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Abstract

Corrosion is one of the main issues for energy, transportation, utilities, and infrastructures. Corrosion is physicochemical process involving an exchange of electron between an oxidizer and reducer. The most common case is the oxidation of iron by the oxygen dissolved in water. The iron becomes rust and structural properties are degraded. In developed countries where the infrastructures are abundant, the corrosion involves a lot of cost in all domains. It represents few percent of gross domestic product. Four main strategies have been developed and still being improved to tackle this issue: structural transformations, diffusion processes, surface treatments and coatings. In coating technology, both organic (or polymer) coatings and metallic coatings are used. Polymer coatings have a wide application range in the industry because they are cost efficient, good strength-to-weight ratio and excellent barrier properties. One kind or polymer used for the coatings are the epoxy polymer. It is a blend between epoxide prepolymer and a hardener. Functional amine hardener used in polymer are toxic and new epoxy need to be developed considering the environmental and health issues. Ionic liquids are a promising solution to be used as hardener with epoxide prepolymer. Ionic liquids (or molten salts) are chemical with low fusion temperature (below hundred degrees.). A new generation of epoxy polymers with ionic liquids were developed for corrosion protection. The main objective of coatings is to protect the metallic substrate by making a physical barrier from corrosive aggressive environment. Several factors can activate the degradation of the coatings, like UVs, strain, aggressive chemicals, microorganisms, etc. during degradation process of the coating, water and oxygen can diffuse and reach the substrate. Evaluation of coating state during the life cycle of the metallic substrate can prevent from early degradation. Capacitive measurement allows the monitoring of the permittivity of the polymer material. From the permittivity value it is possible to assess the water uptake because water will change the permittivity value when diffusing in the material.

The objective of this work is the evaluation of the properties of epoxy amine and epoxy ionic liquids during water uptake degradation. Epoxy-diamine and epoxy-ionic liquid specimens are elaborated, and immersion protocol is defined. Gravimetric measurement associated with Fick's Equation allows the water uptake quantification. Permittivity measurement by impedance analyzer is done to evaluate the effect of water uptake. Mechanical properties measurements as well as well as electromagnetic simulations were carried out to give an overview of the water uptake phenomenon. Also, the development of nondestructive evaluation method for water uptake in polymer coatings is investigated. A coplanar capacitor sensor is designed and elaborated. and nondestructive testing setup is implemented and applied on immersed specimen. In parallel, a 3D finite element model based on experimental setup is implemented and allows the comparison with the experimental data.

The thesis is divided into 6 chapters. Chapter 1 gives a general introduction and a state of the art on coating evaluation is presented as well. Diffusion model and permittivity model are also introduced.

In chapter 2 the elaboration process of polymer is described. A blend of a prepolymer (DGEBA) with different kinds of hardener was studied. The first type of hardener is an aliphatic polyether amine (Jeffamine D230 and Jeffamine D400). The second type of hardener is phosphonium-dicyanamide ionic liquid (IL hereafter). For the case of epoxy -IL systems, three concentrations of IL were studies, 10 phr (part per hundred of resin), 20 phr and 30 phr. At 10 phr the epoxy network is fully reticulated. In the case of 20 phr and 30 phr, IL is in excess, and the epoxy network behaves like a composite material. Epoxy diamine systems are a widely used as conventional coating resins, and they are used as reference to compare the performances of epoxy-IL systems. Meanwhile, dielectric property measurements were carried out with a parallel electrode sensor connected to impedance analyzer. With the assumption of a capacitor resistor parallel circuit, the complex relative permittivity and the dielectric loss factor are calculated. With the water diffