interface between filler particles dispersed in the polymer matrix. The space charge accumulated at the interface between the filler particles should cause bending of energy bands in the composites, which leads to forming of Schottky barriers in backto-back type at the particle contacts. He and Tjong [START_REF] He | Nonlinear electrical conduction in percolating systems induced by internal field emission[END_REF] used the large amounts of isolated conducting clusters in the composites to describe the nonlinearity. For narrow insulating gaps between clusters, very high field strength may develop, leading to the occurrence of electron tunneling in the composite [START_REF] He | Nonlinear electrical conduction in percolating systems induced by internal field emission[END_REF]. Then, the isolated clusters also contribute to the electrical conduction when an electric field is applied to the system [START_REF] He | Nonlinear electrical conduction in percolating systems induced by internal field emission[END_REF]. The electrical conduction contributed by these isolated clusters is responsible for macroscopically electrical nonlinearity [START_REF] He | Nonlinear electrical conduction in percolating systems induced by internal field emission[END_REF]. This phenomenon is known as internal field emission (IFE) and it is associated with various tunneling processes between isolated conducting clusters [START_REF] He | Nonlinear electrical conduction in percolating systems induced by internal field emission[END_REF].

Finally, the effect of increasing filler concentration can be explained as follows. The SiC particles introduce a large number of carriers into the composite bulk, thus promoting the migration of carriers under local stress. Considering the microscopic processes, the carrier mobility increases with the increase of the filler concentration. Meanwhile, when the average distance between SiC particles decreases, the local electric field which causes the tunneling effect between neighboring particles decreases [START_REF] Du | Field-dependent conductivity and space charge behavior of silicone rubber/SiC composites[END_REF][START_REF] Li | Nonlinear conductivity and interface charge behaviors between LDPE and EPDM/SiC composite for HVDC cable accessory[END_REF][START_REF] Chi | Nonlinear conductivity and breakdown strength characteristics of silicon carbide and hexagonal boron nitride co-doped epoxy resin composites[END_REF][START_REF] Yang | Effect of nano-fillers distribution on the nonlinear conductivity and space charge behavior in SiC/PDMS composites[END_REF]. Adding up these microscopic effects, when the filler concentration increases the nonlinear coefficient increases and the switching field decreases [START_REF] Du | Field-dependent conductivity and space charge behavior of silicone rubber/SiC composites[END_REF][START_REF] Chi | Nonlinear conductivity and breakdown strength characteristics of silicon carbide and hexagonal boron nitride co-doped epoxy resin composites[END_REF].

III.2.2. Effect of the filler concentration on electrical properties for nSiC/EP composites

In order to study the filler concentration effect on the nonlinear properties for nanomaterials, As it can be observed in Figure III-8, 1 vol% and 3 vol% nSiC/EP composites do not present agglomerations but 5 vol%, 10 vol% and 12 vol% nSiC/EP composites present some agglomerations. Despite this, nSiC presents good distribution in all the EP matrix. When the filler concentration increases, the density of the mix filler/epoxy increases. Likewise, nanoparticles tend to agglomerate, or cluster, more than microparticles due to the dominant intermolecular van der Waals forces between them [START_REF] Šupová | Effect of Nanofillers Dispersion in Polymer Matrices: A Review[END_REF]. It can also be observed that the distance between particles decreases with the increase of filler concentration. For example, for 12 vol% nSiC/EP composites it can be observed that the gray level of SEM images is lower in comparation with 1 vol% nSiC/EP composites because there is less resin between particles. The breakdown strength for composites fabricated with different filler concentrations was measured and the cumulative probability was calculated according with Eq.II.1, Eq.II.2 and Eq.II. Then, the breakdown strength of composites decreases when the filler concentration increases.

In the previous section, the same behavior was also observed for µSiC. As it was discussed before, the breakdown strength in composite materials decreases due to defects introduced by addition of fillers, more filler concentration means more defects that reduce the breakdown strength [START_REF] Li | The role of nano and micro particles on partial discharge and breakdown strength in epoxy composites[END_REF]. A drastic reduction of breakdown strength is observed for composites between 5 to 12 vol%. This drastic reduction could be caused by the presence of agglomeration (defects), as it can be observed in Figure III-8c, d ande. The composite with more agglomerations presents the lower breakdown strength.

On the other hand, with the finality of characterized the nonlinear behavior, nSiC/EP composite materials were characterized with I-V DC technique; the conductivity and electric field were The filler size effect reported in the literature shows that the switching field of nonlinear µSiC composites increases when the filler size decreases [START_REF] Onneby | Electrical properties of field grading materials influenced by the silicon carbide grain size[END_REF][START_REF] Vanga-Bouanga | Tailoring of the electrical properties of silicon carbide for field grading application[END_REF][START_REF] Mårtensson | Direct current conduction in SiC powders[END_REF]. The same behavior is reported for µZnO composites [START_REF] Tian | Influence of ZnO filler size on the nonlinear electrical properties of ZnO ceramic-epoxy composite material[END_REF][START_REF] Yang | Grading electric field in high voltage insulation using composite materials[END_REF][START_REF] Yang | Tailoring the nonlinear conducting behavior of silicone composites by ZnO microvaristor fillers[END_REF][START_REF] Yang | How nonlinear V-I characteristics of single ZnO microvaristor influences the performance of its silicone rubber composite[END_REF]. Hu et al. [START_REF] Hu | Study on the Nonlinear Conductivity of SiC/ZnO/Epoxy Resin Micro-and Nanocomposite Materials[END_REF] reported the fabrication of ZnO/EP composites with µZnO and nZnO. They reported that for composites fabricated between 1 and 5 wt% of filler concentration, switching field of nanocomposites is higher in comparison with switching field of microcomposites. But, for materials studied during this thesis work, the trend is not the same.

As it was discussed, the materials fabricated with nanofillers presents lower EB. It is reported that interface regions formed between the polymer matrix and particles are considered to have a dominant role in the final composite properties, especially at the nanometric and molecular levels. For the same filler concentration, when the filler size decreases the surface area of particle-matrix interaction increases [START_REF] Pleşa | Properties of Polymer Composites Used in High-Voltage Applications[END_REF]. Then, for nSiC/EP composites the interaction between fillers and matrix is stronger. Additionality, as it was presented before, the origin of nonlinear behavior in composites is the electric field assisted tunneling. The tunneling conductivity is associated with a conductive network that is based on nearest neighbor particles [START_REF] Du | Field-dependent conductivity and space charge behavior of silicone rubber/SiC composites[END_REF][START_REF] Li | Nonlinear conductivity and interface charge behaviors between LDPE and EPDM/SiC composite for HVDC cable accessory[END_REF][START_REF] Balberg | Percolation and tunneling in composite materials[END_REF]. With the same filler concentration, the distance between particles decreases proportionally with decreasing particle diameter [START_REF] Jing | The effect of particle size on electric conducting percolation threshold in polymer/conducting particle composites[END_REF]. Then, as the nanoparticles have a smaller diameter, the distance between them is smaller. This smaller distance generates that the tunnel effects start at lower electric fields compared to microparticles. This effect is reflected at macroscale as the reduction of the Eb.

III.2.4. Effect of the filler ratio on electrical properties for 𝜇SiC/nSiC/EP composites

After studying the effect of size and filler concentration for µSiC/EP and nSiC/EP materials, and knowing that by combining two particle sizes it is possible to tune the properties of a composites, the interaction effect between fillers with different sizes on the nonlinear properties was studied. µSiC/nSiC/EP composites with mixture of micro-and nanofillers were fabricated with a total filler concentration of 10 vol%, changing the filler ratio r µn defined as, It can be observed that for 10 vol% µSiC/nSiC/EP composites, when the concentration of microparticles is equal or bigger than that of nanoparticles (r >? ≥ 1), the switching field (between 9.80 and 10.31 kV/mm) is bigger than the switching field of 10 vol% µSiC/EP composites (9.36 kV/mm). That means that for r >? ≥ 1, the combination of both filler sizes produces interference on the conductive path formation and higher electric field is necessary to produce the conductivity by tunneling effects. On the other hand, when the concentration of microparticles is lower than that of nanoparticles (r >? < 1), the switching field (between 2.17 and 3.00 kV/mm) is lower even than switching field for 10 vol% nSiC/EP composites (6.69 kV/mm). That means that for r >? < 1, the combination of both filler size helps to improve the interaction between particles and lower electric field is necessary to produce the conductivity by tunneling effects. Hu et al. [START_REF] Hu | Study on the Nonlinear Conductivity of SiC/ZnO/Epoxy Resin Micro-and Nanocomposite Materials[END_REF] fabricated composites using two different particles, they reported the nonlinear properties for nZnO/nSiC/EP and µZnO/nSiC/EP composites. The materials were fabricated using a filler concentration of 5 wt% with different ZnO/SiC ratios.

They found that the nonlinear coefficients of composites involving using two inorganic filler types were superior to those of single-filler composites [START_REF] Hu | Study on the Nonlinear Conductivity of SiC/ZnO/Epoxy Resin Micro-and Nanocomposite Materials[END_REF]. The interaction between µSiC and nSiC fillers is difficult to explain. Conductivity in the composites depends on the formation of conductive paths within the matrix material. This formation depends on different parameters such as their size, aspect-ratio, morphology, surface properties, the ratio of microparticles to nanoparticles, and the dispersion techniques [START_REF] Meschi Amoli | Recent progresses on hybrid micro-nano filler systems for electrically conductive adhesives (ECAs) applications[END_REF]. It is reported that the performance of multicomponent systems is in general superior to monocomponent systems due to synergistic effects, for example using a mixture of different filler types is possible to improve the electrical conductivity of polymer nanocomposites [START_REF] Kale | Tunneling-percolation model of multicomponent nanocomposites[END_REF].

Theoretically, two possible mechanisms by which such multicomponent systems tend to improve the electrical conductivity on composites have been identified: (1) improving the overall connectivity of fillers by efficiently linking the isolated clusters and (2) reducing the mean separation between fillers through depletion interactions [START_REF] Kale | Tunneling-percolation model of multicomponent nanocomposites[END_REF]. The first mechanism is likely when both fillers are conductive and are of comparable sizes. The second mechanism is likely and important when one of the fillers is insulating and is much larger in size, which forces better overall connectivity of the other conductive filler. Moreover, using multiple fillers of dissimilar sizes and shapes may also improve the quality of dispersion of fillers due to their mutual interactions and increase the overall electrical conductivity [START_REF] Kale | Tunneling-percolation model of multicomponent nanocomposites[END_REF].

Meschi Amoli et al. [START_REF] Meschi Amoli | Recent progresses on hybrid micro-nano filler systems for electrically conductive adhesives (ECAs) applications[END_REF] reported the behavior of a matrix material for electrically conductive adhesives application filled with spherical nano-Ag and silver flakes. The nano-Ag particles have positive effect on the electrical conductivity because they act as a bridge between separated silver flakes and provide more electrical conductivity paths in the system and also the contact area of electron transportation increases [START_REF] Meschi Amoli | Recent progresses on hybrid micro-nano filler systems for electrically conductive adhesives (ECAs) applications[END_REF]. Dai et al. [START_REF] Dai | Electrical and thermal performances of epoxy-based micro-nano hybrid composites at different electric fields and temperatures[END_REF] reported the behavior of micro-AlN plates/nano-Al2O3/EP composite material, where the combination of micro-and nanoparticles produces the enhancement of the injection barrier and the reduction of the charge carrier traps in these materials; as consequence, composite materials present a reduced space charge injection and accumulation.

Kale et al. [START_REF] Kale | Tunneling-percolation model of multicomponent nanocomposites[END_REF] reported the percolation behavior of two-component systems with a combination of prolate, oblate, and spherical fillers using Monte Carlo simulations for different relative volume fractions and nature of interactions while keeping the total volume fraction fixed. The nature of the interaction between different filler components is controlled by a key modeling parameter capturing the tunneling interactions between fillers. Their results show that the conductivity of final material depends on the filler nature, morphology and concentration.

The critical distance between particles for arriving at tunneling conduction and the average number of contacts between particles strongly depend on the micro/nanoparticle ratio. Then, it can be concluded that the filler ratio plays an important role on the distribution of particles, related directly with the distance between particles and the macroscopic conductivity of composites changes as a function of micro/nanoparticle ratio for the same filler concentration (10 vol%).

III.2.5. Schemes of filler distribution for different filler size and concentrations

In order to explain the different filler distribution between the different composites and concentrations, the SEM images for all the composites were presented in the effect of the filler concentration in microscopic and macroscopic level is presented. The number of particles was calculated for a 10x10x10 µm 3 volume, assuming perfectly spherical fillers with diameters of 1 µm for µSiC and 0.08 µm for nSiC. The surface area was calculated using the calculation of number of fillers. The distance between particles was calculated as [START_REF] Xue | Surface charge transport behavior and flashover mechanism on alumina/epoxy spacers coated by SiC/epoxy composites with varied SiC particle size[END_REF],

D = fg π 6 1 𝑓 @ k A B -1l d Eq.III.3
where 𝑓 @ is the volume fraction of SiC and d is the diameter. Finally, the switching field (Eb) and the nonlinear coefficient (α) calculated in previous sections are also presented. 

concentration increases to 15, 20, 25 and 30 vol%, respectively. Then, for the same surface the number of particles increases, therefore the distance between particles decreases and the interaction filler-matrix also increases. As it is reported [START_REF] Oskouyi | Tunneling Conductivity and Piezoresistivity of Composites Containing Randomly Dispersed Conductive Nano-Platelets[END_REF], the tunneling conduction depends on the filler distance; then, with a shorter distance between particles, the probability to form conductive paths also increases when the filler concentration increases. As it can be observed in Figure III-17a, this microscopic effect is reflected as the increase of the nonlinear coefficient α and the decrease of the switching field Eb.

In vol µSiC/5 vol% nSiC/EP composites, the combination of both filler sizes produces interference on the conductive paths and higher electric field is necessary to activate tunneling effects. But, when the concentration of microparticles is lower than that of nanoparticles (3 vol µSiC/7 vol% nSiC/EP and 1 vol µSiC/9 vol% nSiC/EP) the combination of both filler sizes helps to improve the interaction between particles and lower electric field is necessary to produce the conductivity by tunneling effects.

III.3. Conclusion

In order to study the influence of filler concentration on the nonlinear properties of composites, µSiC/EP and nSiC/EP composites were fabricated using different filler concentrations, between 0 and 30 vol% for µSiC/EP composites, and 0 to 12 vol% for nSiC/EP composites. SEM characterization shows a homogeneous filler distribution without agglomerations, except for 5, 10 and 12 vol% nSiC/EP composites where some agglomerations were found. Breakdown characterization showed that the breakdown strength of µSiC/EP and nSiC/EP composites decreased when the filler concentration increased due to defects introduced by the addition of fillers. For the same filler concentration, the breakdown strength of nSiC/EP composites was lower in comparation with µSiC/EP composites. A drastic reduction of breakdown strength was observed for 5, 10 and 12 vol% nSiC/EP composites caused by the presence of filler agglomeration.

The µSiC/EP and nSiC/EP composites presented a nonlinear conductivity. For low electric field, the electric conductivity of composites did not have a significant dependence on the electric field, but when the applied electric field reached the switching field value, the conductivity increased by several orders of magnitude. The nonlinear coefficient α increased and the switching field Eb decreased when the filler concentration increased. The coefficient α was between 4.30 and 6.93 for µSiC/EP composites and between 2.29 and 4.40 for nSiC/EP composites. The reached values of switching field Eb were between 5.24 and 12.80 kV/mm for µSiC/EP composites and between 0.84 and 13.86 kV/mm for nSiC/EP composites. The 30 vol% µSiC/EP, 10% and 12% nSiC/EP composites showed a region of saturated conductivity beyond electric field of 20 kV/mm, 30 kV/mm and 8 kV/mm, respectively. That means that the electric conductivity remained almost constant until the end of the curve. The 𝛼 and Eb dependences on the filler concentration could be explained by tunnel effect. When the filler concentration increase, the average distance between particles decreases. Then, the local electric field which cause the tunneling effect between neighboring particles decreases and, in the macroscale, 𝛼 and Eb decrease. On the other hand, the number of new conductive paths created due to tunneling conduction are limited, when most of them along the filler network had been activate, the maximum current is limited and determined by the number of activated paths and the conductivity of these filler (saturated conductivity). For the same filler concentration, the nonlinear coefficient α and the switching field Eb were higher for µSiC/EP composites than for nSiC/EP composites. This is because with the same filler concentration, the distance between particles decreases proportionally with decreasing particle diameter. As the nanoparticles have a smaller diameter, the distance particle-particle is smaller and the tunnel effects start at lower electric fields.

Finally, the influence of the combination of fillers with different sizes on the nonlinear properties was studied, µSiC/nSiC/EP composites with mixture of micro-and nanofillers were fabricated. The total filler concentration for all composites was fixed to 10 vol%, changing the micro/nano ratio (r >? ). When the concentration of microparticles was equal or bigger than that of nanoparticles (r >? ≥ 1), the breakdown strength was closed to that found for µSiC/EP composites. When the concentration of microparticles was lower than that of nanoparticles (r >?

< 1), the breakdown strength was closed to that found for nSiC/EP composites.

The nonlinear coefficient α for 10 vol% µSiC/nSiC/EP composites was between 4.57 and 5.36, and the switching field between 2.17 and 10.31 kV/mm. When the concentration of microparticles was equal or bigger than that of nanoparticles (𝑟 CD ≥ 1), the switching field was bigger than that for 10 vol% µSiC/EP composites. That means that for r >? ≥ 1, the combination of both filler sizes produced interference on the conductive paths and higher electric field was necessary to activate tunneling effects. On the other hand, when the concentration of microparticles was lower than that of nanoparticles (𝑟 CD < 1), the switching field was lower even than that for 10 vol% nSiC/EP composites. That means that for 𝑟 CD < 1, the combination of both filler sizes helped to improve the interaction between particles and lower electric field was necessary to produce the conductivity by tunneling effects.

Chapter IV

Nonlinear electrical behavior of SiC/EP composites: modeling

Chapter IV. Nonlinear electrical behavior of SiC/EP composites: modeling

In the previous chapters, the influence of filler concentration, filler size and filler combination on the nonlinear properties for µSiC/EP, nSiC/EP and µSiC/nSiC/EP composites was presented.

In the same way, the electrical conduction mechanisms involved in the nonlinearity were discussed. In this chapter, the nonlinear behavior is adjusted to an equivalent electric model.

For this purpose, different models presented in the literature are discussed and a new model is proposed. After, the electrical behavior of the three types of composite materials (µSiC/EP, nSiC/EP, µSiC/nSiC/EP composites) was fitted and the fit parameters were calculated.

Moreover, the fit parameter dependence on the filler concentration was analyzed and the equations to describe this dependence were proposed. Finally, a numerical model to predict the nonlinear conductivity behavior of µSiC/EP, nSiC/EP and µSiC/nSiC/EP composites as a function of filler concentration is presented.

IV.1. Equivalent electric model for describing the nonlinear behavior

IV.1.1. Two-element and three-element electric model

In order to explain the mechanisms involved in the nonlinear behavior, some conductive models have been proposed. As it was mentioned in Chapter III, the nonlinearity is attributed to a bulk tunneling effect from particle-to-particle. Under low electric field, very few charge carriers can get through the interface barriers by thermal excitation and participate in the hopping conduction process in polymer layers. However, when the electric field strength exceeds a certain threshold, an electric field assisted tunneling occurs between neighboring particles [START_REF] Du | Field-dependent conductivity and space charge behavior of silicone rubber/SiC composites[END_REF][START_REF] Li | Nonlinear conductivity and interface charge behaviors between LDPE and EPDM/SiC composite for HVDC cable accessory[END_REF]. He and Tjong [START_REF] He | Nonlinear electrical conduction in percolating systems induced by internal field emission[END_REF] used the large amounts of isolated conducting clusters in the composites to describe the nonlinearity. For narrow insulating gaps between clusters, very high field strength may develop, leading to the occurrence of electron tunneling in the composite.

Then, the isolated clusters also contribute to the electrical conduction when an electric field is applied to the system [START_REF] He | Nonlinear electrical conduction in percolating systems induced by internal field emission[END_REF]. The electrical conduction contributed by these isolated clusters is responsible for macroscopically electrical nonlinearity. This phenomenon is known as internal field emission (IFE) and it is associated with various tunneling processes between isolated conducting clusters. The resulting current density j EFG is defined by [START_REF] He | Nonlinear electrical conduction in percolating systems induced by internal field emission[END_REF],

j IFE (E) = AE n exp n- B E o Eq.IV.1
where E is the electric field. A, B, and n parameters are constants. A parameter is a function of tunneling frequency, i.e., the number of attempts per second made by the carrier to cross the barrier. B is a measure of the energy barrier between the insulating matrix and the filler material.

Thus, the factor exp(-B/E) represents the transition probability of charge carriers between the conductive filler and matrix material. It follows that the transition probability increases when the field strength is raised. From this expression, the conductivity induced by internal field emission σ EFG is [START_REF] He | Nonlinear electrical conduction in percolating systems induced by internal field emission[END_REF],

𝜎 IFE (E) = AE n-1 exp n- B E o Eq.IV.2
Therefore, the overall conductivity becomes [START_REF] He | Nonlinear electrical conduction in percolating systems induced by internal field emission[END_REF],

𝜎(E) = 𝜎 H + 𝜎 IFE (E) = 𝜎 H + AE n-1 exp n- B E o Eq.IV.3
where σ H is the linear conductivity and is independent on electric field. The behavior of the He Electric field E (kV/mm) Eq.IV.4

s LV + s IFE (E) s LV s IFE (E)
As it was showed in the Chapter III, for composites at the very highest fields, the conductivity appears to reach again a constant value (i.e. saturation region) because the number of new conductive paths created due to tunneling conduction are limited, and most of them along the filler network had been activate. For the electric model, the simplest representation for this is to assume that the nonlinear conductivity σ'(E) is in series with another linear conductivity, σ HV , which limits the current at high fields. Finally, the total conductivity in this model is represented as [START_REF] Mårtensson | Electrical properties of field grading materials with silicon carbide and carbon black[END_REF],

σ(E) = σ LV + 1 1 σ HV + 1 𝜎′(E)
Eq.IV.5

The behavior of the Mårtensson model is presented in Figure IV-3. 

IV.1.2. Four-elements electric model

As it was presented in the previous chapter, µSiC/EP, nSiC/EP and µSiC/nSiC/EP composites present nonlinear conductivity. As it was presented in the nonlinearity is represented as a nonlinear conductivity of the form of the internal field emission, A 2 E (n 2 -1) e -B E ⁄ . This nonlinear conductivity is named second nonlinear conductivity (SNLC). For high electric fields, the conductivity again appears to reach a constant value. This is represented as the SNLC connected in series with the linear conductivity, σ HV , which limits the current at high electric fields. Then, the total conductivity in this model is described as, follows

σ(E) = σ LV + A 1 E (n 1 -1) + 1 1 σ HV + 1 A 2 E (n 2 -1) e -B E ⁄ Eq.IV.6
The electric behavior of four-elements electric model is presented in Figure IV-5. 

IV.2. Methodology

The experimental behavior of composites was fitted to four-elements electric model equation (Eq.IV.6). This fit was carried out using a numeric minimization algorithm, the damped leastsquares (DLS) algorithm. There are in total seven coefficient to calculate, σ LV , σ After, the values for σ LV , A 1 and n 1 were fixed. The full composite behavior and Eq.IV.6 were taking into account and a first approximation for σ HV , A 2 , n 2 and B was calculated. Then, taking into account the full composite behavior and the first approximation values as initial values, the DLS algorithm was used and all the coefficients for Eq.IV.6 were calculated. Three samples per each composite material were used. After, for µSiC/EP and nSiC/EP composites, the dependence on filler concentration for each coefficient was studied. Then, equations for each coefficient were calculated in order to described its dependence on filler concentration. As it was presented in Chapter III, for µSiC/EP composites with a maximum filler concentration of 30 vol% were fabricated, in Chapter V a method to fabricated composites with higher filler concentration will be presented. One of the composites reached to 55 vol%, then their nonlinearity was studied and fitted to four-elements electrical model. Then, their coefficients were used to calculate the coefficient dependence on filler concentration.

HV , A 1 , n 1 , A 2 ,
In the special case of µSiC/nSiC/EP composites, the σ LV and σ HV coefficient dependences on filler concentration were calculated as for µSiC/EP and nSiC/EP composites. For the other coefficients, the dependence was calculated as follows. First, the FNLC was calculated using the calculated coefficients and filler concentrations for nSiC/EP composites. Then, in order to correlate its behavior with the behavior of nSiC/EP composites, a correlation factor iE j was proposed. The correction factor was applied as follows,

A 1,μn E (n 1,μn -1) = iE j ~A1,n E (n 1,n -1) • Eq.IV.7
where the suffixes n and µn are used to differentiate the coefficients for nSiC/EP and µSiC/nSiC/EP composites, respectively. For each nSiC/EP composite, a value of i and j were calculated. Then, equations for i and j coefficient were calculated in order to described its dependence on filler concentration.

On the other hand, the conductivity formed by SNLC connected in series with σ HV was adjusted as follows. First, the equations to described the A2, B and n2 coefficient dependence on filler concentration for nSiC/EP materials (with suffix n) were utilized. But, in this case, the real nSiC was not used. Instead, an equivalent nSiC concentration named as vol%ap was calculated. It is represented by: A Finally, the equation for vol%normalized was calculated in order to described its dependence on filler concentration.

IV.3. Results and discussion

IV. For the FNLC coefficients, A 1 is related to the influence of this nonlinear conductivity on the global conductivity of the composites. A higher A 1 coefficient means a higher influence. The n 1 coefficient is related to the nonlinear dependence of the conductivity on the electric field.

This means that a higher n 1 coefficient the dependence is higher. The average value of A concentration increases from 1 vol% to 5 vol%, the conductivity decreases. After, when the nSiC concentration increases to 7 vol%, the conductivity increases even at a value higher than that for materials with 1 vol%. After, the conductivity increases when the nSiC concentration increases to 9 vol%. Eq.IV.14

, and an exponential dependence for nSiC/EP composites (Figure IV-17b), A 1,n (vol% n ) = -3.77×10 -15 (vol% n ) 0.17 e (-2.48/vol% n ) + 5.05×10 -15 Eq.IV.15 Some points are not adjusted to the fit, but it was attributed to the experimental error and also the non-perfect dispersion of particles.

The The σ HV dependence on filler concentration is presented in Figure IV-24.

Figure IV-24. σ HV dependence on filler concentration for µSiC/nSiC/EP composites.

As it can be observed in Figure IV-24, there are only two points for each graph0. Therefore, it is not possible to find an equation to describe the σ HV behavior. However, with the two known values, it is possible to do a linear interpolation. The linear interpolation is described by, σ HV,μn (vol% n ) = 2.71×10 -10 (vol% n ) -1.03×10 -9 Eq.IV.27

The first nonlinear conductivity was calculated using the calculated coefficients and filler concentrations for nSiC/EP composites with a correlation factor iE j as shown in Eq.IV. After, the conductivity formed by second nonlinear conductivity connected in series with σ HV was adjusted as follows. First, the equations to described the A2, (Eq.IV.21) B (Eq.IV.23) and n2 (Eq.IV.25) coefficient dependence on filler concentration for nSiC/EP materials were utilized. But, in this case, the real nSiC was not used. Instead, an equivalent nSiC concentration was calculated according with Eq.IV.8, Eq.IV.9 and Eq.IV.10. After, the equivalent concentration was normalizes as shown Eq.IV. After all this analysis, it is possible to describe the nonlinear behavior µSiC/nSiC/EP composites using the nSiC/EP equations and applying some correction factors which depend on the nSiC concentration. Then, from the calculated equations and correction factors, it is possible to calculate the coefficients and therefore the electrical behavior of µSiC/nSiC/EP composites.

IV. 3.4. Nonlinear behavior modeling for 𝜇SiC/EP, nSiC/EP and 𝜇SiC/nSiC/EP composites A four-elements electric model was proposed to described the nonlinear behavior of the composite materials. The coefficients for this model were calculated and for µSiC/EP and nSiC/EP composites their dependence on the filler concentration was described using equations. In this section, from the calculated equations and assuming a filler concentration, the coefficients and therefore the electrical behavior were calculated.

For µSiC/EP composites, the σ LV,μ , A 1,μ , n 1,μ , σ HV,μ , A 2,μ , B μ and n 2,μ coefficients were calculated using 0, 5, 10, 15, 20 and 25 vol% concentrations. After, using Eq.IV.6, the electric conductivity was calculated and results are presented in The main difference between the model and the experimental data is the conductivity for low electric field (linear region). In the experimental data, the electrical conductivity for low electric field does not increase as a function of the filler concentration as in the model. The second difference is that for 25 vol% and 30 vol% µSiC/EP composites, for experimental data, there is not significant difference in their electrical behavior in comparation with the model behavior. These differences can be attributed to the fact that the four-elements electric model does not take into account the effect of agglomeration that can be found in the composite materials.

After verifying that with the model it is possible to describe µSiC/EP composite behavior, the equations were used to predict the behavior of µSiC/EP composites with other filler concentrations. Then, the nonlinear behavior of µSiC/EP composites with filler concentration between 5 and 55 vol% is presented in Figure IV-29. The model is valid for the range of concentrations used, and for the range of electric field used during the characterization of composites and the calculation of the coefficients. For µSiC/EP composites, this is a filler concentration between 5 and 55 vol%, and electric field between 0.1 and 40 kV/mm. composites with filler concentration between 5 and 55 vol%. This is useful because knowing a specific application, a switching field value for that application can be selected. Then, from the equations it is possible to find out the µSiC concentration that is necessary to obtain that specific property.

For nSiC/EP composites, the σ LV,n , A 1,n , n 1,n , σ HV,n , A 2,n , B n and n 2,n coefficients were calculated using 1, 3, 5, 10 and 12 vol% concentrations. After, using Eq.IV.6, the electric conductivity was calculated and results are presented in conductivity and the dependence on the filler concentration. The main difference between the model and the experimental data is the conductivity for low electric field. In the experimental data, the electrical conductivity for low electric field does not increase as a function of the filler concentration as in the model. The second difference is that for 3 vol% and 5 vol% nSiC/EP composites, for experimental data, there is not significant difference in their electrical behavior in comparation with the model behavior. In the same way that for µSiC/EP composites, these differences can be attributed to the fact that the four-elements electric model does not take into account the effect of agglomeration that can be found in the composite materials. For µSiC/nSiC/EP composites, σ LV,n and σ HV,n coefficients were calculated using Eq.IV.26 and Eq.IV.27. The FNLC was calculated using equations for nSiC/EP composites with the corresponding nSiC concentration and the correction factor iE j . For SNLC, from the nSiC, the vol%ap was calculated and it was using in equations for nSiC/EP composites for calculating the total SNLC. After, using Eq.IV.6, the electric conductivity was calculated and results are For the model (Figure IV-32a), the conductivity at low electric field decreases when the nSiC concentration increases in a range between 1 vol% and 5 vol%. After 5 vol%, the conductivity at low electric field increases when the nSiC increases. On the other hand, when the nSiC concentration increases in a range between 1 vol% and 5 vol%, the switching field increases.

After 5 vol%, the switching field decreases when the nSiC increases and values are lower than that for 9 vol% µSiC/1 vol% nSiC/EP composite. Finally, 3 vol% µSiC/7 vol% nSiC/EP and 1 vol% µSiC/9 vol% nSiC/EP composites, the electrical conductivity arrives to a constant value.

In comparation with the experimental data (Figure IV-32b), the model follows the global nonlinear behavior of nonlinear conductivity and the dependence on the filler concentration.

The main difference between the model and the experimental data is the electrical behavior of 9 vol% µSiC/1 vol% nSiC/EP composites. In the experimental behavior its electrical conductivity is lower in comparation with the conductivity calculated by the model. These difference can be attributed to the fact that the four-elements electric model does not take into account the effect of agglomeration and the interactions between µSiC and nSiC fillers.

After verifying that with the model it is possible to describe µSiC/nSiC/EP composite behavior, the equations were used to predict the behavior of composites with other filler concentrations.

Then, the nonlinear behavior of µSiC/nSiC/EP composites with a total filler concentration of 10 vol% but with different µSiC-nSiC ratio is presented in Figure IV-33. For µSiC/nSiC/EP composites, the model is valid for a total filler concentration of 10 vol%, and electric field between 0.1 and 40 kV/mm. 

IV.4. Conclusion

The nonlinear conductivity for µSiC/EP, nSiC/EP and µSiC/nSiC/EP composites was adjusted to a four-elements electric model. The conductivity for this model starts with a initial value σ LV .

For low electric field, the conductivity increases slightly. This increase was represented by a nonlinear conductivity named first nonlinear conductivity (FNLC) connected in parallel to σ LV with an exponential behavior of the form A 1 E (n 1 -1) . After, when the switching field is reached, the conductivity increases as a function of electric field. The nonlinearity was represented as a nonlinear conductivity of the form of internal field emission, A 2 E (n 2 -1) e -B E ⁄ , named second nonlinear conductivity (SNLC). For high electric field, the conductivity again appears to reach a constant value. This was represented as the SNLC connected in series with the linear conductivity, σ HV , which limits the current at high fields.

The fit was carried out using a the damped least-squares algorithm and all coefficients, i.e., σ LV , σ HV , A 1 , n 1 , A 2 , n 2 and B, were calculated. After, for µSiC/EP and nSiC/EP composites, the dependence on filler concentration for each coefficient was studied.

The σ LV dependence on filler concentration was described by an increasing linear function for µSiC/EP composites, and by and increasing exponential dependence for nSiC/EP composites.

For σ HV behavior, there was only two points for each graph. Therefore, it was not possible to find an equation to describe the σ HV behavior. However, with the two known values, it was possible to do a linear interpolation.

For the FNLC, the A 1 dependence was described by an increasing linear equation for µSiC/EP composites, and by an increasing exponential dependence for nSiC/EP composites. The n 1 dependence was described by linear equations for µSiC/EP and nSiC/EP composites.

For the SNLC, the A 2 dependence was described by an increasing linear equation for µSiC/EP composites and by a decreasing linear equation for nSiC/EP composites. The B dependences were described by decreasing linear equations for µSiC/EP composites and nSiC/EP composites. The n 2 dependence was described by an increasing linear equation for µSiC/EP composites and by an increasing exponential dependence for nSiC/EP composites.

For µSiC/nSiC/EP composites, the σ LV and σ HV coefficient dependences on filler concentration were also calculated. The σ LV dependence on filler concentration was the combination of µSiC/EP and nSiC/EP composites dependences, with a linear dependence on the µSiC concentration and an exponential dependence on the nSiC concentration. For σ HV behavior, there was only two points then a linear interpolation was possible.

The FNLC was calculated using the calculated coefficients and filler concentrations for nSiC/EP composites and a correlation factor iE j was proposed. Then, a i and j coefficients were calculated and equations were calculated in order to described its dependence on filler concentration. The i dependence on the nSiC concentration was described by a decreasing exponential equation and j by an increasing exponential equation.

For the conductivity formed by SNLC connected in series with σ HV , first, the equations to described the A2, B and n2 coefficient dependence on the filler concentration for nSiC/EP materials were utilized. But, the real nSiC was not used. Instead, the equations were fitted with the objective to find an equivalent nSiC concentration named as vol%ap. After, the vol%ap was normalized (vol%normalized) and its dependence on the filler concentration was calculated. This dependence was described by a decreasing exponential equation. From this equation, vol%ap was calculated for different µSiC-nSiC ratios. The vol%ap decreased when the nSiC concentration increased (µSiC concentration decreased) because the decrease of µSiC fillers could dominate the global electric behavior, then due to reduction of µSiC fillers the conductivity decreased. After, around 4.25 vol% of nSiC, the vol%ap increased because the interaction between µSiC and nSiC fillers allowed that the nSiC worked as bridges between µSiC fillers, then, more conductive paths were formed. When nSiC concentration reached a concentration around 8.25 vol%, the vol%ap decreased again because the amount of µSiC was not enough to continue the formation of conductive paths and its reduction impacted the µSiC-nSiC interactions.

Finally, from the calculated equations and assuming the filler concentration, the coefficients and therefore the electrical behavior for µSiC/EP, nSiC/EP and µSiC/nSiC/EP composites were calculated. For all the composites, the model followed the global behavior of nonlinear conductivity and the dependence on the filler concentration and size. Some differences were found and attributed to the fact that the four-elements electric model did not take into account the effect of agglomeration. The equations were also used to predict the behavior of composites with other filler concentrations. This is useful because knowing a specific application, a switching field value for that application can be selected. Then, from the equations it is possible to find out the filler concentration and size that are necessary to obtain that specific property.

Chapter V

Impact of electrophoretic deposition conditions on the electrical properties of field grading materials

Chapter V. Impact of electrophoretic deposition conditions on the electrical properties of field grading materials

In electrical systems it can be observed that the physical constraints to which materials are subjected are mostly nonhomogeneous with strong anisotropic characteristics: e.g., local electric field reinforcements at metal track edges [START_REF] Diaham | Field Grading Composites Tailored by Electrophoresis -Part 1: Principle and Permittivity Gradient in Uniform Electric Field[END_REF][START_REF] Diaham | Field Grading Composites Tailored by Electrophoresis-Part 2: Permittivity Gradient in Non-Uniform Electric Field[END_REF][START_REF] Diaham | Field Grading Composites Tailored by Electrophoresis-Part 3: Application to Power Electronics Modules Encapsulation[END_REF]. Then, it is interesting to develop composites with anisotropic properties or with grading properties, in order to improve the properties in the zone where the constraints are present. This could be possible by controlling the position and orientation of fillers inside the matrix in order to promote the formation of conductivity paths or to increase the filler concentration in certain zones. As it was discussed, there are many techniques or processes to handle the position and formation of conducting paths. One of the techniques is to develop functionally graded materials, which are a class of materials that are tailored to have a spatial evolution of at least one property in one direction thanks to a gradual evolution in their structuration [START_REF] Diaham | Field Grading Composites Tailored by Electrophoresis -Part 1: Principle and Permittivity Gradient in Uniform Electric Field[END_REF].

Several preparation techniques are developed for functionally graded materials, depending upon their physical state and specific applications. These materials can be prepared from constituents in solid, liquid and gaseous states. The preparation process then depends on the state of the constituents. For preparation of composites with solid fillers and liquid resin, the liquid-phase processing can be divided into different methods: centrifugal, combustion, casting, and deposition methods. In general, the deposition method is applied to thermoset materials;

for this method the fillers are mixed with the liquid polymer, then the deposition of these is triggered by an electric, chemical, or might interaction between constituents. The electrophoretic deposition consists to apply an electric field between a pair of parallel-plate electrodes. When an AC electric field is applied, particles may align to form a chain-like network in the direction of the electric field. When a DC electric field is applied, the electrophoresis phenomenon appears, which consists in displacing particles within a liquid medium under the application of an electrostatic force on the composite [START_REF] Diaham | Field Grading Composites Tailored by Electrophoresis -Part 1: Principle and Permittivity Gradient in Uniform Electric Field[END_REF]. The electric charges at the interface between the particles and the liquid enables the particles to move towards the electrode of opposite potential. Then, using the electrophoresis, it is possible to move the particles towards one composite side (HV electrode), increasing the filler concentration in that zone. In this sense, Diaham et al. [START_REF] Diaham | Field Grading Composites Tailored by Electrophoresis -Part 1: Principle and Permittivity Gradient in Uniform Electric Field[END_REF] reported functionally graded materials based on polymer/ceramic composites using epoxy resin as matrix, SrTiO3 as filler and an electrophoretic deposition process. They applied a DC voltage on the filler-epoxy mixture at the liquid state before curing. After, the polymer was cured in order to keep the ceramic particles exactly where they have been accumulated. Finally, they obtained epoxy/SrTiO3 composites with permittivity gradient. The accumulated particle region exhibited a filler densification with the electrophoresis field and/or time, which enables the tuning of its permittivity.

According to this background and that presented in Chapter I, it is possible to control the electrical properties in composites applying an electric field. Applying a DC electric field, it is possible to promote the filler accumulation in one site of the composite. This accumulation produces the filler densification and therefore it could change the nonlinear properties in that material region and produces a grading distribution of particles and properties. Then, we propose to study the impact of the electrophoresis parameters (time and electric field) on the filler distribution and electrical properties of the µSiC/EP FGM composites.

V.1. Materials and methods

V.1.1. Materials

For the fabrication of µSiC/EP FGM composites, µSiC ( 

V.1.2. Fabrication of composite materials by EPD using different electrophoresis conditions

In order to study the impact of the electrophoretic conditions on the filler distribution for 
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After the electric field application, the electrophoretic cell was put in an oven at 100 °C for 55 min. Finally, the samples were demolded and post-cured at 120 °C for 1 h. Additionality, as samples of references, µSiC/EP homogeneous composites with 5, 10, 15, 20, 25 and 30 vol% were fabricated using the same pressing process presented in Chapter II.

V.1.3. Morphological characterization of the filler distribution

In order to study the internal filler distribution after electrophoretic deposition, the particle dispersion was evaluated using a similar technique as the one reported by Diaham et al. [START_REF] Diaham | Field Grading Composites Tailored by Electrophoresis-Part 2: Permittivity Gradient in Non-Uniform Electric Field[END_REF].

They studied the internal structuration of particles by a SEM analysis technique. Their method consists on firstly measuring accurately the grey level from backscattered electrons SEM images for a set of randomly-dispersed epoxy/SrTiO3 cross-sectioned flat samples (from 0 to 50 vol%). After, a normalized grey level master curve was obtained as a function of the filler concentration using an image processing software. Then, a 2D cartography of the grey level was measured on a cross-sectioned FGM composite, placing all the samples on the same holder and analyzed simultaneously during SEM. Finally, a 2D-image reconstruction was performed using MATLAB, assigning colors for each concentration interval. The SEM characterization was carried out in a field emission electron microscope (JSM-6700F, JOEL, Tokyo, Japan) using an acceleration voltage of 10 kV. For each electrophoresis conditions, three SEM images for FGM composites (high, middle and bottom section) and one SEM image for each material of scale were obtained. From the SEM images of FGM composites, the thickness of accumulate filler layers were measured using 30 points for each sample, 10 for each section (high, middle and bottom) and the average for each EPD condition was calculated.

On the other hand, the filler concentration distribution was also analyzed. For this proposed, a software was developed during this thesis work. The software was developed using LabVIEW In Figure V-9, the noise reduction when the medium filter is applied can be observed. When the size of the filter increases, it is possible to observe with more details the grading distribution of fillers. After this observation, the images were reconstructed using a medium filter of 5.

V.1.4. Electrical characterization of FGM composites under current-voltage technique in DC

As it was mentioned before, the electrophoresis promotes the filler displacement towards the electrode of opposite potential. This generates filler accumulation on one of the electrodes. In order to recover and characterize the electrical properties of this filler accumulation, a polishing process was used. This process is described in The voltage was applied by steps with logarithmic increment, using 20 points per decade. For each step, the voltage was applied for 300 s (polarization). Then, the corresponding current for the applied voltage was measured. Right after each polarization phase, the voltage was set to 0 V for 300 s (depolarization). Finally, the voltage was set to the next value and the process was high µSiC filler concentration. This layer is formed in the positive HV electrode, that means that the electric charges at the interface between the particles and the resin have a negative potential that enables the particles to move towards the positive HV electrode.

It can be also observed that the thickness of the accumulated layer (EPD layer) depends on the electrophoretic conditions. With the same electric field, the thickness increases as a function of times. This means that the distribution of the thickness presents inhomogeneities when long deposition times are applied. The inhomogeneities in the layer could be explained by the progressive occurrence during the electrophoresis process of localized regions of higher particle concentrations leading to high conductivity regions [START_REF] Diaham | Field Grading Composites Tailored by Electrophoresis -Part 1: Principle and Permittivity Gradient in Uniform Electric Field[END_REF]. Thus, these particle aggregations in the layer could act as higher electric field regions that locally enhance the field viewed by the other particles in movement; consequently, they could be preferentially attracted by these higher electric field areas, thus building peaks of particles within the EPD layer [START_REF] Diaham | Field Grading Composites Tailored by Electrophoresis -Part 1: Principle and Permittivity Gradient in Uniform Electric Field[END_REF].

In addition to the study of electrophoresis parameter influence on the layer thickness, the filler concentration distribution was also analyzed using a method where the grey level of SEM For all the composites, as it can be observed in Figure V-16, the filler concentration of the matrix is between 0 and 14 vol%. As it can be observed in Figure V-17, the filler concentration in the EPD layer depend on the deposition time and voltage. This filler concentration on the EPD layers is between 45 and 67.5 vol%, therefore, the electrophoresis promotes particle accumulation. It is possible, from a mixed matrix-particle of 10 vol%, to obtain composites with filler concentrations greater than 45 vol%. For composites fabricated with an electric field of 100 V/mm, the filler concentration in the EPD layer for a deposition time of 15 min is around 53 vol%. When the deposition time increases to 30 min, the filler concentration is around 58 vol%. For a time of 45 min, the filler concentration is around 49 vol%, this is 9 vol% less than that for a deposition time of 30 min. For the deposition carried out with a deposition time of 60 min, the filler concentration increases at 56 vol%. Then, for an electric field deposition of 100 V/mm, there is no trend in the evolution of the layer with respect to the deposition time. The same behavior is observed for all the electric field depositions, except for 250 V/mm where the filler concentration increases as a function of the deposition time.

In conclusion, using the electrophoretic deposition, it is possible to control the filler position inside the matrix and to increase the filler concentration in the vicinity of the positive electrode by reaching filler concentrations above 45 vol%. The accumulated particle region exhibited a thickness dependence on deposition electric field and/or time, which could enable the tuning of its nonlinear behavior.

V.2.2. Effect of EPD on nonlinear behavior for 𝜇SiC/EP FGM composites

As it was discussed in the previous section, the µSiC/EP composites fabricated by EPD present a layer with a filler concentration between 45 and 67.5 vol% and a thickness that depends on the EPD conditions. Then, after having analyzed the different filler concentrations and For 50 vol% µSiC/EP composite, the switching field is around 1 kV/mm. In the case of 55 vol% µSiC/EP composite, the switching field is around 0.6 kV/mm, this value is smaller than that for 50 vol% µSiC/EP composites. This result is consistent with the discussion of Chapter III, where it was reported that the switching field decreases when the filler concentration increases.

In In general, the electrophoretic deposition produces the filler accumulation on one side of the materials. This filler accumulation produces a region of the composite with higher filler concentration than homogeneous materials. As the electrical behavior of composites depends on the filler concentration, the nonlinear behavior between FGM and homogeneous composites is not the same as it can be observed in Figure V-20. As it was discussed in previous sections, materials with higher filler concentration present lower switching field, then FGM materials have a lower electric field than homogeneous materials. It can be also observed that the fourelement model follows the effect of filler concentration of the electrical behavior of µSiC/EP composites, and also predicts the composites that were not elaborate. The differences between the model and the sample behavior were discussed in the Chapter IV.

In conclusion, using EPD it is possible that from an initial filler concentration of 10 vol% to obtain a accumulated layer with filler concentration equal or higher than 45 vol%. The properties of these layer can be tuned changing the deposition parameters. In the same way, by EPD, it is possible to fabricated materials with different regions of different filler concentrations, therefore different electrical properties. Then, using the electrophoresis, it could be possible to concentrate the particles in regions where the electric field peaks are presented into materials in order to mitigate them and improve the material performance as it was reported in [START_REF] Diaham | Field Grading Composites Tailored by Electrophoresis-Part 3: Application to Power Electronics Modules Encapsulation[END_REF]. 

V.3. Conclusion

µSiC/EP FGM composites were fabricated using an electrophoretic deposition method, and the impact of deposition electric field and time on the filler distribution of composites were studied.

The composites were fabricated using an initial µSiC concentration of 10 vol% in epoxy resin.

The electrophoresis was carried out in and electrophoretic cell formed with two copper electrodes of 5 cm diameter with 1 mm of gap between them, and applying voltage between 100 and 250 V for times between 15 and 60 min.

When the electric field was applied, the µSiC moved towards the positive electrode forming a layer of high filler concentration. Then, the layer thickness was evaluated using SEM characterization. The thickness of the layer depends on the electrophoretic conditions. With the same electric field, the thickness increases as a function of the deposition time. With the same deposition time the thickness increases as a function of the electric field. All the FGM composites present a uniform layer distribution except composites fabricated under low electric field and time (100 V for 15 min and 100 V for 30 min) or under high electric field and time (250 V for 30 min).

The filler concentration distribution was also analyzed using a method where the grey level of SEM images for FGM composites was compared with the grey level of a scale formed by homogeneous materials with different filler concentrations. All the FGM composites presented three regions. The first one, named matrix, far from the positive HV electrode, had a concentration between 0 and 14 vol%. This filler concentration was lower in comparison with the other two regions. The second one, next to positive HV electrode, the EPD layer, formed by the filler accumulation. In this region, the filler concentration was between 45 and 67.5 vol% and was higher in comparation with the other regions. Finally, the third region was in the interaction between the other two, and its filler concentration was a gradient of concentration between the EPD layer and the matrix.

The µSiC/EP FGM composites fabricated by applying an electric field of 150 V/mm for 45 min presented a filler concentration in its EPD layer of around 50 vol%. The µSiC/EP FGM composites fabricated by applying an electric field of 200 V/mm for 60 min presented a filler concentration in its EPD layer of around 55 vol%. The EPD layer of both composites were obtained using a polishing process and were named accordingly with their filler concentration.

After, the samples were metalized and current-voltage DC characterization was carried out. For 50 vol% µSiC/EP composite, the switching field was around 1 kV/mm, and for 55 vol% µSiC/EP composite, the switching field was around 0.6 kV/mm. Doing the comparation between homogeneous and the EPD layer, the EPD layer had a lower electric field than homogeneous materials because their filler concentration was higher.

With EPD, it is possible to obtain materials with higher filler concentration in comparation with homogeneous materials and also it was possible to obtain materials with a particle distribution gradient having a region with low filler concentration and a second one with high filler concentration.

Conclusion Conclusion

In high voltage applications, the materials are summited to different stresses. In the particular case of insulation materials, the space charge accumulation, partial discharge and electrical treeing across the entire material bring in the end the material to breakdown. Therefore, it is necessary to control the strength of the electric field. The aim is to achieve the weakest possible electric field at a fixed system voltage. Using composites with nonlinear conductivity is a good alternative to control the strength of the electric field. Then, the objective of this thesis was to fabricate homogeneous composite materials tuning their nonlinear properties by changing the filler concentration and/or size. Additionally, in order to focus on the nonlinear properties, functionally graded materials (FGM) by electrophoresis deposition (EPD) were also fabricated.

In this sense, the contributions of this thesis are the following:

1. The nonlinear behavior of µZnO/EP and µSiC/EP composites were studied, and it was showed that nonlinear behavior of µSiC/EP composites for an electric field between 0.1 and 10 kV/mm is superior. Then, the rest of the work was centered on composite materials base on SiC particles.

2. Different particle dispersion methods were tested, and a process based on ultrasonic dispersion is proposed. This process avoids the agglomeration of particles inside the composite material.

3. The influence of the filler concentration and size on nonlinear properties for µSiC/EP and nSiC/EP composites was studied. Likewise, the main parameters to describe nonlinearity were presented. 4. In the same way, it was shown that combining two particle sizes (µSiC/EP and nSiC/EP) allows to tune the nonlinear behavior for µSiC/nSiC/EP composites. 5. From the electrical characterization of the µSiC/EP, nSiC/EP and µSiC/nSiC/EP composites, a four-elements electric model is proposed to describe this behavior. Then the coefficients of this model for each composite were found. Additionally, the dependence of each coefficient on the particle concentration was described by means of equations.

6. From the calculated equations and assuming a filler concentration, it was possible to predict the electrical behavior for µSiC/EP, nSiC/EP and µSiC/nSiC/EP composites. This contribution is useful because knowing a specific application, a switching field value for that application can be selected. Then, from the equations it is possible to find out the filler concentration and size that are necessary to obtain that specific property. 7. FGM were fabricated by EPD and it was shown that using this method, it is possible to obtain materials with a particle gradient distribution. This particle gradient distribution was studied and the filler concentration for each zone of composite was calculated. 8. Finally, applying electrophoresis allowed to get materials with a higher concentration of particles, and therefore with a lower switching field than for homogeneous materials.

The continuation of this work implies the combination of the study of the distribution of particles inside the matrix for FGM and the possible prediction of the electrical behavior with the four-elements model. The proposal is the following: knowing the concentration of particles at each region of the composite material and having the equations of electrical behavior as a function of the filler concentration; it is possible, for each point of the matrix, to replace the particle concentration by the electrical behavior corresponding to that value. Then, with this electrical behavior map, using a finite element simulation, the electrical concentration distribution of the FGM for an applied voltage could be obtained.
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1 .

 1 Insulated conductors passing through a grounded metallic screen at HV. a) Typical configuration[START_REF] Rivenc | An overview of electrical properties for stress grading optimization[END_REF], b) equipotential and stress distribution due to the termination of the semiconducting coating[START_REF] Roberts | Stress grading for high voltage motor and generator coils[END_REF].

Figure I- 1

 1 Figure I-1 shows the presence of air inducing a triple point at the metal/dielectric/air intersection [17]. A dramatic electric field enhancement causes PD, flashover, and breakdown

[ 29 ]

 29 . The main component affected is the metalized aluminum nitride ceramic substrate embedded in a silicone gel (Figure I-2). PDs or even breakdown of the insulation can occur due to the electric field concentration at the edges of the metalized substrate that can exceed the dielectric strength of the silicone gel [30-32]. 2. IGBT modules a) without b) with resistive a-Si:H coating. c) Comparison of the PD of both modules [31].

3 .

 3 Geometric stress control has two types (Figure I-3a): The first type involves reducing the electric field by optimizing the geometry of the electrodes since the equipotential lines follow the electrode shape. Two main shapes can be used, namely, Borda and Rogowski profiles, where both types simultaneously allow compact design and optimized stress control[START_REF] Eigner | 50 years of electrical-stress control in cable accessories[END_REF]. The second type consists of technologies based on conductive layers that are applied in the area with the highest electrical stress, and stress control is based on the positions and dimensions of the insulating and conductive layers. Typical conductive materials include graphite, conductive polymeric and carbon black tapes, and metallic foils[START_REF] Eigner | 50 years of electrical-stress control in cable accessories[END_REF]. Various technologies used for stress control in cable termination: a) Geometric stress control (up) with conductive layers (down), b) refractive stress control (insulation (𝜀 ! ! ), control (𝜀 ! " ), and surrounding (𝜀 ! # ) materials), and c) impedance stress control[START_REF] Eigner | 50 years of electrical-stress control in cable accessories[END_REF]. In refractive stress control (Figure I-3b), nonconducting materials with high permittivity are used. It can be applied by wrapping tapes around areas with high electrical stress or incorporating refractive materials in base materials, such as PE, silicone, or EPDM. This

  Figure I-4a, curve b). The last option is to apply a material with intermediate conductivity by placing this stress control material over the screen cut. Thus, the area with the highest field strength is covered and controlled. The electric field at the screen cut is reduced to an acceptable working value (Figure I-4a, curve c).

4 .

 4 Electric stress distribution as a function of the position between the ground and HV electrodes a) with impedance stress control and b) nonlinear stress control [19]. Finally, nonlinear stress control (Figure I-4b) uses materials whose resistivity varies with the applied voltage

  ways to report the nonlinear behavior of materials (Figure I-5), the most typical way is the graph of the electrical conductivity (σ) as a function of the electric field on logarithmic scale (Figure I-5a). As can be observed, at low electric field the material has an almost constant conductivity. When a certain level of electric field is reached (switching field), the conductivity increases considerably as a function of the electric field. Another way to report nonlinearity is the graph of the electrical resistivity as a function of the electric field (Figure I-5b). As it is showed, at low electric field the material has an almost constant resistivity. When the switching field is reached, the resistivity decreases considerably as a function of the electric field. A third way, is the graph of current density (J) as a function of electric field (Figure I-5c).where the current density of materials is low for low electric field. When the switching field is reached, the current density increases considerably. Finally, the last representation is the graph of current as a function of voltage. In Figure I-5d, it can be observed that the current has a low level when low voltage is applied, but when the voltage reaches certain level, the current increases considerably. 5. Different graphical representations of nonlinear behavior.

Figure I- 6 .

 6 Figure I-6. Schematic of the microstructures of field-grading materials based on SiC (left) and ZnO microvaristors (right). Arrow: possible current path; red: particle-particle contact responsible for the nonlinearity in SiC-based materials; orange: grain boundary responsible for the nonlinearity in microvaristor-based materials [40].

Figure I- 7 .

 7 Figure I-7. Different factors that influence the nonlinear properties of a composite material.

8 .

 8 DY073 accelerator) and 10, 15, and 20 vol% ZnO (undoped, laboratory-grade, 99.9% purity, 1 µm). Their results are presented in Figure I-8. Current density versus electrical field strength for ZnO-filled epoxy resin. a) AC and b) DC [43].

  . The results of both works are presented in Figure I-9 and Table I-4.

Figure I- 9

 9 Figure I-9. J-E characterization of LLDPE and PE composites with varying ZnO filler concentrations [48,49].

  presented a schematic of filler distribution in ZnO microvaristor/rubber composites to explain the mechanism of nonlinear conductivity (Figure I-11). It shows that no conduction paths were generated with low filler concentration (30 vol%), which led to low conductivity (Figure I-11a) [53]. However, when the filler concentration exceeded the percolation threshold, conduction paths leading to nonlinear conduction were formed (Figure I-11b) [53]. In composites with relatively high filler concentration (Figure I-11c), several conduction paths coexisted although the shortest path was used. Thus, the switching field dramatically decreased [53].

Figure I- 11 .

 11 Figure I-11. Schematic of filler distribution in ZnO/Silicone rubber composites with (a) 30 vol%, (b) 39 vol%, (c) ≥46.5 vol% ZnO [53].

[ 50 ]

 50 . Finally, Yang et al.[START_REF] Yang | How nonlinear V-I characteristics of single ZnO microvaristor influences the performance of its silicone rubber composite[END_REF] studied the effect of grain size on the properties of microvaristors and their composites using three sintering temperatures, 1220°C, 1120°C, and 1020°C for Z1, Z2, and Z3 fillers, respectively. The results of these studies are shown in Figure I-12, Figure I-13 and Table I-5.

Figure I- 12

 12 Figure I-12. J-E characterization of composites with ZnO as a filler: effects of filler size and morphology [44,50,52].

Figure I- 13

 13 Figure I-13. J-E characterization of Z1, Z2, and Z3 composites involving 46.5 vol% and 39 vol% filler concentration with filler diameters in the range 75-125 𝜇m [54].

  illustrated in Figure I-14a and Figure I-14c. The circles represent contacting ZnO microvaristor fillers forming conduction paths in composites. Polygons within the circles represent the grains of ZnO. The current flows through more grain boundaries in a single conduction path when the grain size is smaller. As each grain boundary possesses a similar switching voltage (around 3V), the higher the number of grain boundaries in the conduction path, the higher the switching field of the composites[START_REF] Yang | How nonlinear V-I characteristics of single ZnO microvaristor influences the performance of its silicone rubber composite[END_REF]. 14. Schematic of conduction paths in nonlinear composites[START_REF] Yang | How nonlinear V-I characteristics of single ZnO microvaristor influences the performance of its silicone rubber composite[END_REF].

[ 79 ]

 79 . The nonlinear behavior of the composites is presented in Figure I-15 and Table I-6.

Figure I- 15

 15 Figure I-15. J-E characterization of ZnO varistors modified with Y2O3 [79].

Figure I- 15

 15 Figure I-15 and Table I-6 show that the switching field of varistors increased and the nonlinear coefficient decreased as the Y2O3 concentration increased. The grain size was also modified by the addition of Y2O3. This modification explains the changes in the nonlinear properties of composites.

Figure I- 17 and

 17 Table I-7.

Figure I- 17 .

 17 Figure I-17. Relationship between conductivity and electric field for SiR/SiC composites [57].

  5 μm. Their results are presented in Figure I-18 and Table I-7.

Figure I- 18 .

 18 Figure I-18. Conductivity vs. electric field for EPDM/SiC composites [59].

  min with 15-mm diameter balls in a crucible. The electrical characterization of composites with modified SiC fillers is shown in Figure I-19. a) b) Figure I-19. Electrical characterization of SiC powders for different milling times [61].

  , and 2.06 µm, respectively. As shown in Figure I-19a, particles had nonlinear conduction, and this behavior strongly depended on the SiC particle size: the current decreased when the filler size decreased. Figure I-19b shows that the resistivity of the filler decreased when the milling time increased. Mårtensson et al. [62] studied the grain size effect in SiC fillers using 360, 600, and 1200 mesh corresponding to median grain diameters of 22.8, 9.3, and 3.0 µm, respectively. The current density as a function of the average applied electric field is presented in Figure I-20.

Figure I- 20 .

 20 Figure I-20. Current density as a function of the average applied electric field. Green, n-type SiC powders of different grain sizes at room temperature. Open/closed symbols define dry/moist samples [62].

Figure I- 21 .

 21 Figure I-21. Resistivity as a function of electric field for composites involving SiC particles of various sizes [60].

  Mårtensson et al. [62] studied two SiC fillers (9.3 µm) with different chemical compositions: n-type green SiC (with 5 × 10 24 /m 3 N and 4-6 × 10 24 /m 3 Al) and p-type black SiC (with ≈10 26 /m 3 Al).

Figure I- 22 .

 22 Figure I-22. Current density as a function of voltage for black and green SiC [62].

Figure I- 22

 22 Figure I-22 shows a sample of black SiC and three samples of green SiC. The black SiC had a higher conductivity and nonlinearity. The significant difference between the two doped grains confirms that the electrical conductivity of composites can be controlled by filler composition. Gärtner et al. [63] studied SiC-based composites without doping and with p-type (Al) and ntype doping. The characteristics of the fillers are presented in

Figure I- 23 .

 23 Figure I-23. Influence of doping in SiC/epoxy composites [63].

  Figure I-24 shows an SEM image of an epoxy composite with a filler content (GNP:SWCNT) of 3:1 (7.5 wt% GNPs and 2.5 wt% SWNTs), which corresponds to the maximum observed in the thermal conductivity. The images show complex nanostructures with multiple SWCNTs bridging adjacent GNPs. a) b) Figure I-24. GNP/SWCNT/epoxy composite: a) SEM image and b) schematic representation of GNP-SWCNT network. SWCNTs bridge adjacent graphite nanoplatelets, and SWCNT ends are extended along nanoplatelet surfaces [80]. Pradhan et al. [51] studied multifunctional composites with different characteristics, such as hydrophobicity and high tracking performance, fire resistance and/or fire extinguishing capability, favorable electrical stress-grading properties, and high thermal conductivity. For that purpose, they developed materials with different properties using silicon rubber as the matrix and ZnO and other functional fillers. Six functionally graded materials (FGMs) were developed, as shown in Table I-8. The diameter of ZnO microvaristors was less than 90 µm with an average length of 60.5 µm [51]. The electrical characterization is presented in Figure I-25 and Table I-8.

Figure I- 25 .

 25 Figure I-25. Log-log plot of DC conductivity at 30°C vs. electric field of the field-grading materials with different compositions [51].

  The electrical characterization of these composites with individual fillers is presented in Figure I-26. 26. Conductivity as a function of electric field for composites with different fillers. a) nano-SiC/EP composites, b) nano-ZnO/EP composites, and c) micro-ZnO/EP composites [86].

Figure I- 27 ,

 27 Figure I-27, and the switching field and nonlinear coefficients of conductivity are presented inTable I-9.

Figure I- 27

 27 Figure I-27 shows that the electrical conductivities of both composites increased, and their threshold field strength decreased with increasing SiC concentration. Therefore, SiC determined the conductance characteristics of ZnO/SiC/EP composites. In Table I-9, the

  comparison between parallel and perpendicular directions in AC (Figure I-28b and Figure I-28c) shows that the impedance was lower in the direction parallel to the filler orientation [93]. 28. Electrical characterizations of MWCNT/EP composites. a) Current-voltage data for composites, b) impedance and phase vs. frequency data (circles) with the corresponding equivalent circuit model (lines) for the parallel direction, and c) impedance and phase vs. frequency data (circles) with the corresponding equivalent circuit model (lines) for the perpendicular direction [93]. Further, Yang et al. [94] worked on aligned carbon nanotube sheets reinforced with silicon carbonitride prepared by the infiltration and pyrolysis of liquid polysilazane into mechanically stretched MWCNTs (Figure I-29). The diameter and length of MWCNTs in random CNT sheets were 6-8 nm and 1 mm, respectively. The composites were fabricated with a highvolume fraction of CNTs up to 60 vol% following a four-step process: 1) aligning CNT sheets, 2) infiltrating CNT sheets with polysilazane (CNT/PSZ), 3) exposure to high-temperature pyrolysis to generate CNT-reinforced silicon carbonitride nanocomposites (CNT/SiCN1), and 4) additional infiltration and pyrolysis to generate denser CNTs reinforced with silicon carbonitride (CNT/SiCN2).

Figure I- 29 .

 29 Figure I-29. SEM images of (a) random and (b) aligned CNT sheets [94].

  20 wt% microvaristors (average diameter of 58 µm) and epoxy resin poured between two parallel electrodes (Figure I-31). a) b) Figure I-31. Comparison between experimental and simulated microvaristor deposition: a) movement of fillers, b) minimum electric field to form chains [96].

I- 32

 32 ).

Figure I- 32 .

 32 Figure I-32. Electrical conductivities of polycarbonate/CNT composites in an AC and DC of 1.5 kV and 3 kV, as a function of nanotube weight fraction [97].

Figure I- 33 .

 33 Figure I-33. Transmission optical micrographs of epoxy composites containing 0.01 wt% MWCNTs during curing at 80°C using a DC and AC electric field of 100 V/cm [98].

Figure I- 34

 34 Figure I-34. AC conductivity as a function of frequency for fully processed bulk epoxy nanocomposites containing 0.01 wt% MWCNTs exposed to AC or DC during curing [98].

  filler concentration. Prasse et al. [99] also worked with a composite fabricated with epoxy resin and CNFs. CNFs showed an average diameter around 160 nm. Different filler contents were used to fabricate composites by applying a sine wave electric field of 100 V/cm at a frequency of 50 Hz during curing. The anisotropic electrical conductivities of those composites are presented in Figure I-35.

Figure I- 35 .

 35 Figure I-35. Resistivity as a function of CNF weight fraction in cured composites for directions parallel and perpendicular to the electric field [99].

  place in the resulting epoxy nanocomposites. The AC conductivities for CNF/epoxy and GNP/epoxy nanocomposites are presented in Figure I-36. Measurements were collected parallel to the alignment direction. a) b) Figure I-36. AC conductivity of epoxy nanocomposites as a function of frequency: a) CNFs/epoxy nanocomposites and b) GNPs/epoxy nanocomposites for various particles [100]. As discussed before, the electrical conductivities of randomly oriented and aligned nanocomposites increased with nano-reinforcement concentration, and the AC conductivity of nanocomposites with aligned nanoparticles was significantly higher than that of nanocomposites with randomly oriented nano-reinforcement [100]. The effects of concentration and alignment of CNF/epoxy and GNP/epoxy composites on DC electrical conductivities are presented in Figure I-37.

Figure I- 37 .

 37 Figure I-37. Effects of concentration and alignment of CNFs and GNPs on the DC electrical conductivities of epoxy-based nanocomposites [100].

Figure I- 37

 37 Figure I-37 shows that aligned composites possessed much higher electrical conductivities compared with randomly oriented composites. Additionally, the improvements in the electrical conductivities of the nanocomposites with aligned CNFs and GNPs increased by about 10 and

  particle-rich upper part; however, their fall was restricted by the continuous viscosity increase of epoxy owing to curing. They reported the density, volume fraction, and permittivity of composites at different depths, as shown in FigureI-38. 38. Properties vs. depth in Al2O3/epoxy composites with field-grading properties: a) volume fraction, b) density, and c) relative permittivity[START_REF] Qasim | Functionally graded material composites for effective stress control in insulators[END_REF].The volume fraction, density, and relative permittivity have a graded distribution. Then, the sedimentation technique can be used for obtaining an FGM having a linear spatial permittivity distribution[START_REF] Qasim | Functionally graded material composites for effective stress control in insulators[END_REF].Shimomura et al.[START_REF] Shimomura | Fabrication technique of permittivity graded materials using particle movement simulation[END_REF] studied the fabrication techniques of permittivity-graded materials using particle movement simulation. The objective of their work was to develop an FGM to improve the insulation performance of solid insulators to control the electric field distribution at the solid insulator-electrode interface. For instance, in electrical systems, higher-permittivity materials around both anode and cathode electrodes relaxed the electric field at the interface. Thus, a U-shaped permittivity distribution has been developed, supported by numerical calculation, to mitigate the electric field at the electrode surface (Figure I-39). The basic idea was to use fillers with different particle parameters between the upper and lower parts of the sample. Small fillers with high permittivity were filled at the upper part of the sample, and large fillers with low permittivity were filled at the lower part of the sample, as shown in Figure I-39c. Under the centrifugal force, large fillers moved toward the centrifugal direction, and small fillers, less affected by the gravity, stayed at the initial location. As a result, the permittivity became low at the mid-part of the sample where the filler density reduced. Then, the permittivity increased at the lower part of the sample where the density of large fillers increased. Consequently, the U-shaped permittivity distribution was obtained using the proposed method (Figure I-40c). They fabricated samples using an epoxy resin as the matrix, TiO2 with rutile crystal (d = 0.75 µm, 𝜀r = 114) as a small filler, and Al2O3 (d = 3.3 µm, 𝜀r = 9.3) as a large filler [102]. Kurimoto et al. [109] also investigated the feasibility of FGM fabrication with the U-shaped permittivity distribution by applying the centrifugal force. Hayakawa et al. [103] fabricated permittivity-graded materials with the spatial dielectric permittivity distribution using centrifugal force [103]. They proposed the fabrication of an FGM with three different spatial distributions of dielectric permittivity (Figure I-39): FGM with higher permittivity along the direction of the centrifugal force (GHP-FGM), FGM with lower permittivity along the direction of the centrifugal force (GLP-FGM), and FGM with U-shaped permittivity distribution (U-FGM) [103]. 39. FGM Fabrication with a permittivity gradient: a) GHP-FGM, b) GLP-FGM, and c) U-FGM [103]. The experimental and simulation results for the relative permittivity of FGM composites are presented in Figure I-40. Simulation results showed a good agreement with the experimental ones for the three fabrication conditions and permittivity distributions [103]. 40. Experiments and simulation results of relative permittivity distributions in FGM: a) GHP-FGM, b) GLP-FGM, and c) U-FGM [103].

Figure

  Figure I-41.

Figure I- 41 .

 41 Figure I-41. Schematic of sample preparation and measurement [111].

Figure I- 43 .

 43 Figure I-43. Distribution of electrical conductivity in carbon fibers/epoxy resin composites for different centrifugation speeds [112].

  Figure I-44) [35]. a) b) Figure I-44. Cable accessories with field-grading materials: a) typical prefabricated joint design and b) HVDC cable termination [35]. Ghorbani et al. reported the difference between the tangential electric field along the cablejoint interface for a joint with geometric and nonlinear resistive grading (Figure I-45) [35]. a) b) Figure I-45. Tangential electric field along the cable-joint interface under DC applied voltage: a) geometrically graded joint (top) and b) nonlinear resistive graded joint (top) [35]. For the geometrically graded system (Figure I-45a), a major part of the voltage drops between the HV and ground side is typically confined to a small interface, and the electric field maxima close to the electrodes depend on the current load. In FGMs (Figure I-45b), one can observe a flattened resistive tangential field distribution along the cable-joint interface. Moreover, this distribution is robust against variations in the current load [35]. Another example is the control of the field distribution at a cable end by placing a ZnO stress control tube over the screen cut area. Thus, the electrical stress is limited to a certain level (Figure I-4b, curve b). This level does not change even at higher voltages (Figure I-4b, curve c). Boucher et al. [20] studied by finite element simulation a shielded cable termination. The nonlinear material tube was applied at the end of the shield as an extension and on the insulation as a sleeve. The equipotential lines of two different cable terminations are presented in Figure I-46 [20]. a) b) Figure I-46. Equipotential line distribution under applied voltage (100 kV, AC). a) EPDMgraded cable tube (𝜀 ! = constant) and b) nonlinear composite-graded cable tube [20]. The concentration of equipotential lines remains important, especially near the end of the shield in the case of the standard (EPDM) cable termination (Figure I-46a). For nonlinear coating, the lines are spread throughout the layer, reducing the electric field peak (Figure I-46b) [20].

  48. Electrical field calculated by finite element simulation. Material a) without and b)

  Figure I-49a, where a nonlinear resistive material was applied to a cone spacer for gas-insulated switchgears. a) b) c) Figure I-49. Gas-insulated switchgears using nonlinear resistive materials: a) model, b) distribution of electric field without and c) with nonlinear resistive material (E = 1000 V/mm) [45]. The comparison of the electric field at the triple junction (ETJ) between materials with and without the nonlinear resistive material is shown in Figure I-49. Thus, the maximum electric field was reduced by 45% using nonlinear resistive materials. Hayakawar et al. [103] reported the simulation of permittivity-graded materials for electric field grading of gas-insulated power apparatus. They worked with the simulation of a cone-type spacer arranged in a coaxial configuration between HV (100 kV) and ground (GND) electrodes. The comparison of a uniform spacer with uniform permittivity (ε $ = 6.0) and an FGM spacer with a relative permittivity proportional to the inverse of the radius (1/r) from ε $ = 9.0 to ε $ = 3.0 is presented in Figure I-50 [103]. a) b) Figure I-50. Electric field distribution for a cone-type spacer. a) Uniform, b) FGM spacer [103].

Figure I- 50

 50 Figure I-50 shows the electric field distribution around the uniform and FGM spacers. Due to the application of an FGM, the electric field distribution around the spacer is more uniform, and the electric field at the triple junction is relaxed [103,109,113,114]. Kurimoto et al. [109] reported that by the introduction of the FGM spacer, the electric field distribution in the spacer was improved. They reported the electric field distribution along the surface of the HV and GND electrodes (Figure I-51). The electric field strengths on both electrode surfaces in contact with solid insulators were reduced by the introduction of FGM spacers, and the FGM spacer reduced the intensified field strength at triple junctions at z = 70 mm in Figure I-51a and z = 80 mm in Figure I-51b [109].

  .1.1. Materials Two different fillers were chosen to fabricate composite materials. µZnO (Figure II-1a) with d≈800 nm (US1003M, US research nanomaterials, Houston, TX USA) and µSiC (Figure II-1b) with d<1µm (US1010M, US research nanomaterials, Houston, TX USA). Two-components epoxy resin (Polytec EP 630, Polytec PT GmbH, Karlsbad, Germany) was utilized as the matrix material.Figure II-1. SEM images of a) µZnO and b) µSiC fillers. II.1.2. Methodology II.1.2.1. Fabrication of 𝜇ZnO/EP and 𝜇SiC/EP composites by planetary mixer

Figure II- 2 .

 2 Figure II-2. Particles and resin mixing process using the planetary vacuum mixer.

Figure II- 3 .

 3 Figure II-3. Particles dispersion on ethanol and incorporation on epoxy resin using the shear mixer.

Figure II- 4 .

 4 Figure II-4. Particles dispersion on ethanol/epoxy using the shear mixer.

Figure II- 5 .

 5 Figure II-5. Particles and resin mixing process using the shear mixer.

Figure II- 6 .

 6 Figure II-6. Particles dispersion on ethanol/epoxy using the ultrasonic probe.

Figure II- 7 .

 7 Figure II-7. Particles and resin mixing process using the ultrasonic probe.

  using an automatic dispenser (Figure II-8b). Then, from down to top (Figure II-8c), a layer of pacoplus 4500, a layer of stainless steel, a layer of aluminum and a layer of kraft blue were used to close the mold. After, the assemblage was put in a press (MultiPress S, LPKF Laser & Electronics, Garbsen, Germany). The composites were fabricated using a temperature of 100 °C and pressure of 150 N/cm 2 for a time of 55 min. Finally, the samples were post-curing in an oven at 120 °C for 1 h.Figure II-8. Fabrication of the composite materials by pressing process. a) Preparation of mold for pressing, b) resin dispensing, c) pressing of composites. II.1.2.3. Morphological characterization of composites In order to analyze the filler dispersion and distribution in the epoxy resin, scanning electron microscopy was used. The characterization was carried out in a field emission electron microscope (JSM-6700F, JOEL, Tokyo, Japan) with an acceleration voltage of 10 kV. For preparation of samples, three squares of 5x5 mm were cut in different sections of each composite material (Figure II-9a), after the cut pieces were encapsulated in Poly (methyl methacrylate) (PMMA). As it can be observed in (Figure II-9b), different composites were encapsulated in the same SEM sample. a) b) Figure II-9. Preparation of SEM sample. a) Selection of different regions on composite material, b) encapsulation for SEM observation.

  Figure II-10). As it can be observed in Figure II-10, the diameter of the top electrode was 33 mm and the guarded electrode was 25 mm. a) b) Figure II-10. Three electrode metallization for I-V characterization. a) top view, b) bottom view. For I-V DC characterization, a DC voltage source with a voltage range between 35 and 3500 V (FUG HCN 35-3500, FuG Elektronik, Schechen, Germany) was used for electrical characterization between 0.2-3.5 kV and a DC voltage source with a voltage range between 350 and 12500 V (FUG HCN 350-12500, FuG Elektronik, Schechen, Germany) for electrical characterization between 1.0-12.5 kV. The current was measured using a picoammeter (Keithley 6485, Keithley Instruments, Ohio, USA). The connection was made in a Faraday cage following the diagram presented in Figure II-11.

Figure II- 11 .

 11 Figure II-11. Connection diagram of samples for I-V DC characterization.

Figure II- 12 .

 12 Figure II-12. LabVIEW program to control the application of voltage I-V test.

10, 15

 15 and 20 vol% µZnO/EP composites, and 10, 15 and 20 vol% µSiC/EP composites were fabricated. The filler dispersion for those composites was analyzed by SEM and the results are presented in Figure II-13. Figure II-13. Filler distribution for a) 10 vol%, b) 15 vol%, c) 20 vol% µZnO/EP composites and d) 10 vol%, e) 15 vol%, f) 20 vol% µSiC/EP composites fabricated with planetary mixer process. As it can be observed in Figure II-13, the µZnO/EP composites (Figure II-13a, b and c) present some agglomerations, but apparently the size of those agglomeration are not important in comparation with the agglomerations present in µSiC/EP composites (Figure II-13d, e and f).

  50 kV. The conductivities as a function of electric field for both composite types and 0, 10, 15 and 20 vol% filler concentration are presented in Figure II-14. a) b) Figure II-14. Conductivity vs. electric field for composites with different filler concentration. a) µZiO/EP and b) µSiC/EP composites. As it can be observed in Figure II-14, for EP and µZiO/EP composites, the electrical conductivity does not present an important variation for all the electric field range studied. On the other hand, in the same electric field range for µSiC/EP composites, the nonlinear electric field behavior appears for all the studied composites. Despite having better filler dispersion (Figure II-13), µZiO/EP composites does not present nonlinear behavior.

  methods were tested. 10 vol% µSiC/EP composites were fabricated using eight processes. The SEM images of composites fabricated with processes 1-4 are presented in Figure II-15. Figure II-15. µSiC distribution for 10 vol% µSiC/EP composites fabricated with planetary mixer: a) Process 1 and shear mixer: b) process 2, c) process 3 and d) process 4.

For the process 1 (

 1 Figure II-15a), composites fabricated by planetary vacuum mixer present agglomerates with considerable dimensions. For the materials fabricated by shear mixer, when the dispersion is carried out in a low-density medium as ethanol (process 2, Figure II-15b), the fillers have a homogeneous dispersion and agglomerates are not observed. When the dispersion is carried out in ethanol/EP mix (process 3, Figure II-15c), some agglomerates (circled in red) are observed. Finally, when the dispersion is made directly on EP (process 4, Figure II-15d)

  The SEM images of composites fabricated with processes 5-8 are presented in Figure II-16. Figure II-16. µSiC distribution for 10 vol% µSiC/EP composites fabricated with ultrasonic dispersion. a) Process 5, b) process 6, c) process 7 and d) process 8. For composites fabricated by ultrasonic dispersion (Figure II-16), when the dispersion are carried out in ethanol/EP mix (Figure II-16a) non agglomerates are observed. Similarly, when the dispersion is carried out directly in EP (Figure II-16b, c, d) any agglomerate is observed.

4 and 5 .

 5 The graph of σ as a function of E is presented in Figure II-18.

Figure II- 18 .

 18 Figure II-18. Conductivity vs. electric field for 10 vol% µSiC/EP composites fabricated with different dispersion process.

  µSiC (Figure III-1a) with d<1µm (US1010M, US research nanomaterials, Houston, TX USA) and nSiC (Figure III-1b) with d<80 nm (US2022, US research nanomaterials, Houston, TX USA). Twocomponents epoxy resin (Polytec EP 630, Polytec PT GmbH, Karlsbad, Germany) was utilized as the matrix material. a) b) Figure III-1. SEM images of a) µSiC and b) nSiC fillers.

Figure III- 2 .

 2 Figure III-2. Example of graph conductivity (σ) -electric field (E) for calculating the nonlinear parameters. 0.1 1 10

  order to study the filler concentration effect on the nonlinear properties, µSiC/EP composites with different filler concentrations were fabricated. To observe the filler distribution, SEM was carried out and the results are presented in Figure III-3. Figure III-3. SEM images of µSiC/EP composites fabricated with different filler concentrations. a) 5, b) 10, c) 15, d) 20, e) 25 and f) 30 vol%. As it can be observed in Figure III-3, the µSiC/EP composites do not present agglomeration.

  2 and Eq.II.3. The results are presented in the Figure III-4 and Table III-1. The breakdown strength for EP is also presented as reference.

Figure III- 4 .

 4 Figure III-4. Breakdown strength of µSiC/EP composites fabricated with different filler concentrations.

Figure III- 6 . 7 .

 67 Figure III-6. Different region of nonlinear curve for composite materials. i) linear conductivity region (low electric field), ii) switching field, iii) sutured conductivity (high voltage).

  nSiC/EP composites with different filler concentrations were fabricated. To observe the filler distribution, SEM was carried out and the results are presented in Figure III-8. Figure III-8. SEM images of nSiC/EP composites fabricated with different filler concentrations. a) 1, b) 3, c) 5, d) 10 and e) 12 vol%.

  3. The results are presented in the Figure III-9 and Table III-3. The breakdown strength for EP is also presented as reference.

Figure III- 9 .

 9 Figure III-9. Breakdown strength of nSiC/EP composites fabricated with different filler concentrations.

2

 2 To observe the filler distribution, SEM was carried out and the results are presented in Figure Figure III-11. SEM images of µSiC/nSiC/EP composites fabricated with different filler ratio concentrations. a) 9 vol% µSiC/1 vol% nSiC, b) 7 vol% µSiC/3 vol% nSiC, c) 5 vol% µSiC/5 vol% nSiC, d) 3 vol% µSiC/7 vol% nSiC, e) 1 vol% µSiC/9 vol% nSiC. As it can be observed in Figure III-11, 9 vol% µSiC/1 vol% nSiC/EP, 7 vol% µSiC/3 vol% nSiC/EP and 5 vol% µSiC/5 vol% nSiC/EP composites do not present agglomerations but 3 vol% µSiC/7 vol% nSiC/EP and 1 vol% µSiC/9 vol% nSiC/EP composites present some agglomerations. Despite this, fillers present good distribution in all the EP matrix. It can be observed that when the µSiC concentration is higher (Figure III-11a), although the distribution of particles is homogeneous, large areas of particles separated by large distances of resin can be observed. When nSiC concentration increases to higher concentration (Figure III-11e), the filler distribution through the volume is better and apparently the distance between conductive zones (particles) decreases. Agglomerations are consequences of the increase of nSiC concentration due to the dominant intermolecular van der Waals forces between them [125]. The breakdown strength for 10 vol% µSiC/nSiC/EP composites fabricated with the combination of micro-and nanosize was measured and the cumulative probability was calculated according with Eq.II.1, 2 and 3. The results are presented in the Figure III-12 and Table III-5. The breakdown strength for EP, 10 vol% µSiC/EP and 10 vol% nSiC/EP composites are also presented as reference.

Figure III- 12 .

 12 Figure III-12. Breakdown strength of 10 vol% µSiC/nSiC/EP composites fabricated with different micro/nano filler ratios.

  Figure III-3, Figure III-8 and Figure III-11, but to represent the distance between particles and the distribution for different filler concentrations, schemes of the filler distribution for different concentrations are presented in the Figure III-14, Figure III-15 and Figure III-16. Additionally, in Figure III-17

Figure III- 14 .

 14 Figure III-14. Particle distribution scheme for μSiC/EP composites and different surfaces. a) 300 x 300, b) 100 x 100, c) 30 x 30 and d) 10 x10 μm.

  Figure III-15 the schematic representation of filler distribution for nSiC/EP composites for different surface sizes is represented. The epoxy resin is represented with green color and the particles are represented in black color as circles with a diameter of 80 nm. For a surface of 30x30 µm (Figure III-15a), it can be observed that it is not possible to identify individual fillers. The increase of filler concentration is observed as the increase in the intensity of black color in the composite material. For a surface of 10x10 µm (Figure III-15b), it is possible to observe the individual fillers. When the filler concentration increases, the number of particles increase, as it can be observed in Figure III-17b. Also, the area surface of interaction filler-matrix increases (Figure III-15b) and the free space between particles (epoxy resin) reduces because the distance between particles decreases. This is more evident in the representation of the 3x3 µm surface (Figure III-15c). Finally, with a surface of 1x1 µm (Figure III-15d), it is possible to observe with more detail the distribution of individual fillers, for example for 1 vol% nSiC/EP there is 1 particle, for 3 vol% nSiC/EP composites there are 5 particles. After, the number of particles increases to 9, 19 and 23 when the filler concentration increases to 5, 10 and 12 vol%, respectively. For the same area surface the number of particles increases, therefore the distance between particles decreases and the interaction filler-matrix also increases. The tunneling conduction depends on the filler distance; then, with a shorter distance between particles, the probability to form conductive paths also increases when the filler concentration increases. As it can be observed in Figure III-17b, this microscopic effect is reflected as the increase of the nonlinear coefficient α and the decrease of the switching field Eb. On the other hand, in Figure III-14 and Figure III-15 the filler size effect can be observed. With a surface of 10x10 µm, it is possible to observed the difference between µSiC (Figure III-14d and Figure III-17a) and nSiC (Figure III-15b and Figure III-17b) distribution for 5 and 10 vol% composites. It can be observed that with the same filler concentration, when the filler size decreases, the distance between particles decreases. Smaller distance generates that the tunnel effects start at lower electric fields and this effect is reflected on macroscale as lower values of Eb for nanocomposites in comparation with microcomposites. Finally, in Figure III-16 the schematic representation of filler distribution for µSiC/nSiC/EP composites for different surface sizes is represented. The epoxy resin is represented with green color, the µSiC particles are represented in blue color as circles with a diameter of 1 µm and the nSiC particles are represented in black color as circles with a diameter of 80 nm. For a surface of 100x100 µm (Figure III-16a), it is not possible to identify individual fillers. The 9 vol µSiC/1 vol% nSiC/EP composites presents a uniform distribution of µSiC (blue fillers). The increase in nSiC concentration is observed as the increase in the intensity of black color. For a surface of 30x30 µm (Figure III-16b), the individual µSiC fillers can be observed. It can be also observed that nSiC particles shorten the distance between the µSiC fillers. When the nSiC fillers concentration increases, the µSiC filler concentration decreases. When nSiC concentration increases, the number of particles increase, as it can be observed in Figure III-17c. Also, the area surface of interaction filler-matrix increases (Figure III-17c) and the free space between particles (epoxy resin) reduces because the distance between particles decreases. This is more evident in the representation of the 10x10 µm surface (Figure III-16c). Then, with the same total filler concentration (10 vol%) but mixing two filler size and changing the filler ratio, it is possible to change the distance between particles. These changes in microscale are reflected in macroscale as materials with different nonlinear behavior. According with the electric results presented in Figure III-17c, for 9 vol µSiC/1 vol% nSiC/EP, 7 vol µSiC/3 vol% nSiC/EP and 5

and

  Tjong model is presented in Figure IV-1.

Figure IV- 1 .

 1 Figure IV-1. Electrical conductivity as a function of electric field for the He and Tjong model [123].

Figure IV- 2 .

 2 Figure IV-2. Simple model to describe the nonlinear conductivity proposed by Mårtensson et al. [85].

Figure IV- 3 .

 3 Figure IV-3. Electrical conductivity as a function of electric field for the Mårtensson model [85].

  Figure III-6, for the three kinds of composites, the conductivity can be divided in three regions. First, a region where the conductivity increases slightly as a function of electric field for low electric field (Figure III-6, i), and the a region where the conductivity increases considerably as a function of electric field (Figure III-6, ii) and finally for high electric field a region where the conductivity reaches a constant value (Figure III-6, iii). The slight increase in conductivity in the first region is not represented in both the He and Tjong or Mårtensson models. Therefore, in order to describe this slight dependence for low electric field, we have proposed a modification of the Mårtensson model to complete the field-dependency of the SiC/EP composite conductivity. The conductivity of material starts with a initial value σ LV for low electric field. After, in this first region, the conductivity increases slightly, this increase is represented by a nonlinear conductivity connected in parallel with σ LV with an exponential behavior of the form A 1 E (n 1 -1) . This nonliner conductivity is named first nonlinear conductivity (FNLC). Then, the equivalent electric model is presented in Figure IV-4.

Figure IV- 4 .

 4 Figure IV-4. Modified electric model with four-elements to describe the nonlinear conductivity of µSiC/EP, nSiC/EP and µSiC/nSiC/EP composites.

Figure IV- 5 .

 5 Figure IV-5. Modeling of the electrical conductivity whit a four-elements model as a function of the electric field for a 30 vol% µSiC/EP composite.

  field E (kV/mm) As it can be observed in FigureIV-5, the conductivity of the composite starts with an initial value σ LV for low electric field (green curve). After, the conductivity increases slightly, this increase is represented by the FNLC connected in parallel with σ LV . The FNLC contribution is represented as the blue curve. When the switching field is reached, the conductivity increases considerably as a function of electric field. For highest electric fields, the conductivity reaches a constant value. This behavior is represented by SNLC and σ HV connected in series (Figure IV-5, orange curve). As it can be also observed, the total nonlinear conductivity of the model (red curve) fits pretty well and is precise enough to describe the entire nonlinear behavior of 30 vol% µSiC/EP composite presented in Figure IV-5 over the electric field range.

n 2

 2 and B, this calculation was carried out as follows. First, as Chapter III, the graph of σ as a function of E was plotted in logarithm scale and divided in three regions (Figure III-6), i.e., low electric field or lineal conductivity, switching field region and nonlinear conductivity. Second, taking into account only the behavior of the material before reaching the switching field, a first approximation for σ LV and the FNLC coefficients (A 1 and n 1 ) was calculated (Figure IV-6).

Figure IV- 6 .

 6 Figure IV-6. First approximation for σ LV and FNLC coefficients.
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 317 Nonlinearity coefficients for 𝜇SiC/EP, nSiC/EP and 𝜇SiC/nSiC/EP composites The equation of four-elements electric model to describe the nonlinear conductivity was fitted to the experimental behavior of µSiC/EP, nSiC/EP and µSiC/nSiC/EP composites and all the coefficients were calculated. A total of 3 samples per condition were used and the averages ware calculated. The average value of σ LV is presented in Figure IV-7. The error bars for all coefficients correspond to the maximum and minimum values. Low voltage conductivity vs. filler concentration. a) µSiC/EP, b) nSiC/EP and c) µSiC/nSiC/EP composites. As it can be observed in Figure IV-7, the σ LV value depends on filler concentration. For µSiC/EP and nSiC/EP composites (Figure IV-7a and Figure IV-7b), the σ LV value increases as a function of filler concentration but for µSiC/nSiC/EP composites the trend is not clear (Figure IV-7c).

-

  

1 and n 1

 1 coefficients are presented in Figure IV-8 and Figure IV-9, respectively. For the µSiC/EP composites (Figure IV-8a), the A 1 coefficient values are low and scattered, so a trend cannot be argued. For the nSiC/EP composites (Figure IV-8b), the A 1 coefficient decreases when the filler concentration increases except for the 12 vol% nSiC/composites. For the µSiC/nSiC/EP composites (Figure IV-8c), the A 1 coefficient also decreases when the nSiC concentration increases. As it can be observed, the A 1 coefficient for the nSiC/EP and the µSiC/nSiC/EP composites are higher than those for the µSiC/EP composites. The dependences of A 1 on filler concentration for nSiC/EP and µSiC/nSiC/EP composites are closed. On the other hand, for all the composites, the n 1 coefficient (Figure IV-9) increases when the filler concentration increases. As it can be observed, the n 1 coefficients for the µSiC/EP composites are higher than those for the nSiC/EP and the µSiC/nSiC/EP composites. The dependences of n 1 on filler concentration for nSiC/EP and µSiC/nSiC/EP composites are closed. Figure IV-8. A 1 coefficient vs. filler concentration. a) µSiC/EP, b) nSiC/EP and c) µSiC/nSiC/EP composites.
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  Figure IV-9. n 1 coefficient vs. filler concentration. a) µSiC/EP, b) nSiC/EP and c) µSiC/nSiC/EP composites. In order to better understand the first nonlinear conductivity influence, with the A 1 and n 1 coefficients, the FNLC was calculated for each composite and results are presented in Figure IV-10. The first nonlinear conductivity for all composites increases as a function of electric field. For µSiC/EP composites (Figure IV-10a) with filler concentrations between 10 and 30 vol%, the FNLC increases when the filler concentration increases. For nSiC/EP composites (Figure IV-10b) with filler concentrations between 1 and 12 vol%, the FNLC values are very closed. The same behavior is observed in µSiC/nSiC/EP composites (Figure IV-10c). Finally, the first nonlinear conductivity for µSiC/EP composites presents more dependence on the filler concentration than nSiC/EP and µSiC/nSiC/EP composites. It can be also observed that behavior of FNLC for nSiC/EP and µSiC/nSiC/EP composites are closed.

  Figure IV-11c as a lower value of σ HV . For the other composites and concentrations, the σ HV is high because the materials do not present a saturated or constant conductivity at high electric field.

First

  Figure IV-11. High voltage conductivity vs. filler concentration. a) µSiC/EP, b) nSiC/EP and c) µSiC/nSiC/EP composites. For second nonlinear conductivity coefficients, the factor exp(-B/E) represents the transition probability of charge carriers between the conductive filler and matrix material. The A 2 , n 2 and B coefficients are presented in Figure IV-12, Figure IV-13 and Figure IV-14, respectively. The A 2 coefficients (Figure IV-12) for the three composites are low. For the µSiC/EP composites (Figure IV-12a), the A 2 coefficient remains almost constant when the filler concentration increases. For the nSiC/EP composites (Figure IV-12b), the trend is not clear. For the µSiC/nSiC/EP composites (Figure IV-12c), the A 2 value decreases slightly when the nSiC concentration increases.

  Figure IV-12. A W coefficient vs. filler concentration. a) µSiC/EP, b) nSiC/EP and c) µSiC/nSiC/EP composites. Figure IV-13. n W coefficient vs. filler concentration. a) µSiC/EP, b) nSiC/EP and c) µSiC/nSiC/EP composites.
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  Figure IV-14. B coefficient vs. filler concentration. a) µSiC/EP, b) nSiC/EP and c) µSiC/nSiC/EP composites. In Figure IV-13, the n 2 coefficient for all composites are presented. For the µSiC/EP and nSiC/EP composites (Figure IV-13a), the n 2 coefficients increase when the filler concentration increases. For the µSiC/nSiC/EP composites (Figure IV-13c), the n 2 value decreases when the nSiC concentration increases from 1 to 5 vol% and after increases when the nSiC concentration increases from 5 to 9 vol%. In Figure IV-14, the B coefficient for all composites is presented. For the µSiC/EP composites (Figure IV-14a), the B coefficient decreases when the filler concentration increases. For nSiC/EP composites (Figure IV-14b), the B coefficient increases slightly when the filler concentration increases from 1 to 10 vol% and after decreases for the 12 vol% nSiC/EP composites. Finally, for the µSiC/nSiC/EP composites (Figure IV-14c), the B coefficient decreases slightly when the nSiC concentration increases. In order to understand the influence of the second nonlinear conductivity connected in series with σ HV , its behavior was calculated using The A 2 , n 1 , B and σ HV coefficients. The results are presented in Figure IV-15.

  Figure IV-15. Conductivity at high electric field vs. filler concentration. a) µSiC/EP, b) nSiC/EP and c) µSiC/nSiC/EP composites. As it can be observed in Figure IV-15, the nonlinear conductivity at high electric field for all composites increases as a function of electric field. For µSiC/EP composites (Figure IV-15a) with filler concentration between 5 and 25 vol%, the conductivity of SNLC connected in series with σ HV increases when the filler concentration increases. The conductivity for 30 vol% µSiC/EP composites decreases slightly in comparation with that for 25 vol% concentration. For nSiC/EP composites (Figure IV-15b), materials with filler concentrations between 1 and 5 vol% have almost the same conductivity. After, when the filler concentration increases, the electric conductivity increases. Finally, for µSiC/nSiC/EP composites (Figure IV-15c), when the nSiC

  µSiC/EP composites was used. In this section, the calculated coefficients are presented as points, while the fitted equation to describe their dependence on filler concentration is presented as a red line.The σ LV dependence on filler concentration is presented in Figure IV-16. a) b) Figure IV-16. σ LV dependence on filler concentration. a) µSiC/EP and b) nSiC/EP composites. As it can be observed, σ LV dependences on filler concentration for both composites are differents. The σ LV dependence for µSiC/EP composites (Figure IV-16a) is described by a linear equation, σ LV,μ ~vol% μ • = 2.21×10 -14 ~vol% μ • + 2.93×10 -13 Eq.IV.12 and an exponential dependence for nSiC/EP composites (Figure IV-16b), σ LV,n (vol% n ) = 3.07×10 -14 (vol% n ) 2 e (-13.95/vol% n ) + 2.66×10 -13 Eq.IV.13 where the suffixes μ and n indicate the variables and equations for µSiC/EP and nSiC/EP composites, respectively. For the first nonlinear conductivity, the A 1 and n 1 dependences on filler concentration are presented in Figure IV-17 and Figure IV-18. Figure IV-17. A1 dependence on filler concentration. a)µSiC/EP and b) nSiC/EP composites. a) b) Figure IV-18. n1 dependence on filler concentration. a)µSiC/EP and b) nSiC/EP composites. The A 1 dependence for µSiC/EP composites (Figure IV-17a) is described by a linear equation A 1,μ ~vol% μ • = 6.19×10 -29 ~vol% μ • + 8.54×10 -27

  Figure IV-19. σ HV dependence on filler concentration. a) µSiC/EP and b) nSiC/EP composites. As it can be observed in Figure IV-19, there are only two points for each graph. Therefore, it is not possible to find an equation to describe the σ HV behavior. However, with the two known values, it is possible to do a linear interpolation. The linear interpolations for both composites are described by, σ HV,μ ~vol% μ • = 5.50×10 -9 ~vol% μ • -1.61×10 -7 Eq.IV.18 σ HV,n (vol% n ) = 1.32×10 -9 (vol% n ) -1.19×10 -8 Eq.IV.19 For the second nonlinear conductivity, the A 2 , B and n 2 dependences on filler concentration are presented in Figure IV-20, Figure IV-21 and Figure IV-22, respectively. a) b) Figure IV-20. A 2 dependence on filler concentration. a) µSiC/EP and b) nSiC/EP composites.

  Figure IV-21. B dependence on filler concentration. a) µSiC/EP and b) nSiC/EP composites. a) b) Figure IV-22. n 2 dependence on filler concentration. a) µSiC/EP and b) nSiC/EP composites. The A 2 dependence for µSiC/EP composites (Figure IV-20a) is described by a linear equation, A 2,μ ~vol% μ • = 2.27×10 -31 ~vol% μ • + 7.83×10 -30 Eq.IV.20 and also, the dependence for nSiC/EP composites (Figure IV-20b) is described by a linear equation, A 2,n (vol% n ) = -3.77×10 -31 (vol% n ) + 1.02×10 -29 Eq.IV.21 The B dependence for µSiC/EP composites (Figure IV-21a) is described by a linear equation, B µ ~vol% µ • = -1.69×10 Y ~vol% µ • + 9.74×10 7 Eq.IV.22 and also, the dependence for nSiC/EP composites (Figure IV-21b) is described by a linear equation, B n (vol% n ) = -5.09×10

25 .

 25 7. The values of i and j coefficient calculated for each filler concentration are presented in Figure IV-25. Dependence on filler concentration of a) i and b) j coefficients. The i dependence on the nSiC concentration for µSiC/nSiC/EP composites (Figure IV-25a) is described by a decreasing exponential equation, i(vol% n ) = 18.51~0.

  As it can be observed in Figure in µSiC/nSiC/EP composites with a total filler concentration of 10 vol%, in a first time, the vol%ap decreases when the nSiC concentration increases. After, around 4.25 vol% of nSiC, the vol%ap increases until the nSiC concentration arrives around 8.25 vol%. Finally, the vol%ap decreases again. As it was discussed in Chapter III, when the filler concentration of nSiC increases, the distance between µSiC fillers increases and the number of nSiC also increases. For low nSiC concentrations (< 4.25 vol%), the decrease of µSiC fillers could dominate the global behavior, then due to reduction of µSiC fillers the conductivity decreases. It is reflected in the model as the vol%ap reduction. When the nSiC filler concentration exceeds 4.25 vol%, the interaction between µSiC and nSiC fillers allows that the nSiC works as bridges between µSiC fillers (Figure. Then, more conductive paths are formed. This effect is reflected as an increase of vol%ap. This behavior continues until the nSiC reaches a concentration around 8.25 vol%, then the interaction between µSiC and nSiC fillers decreases because the amount of µSiC is not enough to continue the formation of conductive paths. Then the µSiC filler amount reduction produces the electric conductivity reduction. It is reflected in the model as the vol%ap reduction.

Figure IV- 28 .

 28 The experimental data also are presented for comparations. a) b) Figure IV-28. Conductivity vs. electric field for µSiC/EP composites fabricated with different filler concentrations. a) Four-elements electric model and b) experimental data. For the model (Figure IV-28a), the conductivity at low electric field increases when the filler concentration increases. Also, when the filler concentration increases the switching field decreases. Finally, for 30 and 55 vol% µSiC/EP composites, the electric conductivity to high electric field arrives to a constant value (saturated conductivity). In comparation with the experimental data (Figure IV-28b), the model follows the global behavior of nonlinear conductivity and the dependence on the filler concentration.

Figure IV- 30 .

 30 The experimental data also are presented for comparations. a) b) Figure IV-30. Conductivity vs. electric field for nSiC/EP composites fabricated with different filler concentrations. a) Four-elements electric model and b) experimental data. For the model (Figure IV-30a), the conductivity at low electric field increases when the filler concentration increases. Also, when the filler concentration increases the switching field decreases. Finally, for 10 and 12 vol% µSiC/EP composites, the electric conductivity to high electric field arrives to a constant value (saturated conductivity). In comparation with the

presented in Figure IV- 32 .

 32 The experimental data also are presented for comparations. a) b) Figure IV-32. Conductivity vs. electric field for µSiC/nSiC/EP composites fabricated with different filler concentrations. a) Four-elements electric model and b) experimental data.

  Figure V-1) with d<1µm (US1010M, US research nanomaterials, Houston, TX USA). Two-components epoxy resin (Polytec EP 630, Polytec PT GmbH, Karlsbad, Germany) was used as the matrix material.

Figure V- 1 .

 1 Figure V-1. SEM image of µSiC fillers.

Figure 2 . 3 .

 23 Figure V-2.

For 4 .

 4 µSiC/EP FGM composites fabricated by electrophoresis, the filler distribution was analyzed as follow. First, a reference scale was formed cutting squares of 5×5 mm of each homogeneous µSiC/EP composites (Figure V-4a) with filler concentration between 5 and 30 vol%. After, from µSiC/EP FGM composites, three squares of 5×5 mm were cut in different sections (top, middle and bottom) for each electrophoretic condition (Figure V-4b). Then, the scale materials and the FGM samples were encapsulated together in a PMMA support (Figure V-4c). Preparation of SEM sample. a) Selection of different regions of homogeneous material for scale, b) sample fabricated by EPD and c) encapsulation for SEM observation.

(

  Figure V-5 and Figure V-6).

Figure V- 5 .

 5 Figure V-5. LabVIEW program to analyze the average grey level of scale samples fabricated with different filler concentrations.

Figure V- 6 .

 6 Figure V-6. LabVIEW program to analyze the filler concentration distribution of FGM composites using the average grey level master curve obtained from homogeneous materials.

Figure V- 7 . 8 .

 78 Figure V-7. Example of filler concentration distribution image obtained by grey level comparation.

Figure V- 8

 8 Figure V-8 presents the scheme of a 5×5 pixel image, each pixel is represented as a square. For a median filter of 3, it is necessary to take an area of 3×3 pixels (Figure V-8a), represented with squares with color (blue and red). The average of the pixels in the area is calculated and the pixel in the center (red) is replaced with this average value. After, the area is displaced a pixel (Figure V-8b) and the process is repeated until the whole image is covered. The average is always calculated using the original pixel values and the average pixel is used to create a new filter image. For a median filter of 5, the process is the same but an area of 5×5 pixels should be used. Then, the median filter number designates the area size. The filler concentration distribution for FGM composites with different median filters applied is presented in Figure V-9.

Figure

  10. Polishing process of EPD samples. For controlling the polishing process, a specimen holder (AccuStop 30, Struers, Ballerup, Denmark) was used. The process was carried out as follows. First, specimen holder was cleaned using ethanol to eliminate any type of contaminant (Figure V-10a). Second, the support was heated up to 120° C and covered with a thermosetting wax (Figure V-10b). A stainless-steel electrode was placed as it is shown in Figure V-10c, and the support was let cold in order to solidify the wax. After, a silver-based conductive resin was placed in the electrode (Figure V-10d) and the sample was placed with the EPD layer in contact with the conductive resin (Figure V-10e). Two PMMA disks were placed in the support forming a sandwich structure in order to press the sample against the stainless-steel electrode (Figure V-10f). The support wasplaced in an oven at 60° C for 6 h in order to reticulate the conductive resin. Then, the PMMA supports were removed and the support was collocated to the specimen holder as it can be observed in Figure V-10g. After, the sample was polished to the desired thickness (down to the EPD layer) using the specimen holder graduation (Figure V-10h). Finally, the sample stuck to the electrode was removed from the support using ethanol to eliminate the wax and the sample was kept at 60 °C for 24 h in order to remove humidity.Finally, for the accumulated layer the current-voltage DC characterization was carried out in order to describe its nonlinearity. In this purpose, the sample was metalized with a layer of 50 nm of gold using a configuration of two electrodes. The diameter of the top electrode was 5 mm as it can be observed in FigureV-11. 

Figure V- 11 .

 11 Figure V-11. Electrode metallization of FGM samples for I-V characterization.

Figure V- 12 .

 12 Figure V-12. Connection diagram of EPD samples for I-V DC characterization.

  the deposition time, as shown in Figure V-14a. With the same deposition time the thickness increases as a function of electric field (Figure V-14b). On the other hand, for all the FGM composites the layer distribution was uniform except for the deposition carried under low electric field and time (100 V for 15 min and 100 V for 30 min) and under high electric field and time (250 V for 30 min). 14. Evolution of the layer. a) Fixed electric field, variable time and b) fixed time, variable electric field. After, from the SEM images, the thickness of EPD layers was measured using 30 points for each sample, the average for each EPD condition was calculated and the results are presented in Figure V-15. The error bar represents the standard deviation.

Figure V- 15 .

 15 Figure V-15. Effect of EPD conditions on the EPD layer thickness for µSiC/EP FGM composites.

  images for FGM composites was compared with the grey level of a scale formed by homogeneous materials with different filler concentrations. The filler concentration distribution for FGM samples fabricated using different deposition conditions is presented in FigureV-16. 

Figure V- 16 .

 16 Figure V-16. µSiC concentration distribution for µSiC/EP FGM composites fabricated using different EDP conditions.

Figure V- 17 .

 17 Figure V-17. Effect of EPD conditions on the EPD layer filler concentration for µSiC/EP FGM composites.

  thickness of EPD layers, two different conditions were selected to carried out the electrical characterization. The first condition corresponds to µSiC/EP FGM composites fabricated by applying a DC voltage of 150 V for 45 min. As it can be observed in Figure V-16 and Figure V-17, the filler concentration in its EPD layer is around 50 vol%. The second condition corresponds to µSiC/EP FGM composites fabricated by applying a DC voltage of 200 V for 60 min. As it can be observed in Figure V-16, the filler concentration in its EPD layer is around 55 vol%. The EPD layers of both µSiC/EP FGM composites were then extracted using a polishing process in order to eliminate the region with low filler concentration as represented in the Figure V-18.

Figure V- 18 . 19 .

 1819 Figure V-18. Representation of the EPD layer obtained from FGM composite for I-V characterization.

  Figure V-20, the electrical characterizations of 50 vol% µSiC/EP and 55 vol% µSiC/EP composites are presented together the electrical characterization of homogeneous materials presented in Chapter III and the electrical behavior calculated with the four-elements model presented in Chapter IV.

Figure V- 20 .

 20 Figure V-20. Conductivity vs. electric field for µSiC/EP composites fabricated with different filler concentrations.
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Table I -

 I 1. Characteristics of ZnO fillers used in nonlinear composites.

	Matrix	Filler	Characteristic		Size		Ref.
	Polyester	ZnO	-			~6 μm (granule size)	[41,42]
	Epoxy resin ZnO	Undoped, 99.9% purity 1 μm		[43]
		ZnO	99 mol% ZnO + 1 mol%	50-300 μm		[44]
			K2CO3				
		Microvaristor -			21.3-38.2 μm	[45]
	Low-density	ZnO	-			1 μm (diameter)	[46]
	polyethylene	ZnO	Nanoparticles		~49 nm		[47]
	(LDPE)	ZnO	Boundary		formers	0.1-1 μm (diameter)	[48]
			(Bi2O3	+	Sb2O3).		
			Conductivity enhancers		
			(CoO + MnO). Shape		
			(almost spherical)		
	Polyethylene ZnO	Varistor		powder,	60-160 μm		[49]
			spherical shape			
	Silicone	ZnO	Microvaristor, spherical,	50-150	μm	for	[50]
	rubber		and irregular particles	spherical (diameter).
						20-125	μm	for
						irregular.	
		ZnO	Microvaristor + other	60.5 μm (Average	[51]
			particles			diameter)	
		ZnO	Varistor, 95 mol % ZnO	50-150	μm	[52]
			+ 1.0 mol % Bi2O3 + 0.5	(microspheres)
		ZnO	mol % MnO2 + 1.0 mol	120 μm (microspheres)	[53]
			% Co2O3 + 0.4 mol %	9.5 μm (grains)
		ZnO	Cr2O3 + 1 mol % Sb2O3	Spherical, grain size in	[54]
			+ 1.0 mol % SiO2 + 0.1	the range of 10-15, 5-
			mol % Al2O3		8, and 1-4 µm.
		ZnO	Microvaristor		15-100 μm		[55]
			(spherical)				
	EPDM	ZnO	Nanoparticles modified	63 nm		[56]
			on SnF2 or SnCl2		

Table I -2. Characteristics of SiC fillers used in nonlinear composites. Matrix Filler Characteristic Size Ref. Silicone rubber

 I 

	Table I-3. Characteristics of carbon allotrope fillers used in nonlinear composites.
	Matrix			Filler		Characteristic	Size	Ref.
	Polyethylene		Carbon	Surface area of 19	90 nm	[64]
				black (CB)	m 2 /g	
	High-density		CB		Surface area of 230	50 nm (average)	[65]
	polyethylene				m 2 /g	
				Carbon	-		Diameter of 100-200	[66]
				nanofiber			nm
	-			Single wall	-		Diameter of 2 nm	[67]
				carbon				Length 300-1100 nm
				nanotubes		
				(SWCNT)		
	-			SWCNT	Produced		by	Diameter of 1.2-1.5	[68]
						electric-arc-	nm
						discharge	
	Polystyrene		SWCNT	70% pure with	Diameter of 1.3 nm	[69]
	Polyurethane		SWCNT	some Ni and Yt	[69]
						catalysts residue
	Polydimethylsiloxane	multi-walled	Grown		by	Diameters around 10	[70]
	rubber			carbon		chemical	vapor	nm
				nanotubes	deposition (CVD)	Lengths around 10 μm
				(MWCNT)		
	Epoxy resin		Graphite	The number of	Thickness of 50nm	[71]
				nanosheet	sheets	in	the	Diameter of 12 μm
						platelets is 150
	LDPE			Graphene	Surface area of	Diameter of 25 μm,	[72]
				nanoplatelets	120-160 m 2 /g	Thickness of 6-8 nm
						Density of 2.2
						g/cm 3	
	Poly(dimethyl		Graphene	Mostly monolayer	Lateral dimension of	[73]
	siloxane)			oxide (GO)	GO		500 nm, thickness of
						Study of the effect	1.1 nm
						of	thermal
						reduction	
	Silicone rubber		GO		Study of the effect	-	[74]
						of	thermal
		SiC	Spherical conformed by α-reduction	Diameter of 0.45-0.50 μm	[57,58]
			SiC hexagonal crystal	
	EPDM	SiC	β-crystal			Diameter of 0.50 μm	[59]
		SiC	Green, n-type, with N	22.8, 9.3, 3.0, and 0.7 µm	[60]
	x	SiC	Black, purity of 99.9 %	From 2.06 to 50.6 µm	[61]
	x	SiC	Green,	n-type,	with	Grain diameters of 22.8, 9.3,	[62]
			5×10 24 /m 3 of N and 4-	and 3.0 µm
			6×10 24 /m 3 of Al		
			Black, p-type, with ≈10 26 /m 3	Grain diameters of 9.3 µm
			of Al			
	x	SiC	Undoping, gray		125, 63, 36.5, 6.5 µm	[63]
			Doping with Al, p-type,	
			black			
			Doping with N, n-type,	
			green			

Table I -4. Nonlinear conduction properties of composites involving ZnO as a filler. Matrix Filler (vol%) Eb (V/mm)

 I 

	Figure I-9 shows that the composites exhibited nonlinear conduction. The current increased
	when the electric field exceeded Eb for each composite. The nonlinear parameters (Table I-4)
				𝛂	Ref.
	PE	20	600-800	9	[49]
		35	200	9	
		45	180	9	
		50	190	9	
	LLDP	14.10	X	X	[48]
	E	24.71	924	32	
		32.99	589	31	
		39.63	427	22	
		45.01	263	18	

Table I -

 I [START_REF] Srinivas | Multifactor aging of HV generator stator insulation including mechanical vibrations[END_REF]. Nonlinear properties of composites involving ZnO as a filler: effect of filler size.

	Matrix	Filler	Content	Size (𝝁m)	Eb	α	Ref.
			(vol %)		(V/mm)		
	Epoxy	ZnO	20	50-100	500	14.98 [44]
	resin			100-150	120	15.56	
				150-200	70	15.82	
				200-300	50	16.08	
	Silicone	ZnO	39	50-75	826.5	10.2	[52]
	rubber	microspherical		75-100	780.8	10.3	
				100-125	575.1	10.0	
				125-150	506.7	10.8	
			46.5	50-75	522.8	10.2	
				75-100	419.2	12.6	
				100-125	408.0	12.7	
				125-150	329.4	17.5	
		ZnO spherical 46.5	50 to 75	600	11	[50]
				75 to 100	541	11	
				100 to 125	458	12	
				125 to 150	325	13	
		ZnO irregular 46.5	20 to 35	1731	15	
				35 to 50	1538	15	
				50 to 75	1288	14	
				75 to 125	1331	15	
		ZnO spherical	39	Grain size 10-15	360	12.3	[54]
		(75-125 𝜇m)	46	µm, (Z1)	321	15.6	
			100 (filler)		250	21.4	
			39	Grain size 5-8 µm,	523	14.9	
			46	(Z2)	471	15.6	
			100 (filler)		463	22.6	
			39	Grain size 1-4 µm,	1563	14.5	
			46	(Z3)	1462	16.2	
			100 (filler)		1440	22.5	
	Figure I-12 and Table I-5 show that the switching field decreased significantly with the increase
	in the filler size. α increases slightly from 14.98 to 16.08 for 20 vol% ZnO/EP composites [44],

Table I -6. Nonlinear parameters of ZnO varistors modified with Y2O3 [79]. Sample Y2O3 (mol%) Grain size (𝛍m) Eb (V/m m)

 I 

			𝛂
	ZY000 0	10.13	315.6 35.1
	ZY050 0.50	7.22	402.2 29.8
	ZY075 0.75	6.85	505.5 21.6
	ZY100 1.00	6.03	737.4 15.4

Table I -

 I 

	7. Nonlinear properties of composites involving SiC as a filler: effect of filler
	concentration [57,58].
	Matrix	Filler Size
		(𝛍m)

Content (wt%) Eb (kV/mm) α Ref. Silicone rubber

  

		SiC	0.45	0	20	x	[57,58]
				10	17	x	
				30	3.0-3.8	0.97	
				50	1.4	1.04	
				100	0.9	1.07	
	EPDM	SiC	0.5	10	12	x	[59]
				30	9	x	
				50	7	x	
	Figure I-17 and Table I-7 show that SiR/SiC composites exhibited nonlinear conductivity as a
	function of the electric field when the concentration of SiC exceeded 30 wt%. Their switching

electric field decreased with increasing filler concentration. The nonlinear coefficient remained constant around 1. Slight nonlinearity was observed for neat SiR. At low electric fields, the

Table I -

 I [START_REF] Hoof | PD diagnostics on rotating machines. Possibilities and limitations[END_REF]. Material compositions and switching field for multifunctional silicon rubber composites[START_REF] Pradhan | Functional behaviors of electric field grading composite materials[END_REF].

	Material	SiR	ZnO	Al(OH)3	SiR	Oil	Cross-	Eb (V/m)
	(vol%)	P401/20	(vol%)	(vol%)	R570/50	(vol%)	linking	
		(vol%)			(vol%)		agent	
							(vol%)	
	FGM01 62	38	0	0	0	0	3 × 10 4
	FGM02 52	20	25	0	1	2	1 × 10 6

  -9.Table I-9. Composition, nomenclature, and nonlinear properties of epoxy-based composites with different fillers [86].

	Sequence	Sample	Nano-	Micro-	Nano-	Eb	𝛂	Sample category
	number		ZnO	ZnO	SiC	(kV/mm)		
			wt%	wt%	wt%			
	1	EP	-	-	-	5.27	0.12 EP
	2	ZnO#1Q	1	-	-	6.40	0.52 ZnO/EP
	3	ZnO#3Q	3	-	-	5.84	0.65	nanocomposites
	4	ZnO#5Q	5	-	-	2.32	0.64	
	5	ZnO#1Z	-	1	-	3.15	0.46 ZnO/EP
	6	ZnO#3Z	-	3	-	2.90	0.78	microcomposites
	7	ZnO#5Z	-	5	-	2.16	0.98	
	8	SiC#1	-	-	1	5.39	0.58 SiC/EP
	9	SiC#3	-	-	3	2.23	1.70	nanocomposites
	10	SiC#5	-	-	5	1.14	1.69	
	11	ZnO#1Q&SiC#4 1	-	4	2.45	2.32 SiC/ZnO/EP
	12	ZnO#2Q&SiC#3 2	-	3	4.69	2.96	nanocomposites
	13	ZnO#3Q&SiC#2 3	-	2	6.28	2.05	
	14	ZnO#4Q&SiC#1 4	-	1	6.26	1.44	
	15	ZnO#1Z&SiC#4 -	1	4	X	2.57 SiC/ZnO/EP
	16	ZnO#2Z&SiC#3 -	2	3	1.51	3.50	micro/nanocomposites
	17	ZnO#3Z&SiC#2 -	3	2	1.52	2.31	
	18	ZnO#4Z&SiC#1 -	4	1	1.56	NA	

Table II -

 II 1. Summary of particles dispersion process.

				Filler dispersion		Ethanol evaporation	Epoxy part B
	Process EtOH	EP part A	Planetary mixer	Shear mixer	Ultrasonic probe	Planetary mixer	Planetary mixer
				1.0 kPa, 800			
				rpm, 3 min			
	1		✓	and 1.0 kPa,			
				1800 rpm, 1			
				min			
	2	✓			500		1.0 kPa,
	3	✓	✓		rpm, 15 min		800 rpm, 90 min	1.0 kPa,
					800			800 rpm,
	4		✓		rpm, 15			3 min
					min			and 1.0
	5	✓	✓			15 min (5s on/ 5s off)	1.0 kPa, 800 rpm, 90 min	kPa, 1800 rpm, 1
	6		✓			15 min (5s on/ 5s off)		min
						15 min (5s	
	7		✓			on/ 15s	
						off)	
						15 min (5s	
	8		✓			on/ 25s	
						off)	

  µZnO/EP composites do not present nonlinearity, it was decided to continue the study of nonlinearity just for µSiC/EP composites.In the next chapter, a discussion on detail of the nonlinearity for µSiC/EP composites will be present.

	experimental conditions (filler concentration, method of fabrication, applied electric field),
	II.2.2. Effect of the fabrication method on filler distribution and electrical properties of
	𝜇SiC/EP composite materials			
	II.2.2.1. Influence of fabrication method on the filler distribution for 𝜇SiC/EP composites at 10
			Voltage V (V)			Voltage V (V)
		30	300	3000	30	300	3000
		1E-9			1E-9	
			EP			EP
			10 vol% µZnO/EP			10 vol% µSiC/EP
			15 vol% µZnO/EP			15 vol% µSiC/EP
		1E-10	20 vol% µZnO/EP		1E-10	20 vol% µSiC/EP
	(S/m)			(S/m)		
	Conductivity s	1E-11		Conductivity s	1E-11	
		1E-12			1E-12	
		1E-13			1E-13	
		0.1	1	10	0.1	1	10
			Electric field E (kV/mm)			Electric field E (kV/mm)

vol%

In order to get a homogeneous filler dispersion in µSiC/EP composites, different dispersion

Table II -

 II 1, 2 and 3. The results are presented in the Figure II-17 and Table II-2.Figure II-17. Breakdown strength of µSiC/EP composites fabricated with different dispersion methods. 2. 𝛼 %& and 𝛽 values of µSiC/EP composites fabricated with different dispersion methods.Figure II-17 presents the cumulative probability of failure for µSiC/EP composites versus the dielectric breakdown field for the different dispersion methods. The values of the dielectric breakdown field ranged from 35 to 45 kV/mm depending of the dispersion method. It is possible to observe that between the composites fabricated by planetary vacuum mixer (process 1) and shear mixer (process 2-4), the scale parameter 𝛼 %& (F=63.2 %) is almost the same (between 39.70-40.56 kV/mm). The shape parameter 𝛽 (i.e., the slope of the fitting straight line) is

		0.5				95.8
			Process 1		
			Process 2		
			Process 3		
		0.0	Process 4 Process 5			63.2
	10 [log e (1/(1-F))]	-0.5	Process 6 Process 7 Process 8			27.1	F (%)
	log				
		-1.0				9.5
		-1.5				3.1
			36	38	40	42	44
					E BR (kV/mm)
			Process 𝜶 𝑩𝑹 (kV/mm) 𝜷
			1		39.70	21.40
			2		39.82	36.88
			3		40.56	32.52
			4		40.13	36.83
			5		39.91	30.24
			6		40.12	39.15
			7		44.12	32.58
			8		41.76	56.44

smaller for process 1, this means a higher scattering of the data. As it can be observed in Figure II-15a, materials fabricated by planetary mixer present agglomerated with considerable size, and in more quantity on comparison with the process 2, 3 and 4. Then, with more agglomerates

Table III -

 III 1. α 01 and β values of µSiC/EP composites fabricated with different filler concentrations. As it can be observed in Figure III-4 and Table III-1,for EP samples the scale parameter α 01 is 96.85 kV/mm. A considerable decrease is observed for 5 vol% µSiC/EP composites with α 01 of 49.97 kV/mm. For 10 vol% µSiC/EP composites, α 01 is 44.12 kV/mm and 39.54 kV/mm for 15 vol% µSiC/EP composites. This trend continues to drop, until reaching the composites

	with the highest filler concentration (30 vol%), which has the minimum 𝛼 %& value (32.44
		0.5			95.8
			EP		
			5 vol% µSiC/EP		
		0.0	10 vol% µSiC/EP 15 vol% µSiC/EP 20 vol% µSiC/EP		63.2
	10 [log e (1/(1-F))]	-0.5	25 vol% µSiC/EP 30 vol% µSiC/EP		27.1	F (%)
	log				9.5
		-1.0			
					3.1
		-1.5			
		10			100
				E BR (kV/mm)	
			𝛍SiC vol% 𝛂 𝐁𝐑 (kV/mm)	𝛃
			0	96.85	16.55
			5	49.97	25.34
			10	44.12	32.58
			15	39.54	27.51
			20	35.67	31.96
			25	33.30	16.77
			30	32.44	25.64

  5. After, the graph of σ as a function of E was plotted in logarithm scale for each material. Finally, the switching field E # and the nonlinear coefficient α were calculated. The electrical conductivity vs. electric field, and the nonlinear parameters are presented in Figure III-5 and Table III-2, respectively.

			Voltage V (V)
		300		3000
			EP	
			5 vol% µSiC/EP	
		1E-9	10 vol% µSiC/EP	
			15 vol% µSiC/EP	
			20 vol% µSiC/EP	
	(S/m)	1E-10	25 vol% µSiC/EP 30 vol% µSiC/EP	
	Conductivity s	1E-11		
		1E-12		
		1E-13		
		1		10
			Electric field E (kV/mm)
	Figure III-5. Conductivity vs. electric field for µSiC/EP composites fabricated with different
	filler concentrations.		
	Table III-2. Nonlinear parameters (α and Eb) for µSiC/EP composites fabricated with different
	filler concentrations.		
	Matrix 𝛍SiC concentration	𝛂	Eb (kV/mm)
			(vol%)	
	EP	0	2.12 ± 0.13	11.86 ±0 .35
			5	4.30 ± 0.32	12.80 ± 0.46
			10	5.29 ± 0.24	9.36 ± 1.78
			15	6.06 ± 0.27	9.02 ± 0.90
			20	6.09 ± 0.13	8.18 ± 1.11
			25	6.92 ± 0.10	5.50 ± 0.16
			30	6.93 ± 0.33	5.24 ± 0.22

Table III -

 III 3. 𝛼 %& and 𝛽 values of nSiC/EP composites fabricated with different filler concentrations. As it can be observed in Figure III-9 and Table III-3, for EP samples the scale parameter 𝛼 %& is 96.85 kV/mm. A considerable decrease is observed for 1 vol% nSiC/EP composites with 𝛼 %& of 57.84 kV/mm. For 3 vol% nSiC/EP composites 𝛼 %& is 56.02 kV/mm and 35.67 kV/mm for 5 vol% nSiC/EP composites. This trend continues, until reaching the composites with the highest filler concentration (12 vol%), which had the minimum 𝛼 %& value (14.85 kV/mm).

  Eq.II.[START_REF] Brütsch | Insulation Failure Mechanisms of Power Generators [Feature Article[END_REF] and Eq.II.5. After, the graph of σ as a function of E was plotted in logarithm scale for each material. Finally, the switching field E # and the nonlinear coefficient α were calculated. The electrical conductivity vs. electric field, and the nonlinear parameters are presented in Figure III-10 and Table III-4, respectively.As it can be observed in Figure III-10 and TableIII-4, the EP samples presented a weak nonlinear behavior, with a high switching field of 11.86 kV/mm and a small value α of 2.12.For 1 vol% materials, α of 2.29 is obtained. This value is higher in comparison with the value obtained for EP samples. Then, the introduction of nSiC to EP has an influence on the nonlinear behavior. When the filler concentration increases to 3 vol%, the α increases to 3.34. This trend continues for 5 and 10 vol% (TableIII-4). That is, the nonlinear coefficient α increases when the filler concentration increases. 12 vol% nSiC/EP materials present a coefficient α of 4.40, which is lower than for 10 vol%. This unusual behavior could be caused by the agglomeration quantity found in the 12 vol% composites (FigureIII-8e). The highest α was 5.27 that corresponds to 10 vol% nSiC/EP composites.The switching field Eb also changes as a function of filler concentration (Figure III-10 and TableIII-4). As it can be observed, for 1 vol% materials, Eb of 10.54 kV/mm is obtained. When the filler concentration increases to 3 vol%, the Eb increases to 13.85 kV/mm. But after, for 5 vol% nSiC/EP materials, the Eb decreases to 11.61 kV/mm. When the filler concentration increasesIII.2.3. Effect of the filler size on electrical properties for SiC/EP compositesIn order to study the filler size effect on the nonlinear properties, µSiC/EP and nSiC/EP composites were fabricated. The results are presented in Figure III-4 and Table III-1 for µSiC/EP composites, and in Figure III-9 and TableIII-3 for nSiC/EP composites. vol% nSiC/EP composites (35.67 kV/mm) despite having same filler concentration. The same behavior is observed for 10 vol% composites, where the breakdown strength is 44.12 and 27.30 kV/mm for µSiC/EP and nSiC/EP composites, respectively. Finally, it can be observed for both filler sizes that a higher filler concentration, the breakdown strength for nSiC/EP composites is drastically lower in comparation with µSiC/EP composites even though the filler concentration for nSiC/EP composites is lower. This important difference between µSiC/EP and nSiC/EP composites could be caused by the presence of agglomeration in nSiC/EP composites as it can be observed in FigureIII-8. As it was discussed before, because nanoparticles have a high surface area-to-volume ratio, they tend to agglomerate, or cluster, more than microparticles due to the dominant intermolecular van der Waals forces between them[START_REF] Šupová | Effect of Nanofillers Dispersion in Polymer Matrices: A Review[END_REF]. The maximum values of α are 6.93 for 30 vol% of µSiC, and 5.27 for 10 vol% for nSiC composites.

	log 10 [log e (1/(1-F))] 1E-13 1E-12 1E-11 1E-9 Conductivity s calculated according with Matrix 0.1 30 1E-10 (S/m)	EP 1 vol% nSiC/EP 3 vol% nSiC/EP 5 vol% nSiC/EP 10 vol% nSiC/EP 12 vol% nSiC/EP nSiC vol% 0 1 3 5 10 12 nSiC Electric field E (kV/mm) E BR (kV/mm) 𝜶 𝑩𝑹 (kV/mm) 96.85 57.84 56.02 35.67 27.30 14.85 𝛂 1 300 Voltage V (V) 1 vol% nSiC/EP EP 3 vol% nSiC/EP 5 vol% nSiC/EP 10 vol% nSiC/EP 12 vol% nSiC/EP	95.8 63.2 27.1 9.5 3.1 Eb (kV/mm) 16.55 𝜷 23.47 40.59 24.52 17.26 8.84 10 3000
		concentration	
		(vol%)	
	EP	0	2.12 ± 0.13 11.86 ±0 .35
		1	2.29 ± 0.41 10.54 ± 4.18
		3	3.34 ± 0.39 13.85 ± 2.47
		5	3.76 ± 0.17 11.61 ± 1.77
		10	5.27 ± 0.17	6.69 ± 0.79
		12	4.40 ± 0.03	0.84 ± 0.17
	The switching field Eb also changes as a function of filler concentration (Figure III-5 and Figure
	In Figure III-10, it can be observed that all the materials present a nonlinear behavior. For low III-10). The switching field for µSiC/EP composites (between 5.24 and 12.80 kV/mm) is higher
	electric field, the electric conductivity of composites does not have a significant dependence on in comparation with nSiC/EP composites (between 0.84 and 13.85 kV/mm). With the same
	the electric field, but when the applied electric field reaches the switching field value, the filler concentration, the switching field for nSiC/EP composites is lower. For example, for 5
	conductivity increases several orders of magnitude. The switching field and the nonlinear vol% the switching fields are 12.80 and 11.61 for µSiC/EP and nSiC/EP composites,
	coefficient depend on the filler concentration.	

Figure III-10. Conductivity vs. electric field for nSiC/EP composites fabricated with different filler concentrations.

Table

 

Nonlinear parameters (α and Eb) for nSiC/EP composites fabricated with different filler concentrations.

The nonlinear coefficient for nSiC/EP composites is between 2.29 and 4.40, and the switching field is between 0.84 and 13.85 kV/mm. These values are consistent with the moderate values reported for SiC composites with nonlinearity coefficients between 3 and 8

[START_REF] Donzel | Nonlinear resistive electric field grading Part 2: Materials and applications[END_REF]

. to 10 and 12 vol%, the Eb decreases to 6.69 and 0.84, respectively. Except for 1 vol%, the switching field Eb for nSiC/EP composites decreases when the filler concentration increases.

The dependence of α and Eb on the filler concentration is consistent with dependence reported in the previous section for µSiC/EP composites and the results reported in the literature

[57- 59,86,121]

. Finally, the 10 and 12 vol% nSiC/EP composites show saturated conductivity at 30 kV/mm and 8 kV/mm, respectively (Figure III

-10)

. The saturated conductivity of 12 vol% nSiC/EP composites is higher than for 10 vol% nSiC/EP composites because with higher filler concentration it is possible to create more new conduction paths in the saturated region. Comparing the behaviors of µSiC/EP (Figure III-10) and nSiC/EP (Figure III-5) composites, it can be observed that nonlinear behavior follows the same trend. Thus, the nonlinearity, as well as the effect of increasing the filler concentration for nSiC/EP composites could be explained in the same way as for µSiC/EP composites. As it was discussed in the previous sections, the breakdown strength of composites decreases when the filler concentration increases. As it can be observed Figure III-4 and Figure III-9, the breakdown strength reduction is larger for nSiC/EP composites than for µSiC/EP composites. For example, for 5 vol% µSiC/EP composites the breakdown (49.97 kV/mm) is higher than breakdown for 5 On the other hand, with the finality of characterizing the influence of filler size on the nonlinear behavior, SiC/EP composite materials were characterized with I-V DC technique. The conductivity and electric field were calculated according with Eq.II.4 and Eq.II.5. After, the graph of σ as a function of E was plotted in logarithm scale for each material. Finally, the switching field E # and the nonlinear coefficient α were calculated. The electrical conductivity vs. electric field and the nonlinear parameters are presented in Figure III-5 and Table III-2 for µSiC/EP composites, and Figure III-10 and Table III-4 for nSiC/EP composites.

The nonlinear coefficient α changes as a function of filler size (Table

III

-2 and Table

III-4

). It can be observed that the nonlinear coefficient for µSiC/EP composites (between 4.30 and 6.93) is higher in comparation with nSiC/EP composites (between 2.

29-5.27)

. With the same filler concentration, the coefficient α is higher for µSiC/EP composites. For example, for 5 vol% the coefficients α are 4.30 and 3.76 for µSiC/EP and nSiC/EP composites, respectively; for 10 vol% the coefficients α are 5.29 and 5.27 for µSiC/EP and nSiC/EP composites, respectively. respectively; for 10 vol% the switching fields are 9.36 and 6.69 for µSiC/EP and nSiC/EP composites, respectively. The Eb minimum is 0.84 kV/mm which corresponds to 12 vol% nSiC/EP composites. The minimum value for µSiC/EP composites is 5.24 kV/mm (for 30 vol%) with is much higher in comparation with 12 vol% nSiC/EP composites although the filler concentration is higher.

Table III -

 III 5. α 01 and β values of µSiC/nSiC/EP composites fabricated with different micro/nano filler ratios. As it can be observed in Figure III-12 and Table III-5, for EP samples the scale parameter α 01 was 96.85 kV/mm. A considerable decrease was observed for all 10 vol% µSiC/nSiC/EP composites where α 01 is between 21.56 and 44.16 kV/mm. The breakdown strength betweencomposites is different and it depends on the micro/nano filler concentration ratio. It can be observed that breakdown for 10 vol% µSiC is 44.12 kV/mm; when the filler composition is 9 vol% µSiC + 1 vol% nSiC (r >? = 9) the breakdown strength reduces to 42.47 kV/mm. When It can be observed that for 10 vol% µSiC/nSiC/EP composites, when the concentration of microparticles is equal or bigger than that of nanoparticles (r >? ≥ 1), the breakdown strength is between 41.36 and 44.16 kV/mm. These values are closed to that found for µSiC/EP composites (α 01 = 44.12 kV/mm), then, for that filler concentration the breakdown strength is dominated by the microparticles. On the other hand, when the concentration of microparticles is lower than that of nanoparticles (r >? < 1), the breakdown strength presents a drastic reduction and it is between 21.56 and 26.63 kV/mm. These values are closed to that found for nSiC/EP composites (α 01 = 27.30 kV/mm), then, the behavior of breakdown strength for this filler concentration is dominated by the nanoparticles. The drastic reduction for materials where r >? < 1 could be caused by the presence of agglomeration (defects), as it can be observed in FigureIII-11d and e. The composite with more filler agglomerations presents the lower breakdown strength.

			0.5	EP	95.8
				10 vol% µSiC/EP
				9 vol% µSiC/1 vol% nSiC/EP
				7 vol% µSiC/3 vol% nSiC/EP
				5 vol% µSiC/5 vol% nSiC/EP
				3 vol% µSiC/7 vol% nSiC/EP
			0.0	1 vol% µSiC/9 vol% nSiC/EP 10 vol% nSiC/EP	63.2
	10 [log e (1/(1-F))]	-0.5		27.1	F (%)
	log				9.5
			-1.0	
					3.1
			-1.5	
			10	100
					E BR (kV/mm)
					𝛃
				0	0	96.85	16.55
				10	0	44.12	32.58
				9	1	42.47	29.23
				7	3	44.16	36.84
				5	5	41.36	36.04
				3	7	26.63	13.57
				1	9	21.56	15.44
				0	10	27.30	17.26
					Voltage V (V)
			300	3000
			1E-9	EP 10 vol% µSiC/EP
				9 vol% µSiC/1vol% nSiC/EP
				7 vol% µSiC/3 vol% nSiC/EP
				5 vol% µSiC/5 vol% nSiC/EP
	(S/m)	1E-10	3 vol% µSiC/7 vol% nSiC/EP 1 vol% µSiC/9 vol% nSiC/EP 10 vol% nSiC/EP
	the filler composition is 7 vol% µSiC + 3 vol% nSiC (r >? = 2.33) the breakdown strength increases to 44.16 kV/mm. For 5 vol% µSiC/5 vol% nSiC/EP materials (r >? = 1) breakdown 1E-12 1E-11 Conductivity s
	strength is 41.36 kV/mm. When the filler composition is 3 vol% µSiC + 7 vol% nSiC (r >? =
	0.43) the breakdown strength is 26.63 kV/mm, this means a drastic reduction of breakdown 1E-13
			1		10
					Electric field E (kV/mm)

𝛍SiC vol% nSiC vol% 𝛂 𝐁𝐑 (kV/mm) strength. This breakdown value is even less that the breakdown found for 10 vol% nSiC/EP composites. For 1 vol% µSiC/9 vol% nSiC/EP materials (r >? = 0.11), the breakdown strength is 21.56 kV/mm, the lower value reported for 10 vol% µSiC/nSiC/EP composites.

On the other hand, with the finality of characterizing the nonlinear behavior, µSiC/nSiC/EP composite materials were characterized with I-V DC technique. The conductivity and electric field were calculated according to Eq.II.4 and Eq.II.5. After, the graph of σ as a function of E was plotted in logarithm scale for each material. Finally, the switching field E # and the nonlinear coefficient α were calculated. The electrical conductivity vs. electric field and the nonlinear parameters are presented in Figure III-13 and Table III-6, respectively. The electrical conductivity vs. electric field for EP, 10 vol% µSiC/EP and 10 vol% nSiC/EP composites are also presented as reference.

Figure III-13. Conductivity vs. electric field for µSiC/nSiC/EP composites fabricated with different micro/nano filler ratios.

Table III -

 III [START_REF] Kaufhold | Interface phenomena in stator winding insulation -challenges in design, diagnosis, and service experience[END_REF]. Nonlinear parameters (α and Eb) for µSiC/nSiC/EP composites fabricated with different micro/nano filler ratios.In Figure III-13, it can be observed that all the µSiC/nSiC/EP composites present a nonlinear behavior. For low electric field, the electric conductivity of composites does not have a significant dependence on the electric field, but when the applied electric field reaches the switching field value, the conductivity increases several orders of magnitude. The switching field and the nonlinear coefficient depend on the filler ratio. When the material is formed by 3 vol% µSiC + 7 vol% nSiC, the coefficient α increases at 4.80 and the switching field decreases drastically at 3.00 kV/mm. Finally, for 1 vol% µSiC/9 vol% nSiC/EP materials, the coefficient α increases at 4.88 and the switching field decreases at 2.17 kV/mm.

	Matrix Filler concentration	𝛂	Eb (kV/mm)
			(vol%)		
		𝛍SiC	nSiC		
	EP	0	0	2.12 ± 0.13	11.86 ± 0.35
		10	0	5.29 ± 0.24	9.36 ± 1.78
		9	1	5.36 ± 0.38	9.80 ± 1.37
		7	3	4.63 ± 0.42	10.31 ± 1.31
		5	5	4.57 ± 0.37	10.20 ± 1.43
		3	7	4.80 ± 0.11	3.00 ± 0.13
		1	9	4.88 ± 0.57	2.17 ± 0.30
		0	10	5.27 ± 0.17	6.69 ± 0.79

The nonlinear coefficient for 10 vol% µSiC/nSiC/EP composites is between 4.57 and 5.36, and the switching field is between 2.17 and 10.31 kV/mm. These values are consistent with the values reported for µSiC/EP and nSiC/EP composites in the previous section.

As it can be observed in Figure III-13 and Table III-6, for 9 vol% µSiC/1 vol% nSiC/EP composites, the coefficient α is 5.36 and the switching field is 9.80 kV/mm. When the material is formed by 7 vol% µSiC + 3 vol% nSiC, the coefficient α decreases at 4.63 and the switching field increases at 10.31 kV/mm. For 5 vol% µSiC/5 vol% nSiC/EP composites, the coefficient α decreases at 4.57 and the switching field decreases at 10.20 kV/mm but the switching field is higher than the switching field of 9 vol% µSiC/1 vol% nSiC/EP composites.

  2,μn ~vol% μ ,vol% n • = A 2,n ~vol% ap • Eq.IV.8 n 2,μn ~vol% μ ,vol% n • = n 2,n ~vol% ap • Eq.IV.9 B μn ~vol% μ ,vol% n • = B n ~vol% ap • Eq.IV.10 After, the vol%ap was normalized as follows: vol% normalized = ~vol% ap •~r µn • Eq.IV.11

  After calculation of four-elements model coefficients, their dependence on filler concentration was studied by calculating equations for each coefficient-filler concentration relation. As it was mentioned before, for µSiC/EP composites, an additional point that corresponds to 55 vol%
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  n 1 dependence for µSiC/EP composites (Figure IV-18a) is described by a linear equation, HV dependence on filler concentration is presented in Figure IV-19.
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	n 1,μ ~vol% μ • = 0.013~vol% μ • + 2.892 , and also, the dependence for nSiC/EP composites (Figure IV-18b) is described by a linear Eq.IV.16 equation, n 1,n (vol% n ) = 0.023(vol% n ) + 1.284 Eq.IV.17 10 20 30 40 50 60 0 2 4 6 8 10 12 The σ 0 µSiC (vol%) nSiC (vol%)

  Y (vol% n ) + 6.46×10 [ Eq.IV.[START_REF] Thorsen | A survey of faults on induction motors in offshore oil industry, petrochemical industry, gas terminals, and oil refineries[END_REF] The n 2 dependence for µSiC/EP composites (Figure is described by a linear equation, n 2,µ ~vol% µ • = 0.014~vol% µ • + 3.446 Eq.IV.24 and an exponential dependence for nSiC/EP composites (Figure IV-22b), n 2,n (vol% n ) = 0.039(vol% n ) 2 e (-27.02/vol% n ) + 3.494 Eq.IV.25 The four-elements electric model coefficient dependence on filler concentration for µSiC/EP and nSiC/EP composites can be described by equations. Then, from the calculated equations and assuming a filler concentration, it is possible to calculate the coefficients and therefore the electrical behavior of µSiC/EP and nSiC/EP composites. For µSiC/nSiC/EP composites, the σ LV dependences on filler concentration was calculated and is presented in Figure IV-23. Figure IV-23. σ LV dependence on filler concentration for µSiC/nSiC/EP composites. As it can be observed in Figure IV-23, the σ LV dependence on filler concentration is complex in comparation with that for µSiC/EP and nSiC/EP composites. The σ LV dependence on filler concentration is the combination of µSiC/EP and nSiC/EP composites dependences (Eq.IV.12 and Eq.IV.13); with a linear dependence on the µSiC concentration and an exponential dependence on the nSiC concentration, σ LV,µn #vol% µ ,vol% n & = 3.91×10 -13 (vol% n ) 2 e (-35.16/vol% n ) + 4.00×10 -14 #vol% µ & -8.48×10 -14
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	, and by an increasing exponential equation for j (Figure IV-25b),				

  11. The vol%normalized dependences on the nSiC concentration was calculated and is presented in Figure IV-26.
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	Figure IV-26. vol%normalized dependence on filler concentration for µSiC/nSiC/EP composites.
	The vol%normalized dependence on the nSiC concentration for µSiC/nSiC/EP composites (Figure
	IV-26) is described by a decreasing exponential equation,
	vol% normalized (vol% n ) = -784.59(vol% n ) -0.0094e (-0.15 vol% n ⁄	) + 757.66	Eq.IV.30
	Finally, from Eq.IV.30, it is possible to calculate the vol%ap for each nSiC concentration. The
	vol%ap as a function of nSiC concentration is presented in Figure IV-27.
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Figure IV-27. vol%ap as a function of nSiC concentration for µSiC/nSiC/EP composites.

  Figure IV-29. Prediction of conductivity vs. electric field for µSiC/EP composites with different filler concentrations. As it can be observed in Figure IV-29, it is possible to predict the electrical behavior of µSiC/EP

			Voltage V (V)			Voltage V (V)
		30	300	3000	30	300	3000
		1E-6			1E-6	
			EP			
			5 vol% µSiC/EP			EP
		1E-7	10 vol% µSiC/EP		1E-7	5 vol% µSiC/EP
			15 vol% µSiC/EP			10 vol% µSiC/EP
			20 vol% µSiC/EP			15 vol% µSiC/EP
		1E-8	25 vol% µSiC/EP		1E-8	20 vol% µSiC/EP
	(S/m)	1E-9	30 vol% µSiC/EP 55 vol% µSiC/EP	(S/m)	1E-9	25 vol% µSiC/EP 30 vol% µSiC/EP
	Conductivity s	1E-11 1E-10		Conductivity s	1E-11 1E-10	
		1E-12			1E-12	
		1E-13			1E-13	
		0.1	1	10	0.1	1	10
			Electric field E (kV/mm)			Electric field (kV/mm)

  After verifying that with the model it is possible to describe nSiC/EP composite behavior, the equations were used to predict the behavior of nSiC/EP composites with other filler concentrations. Then, the nonlinear behavior of nSiC/EP composites with filler concentrations between 1 and 12 vol% is presented in Figure IV-31. For nSiC/EP composites, the model is valid for filler concentrations between 1 and 12 vol%, and electric field between 0.1 and 40 kV/mm.

	Figure IV-31. Prediction of conductivity vs. electric field for nSiC/EP composites with different
	filler concentrations.
	As it can be observed in Figure IV-31, it is possible to predict the electrical behavior of nSiC/EP
	composites with filler concentration between 1 and 12 vol%. Then, knowing a specific
	application and the optimized switching field necessary, from the equations it is possible to find
	out the necessary nSiC concentration to get that property. Even, according with the selected

properties, it is possible to choose if it is convenient to work with µSiC or nSiC fillers.

  Figure IV-33. Prediction of conductivity vs. electric field for µSiC/nSiC/EP composites with different filler concentrations.As it can be observed in Figure IV-33, it is possible to predict the electrical behavior of µSiC/nSiC/EP composites with different µSiC-nSiC ratio (r µn ). It can be observed that, apparently there is a filler ratio where the switching field is the minimum, this is r µn =0.21 that corresponds to 1.75 µSiC/8.25 nSiC/EP composites. Because the nonlinear conductivity dependence on filler concentration for µSiC/nSiC/EP composites is complex, even if the model can predict the behavior of several filler ratio r µn , it is necessary to add more experimental data to refine the model and get a prediction closer to reality. Despite this, the model is useful because if a specific switching filed is required, from de equations it is possible to find out what filler ratio r µn is necessary get it.
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	In conclusion, from the equation to describe the four-elements electric model coefficient
	dependence on filler concentration it is possible to predict the electrical behavior of different
	composites at different concentrations.				

Table V -

 V 

	1. Electrophoretic deposition conditions.
	15	30	45	60
	min	min	min	min
	100 V/mm			

  EP 10 vol% µSiC/EP 15 vol% µSiC/EP 20 vol% µSiC/EP 25 vol% µSiC/EP 30 vol% µSiC/EP 35 vol% µSiC/EP 40 vol% µSiC/EP 45 vol% µSiC/EP 50 vol% µSiC/EP 55 vol% µSiC/EP

				Voltage V (V)
			30	300	3000
		1E-6 1E-5	5 vol% µSiC/EP EP Experimental data Homogeneous	EP 5 vol% µSiC/Four-elements model
			10 vol% µSiC/EP
	(S/m)	1E-8 1E-7	15 vol% µSiC/EP 20 vol% µSiC/EP 25 vol% µSiC/EP 30 vol% µSiC/EP
	Conductivity s	1E-10 1E-9	EPD 50 vol% µSiC/EP 55 vol% µSiC/EP
		1E-11	
		1E-12	
		1E-13	
			0.1	1	10
				Electric field E (kV/mm)

Remerciements

repeated. After the I-V DC measurements, electric field E and conductivity σ for each sample were calculated. Then, the graph of σ as a function of E was plotted in logarithm scale as it was presented in Figure III-2.

V.2. Results and discussion

V. In the SEM images, the fillers are visible in white color and the epoxy resin in dark color. The whiter the color, the more concentrated in fillers the regions. In Figure V-13, for each image, the top of the images corresponds to the side of the material that was in contact with the negative electrode (ground) during the electrophoresis deposition and the bottom corresponds to the side in contact with the positive HV electrode. For all the electrophoretic conditions, it is observed two zones: the first one is a zone with low filler concentration and the second one is a layer of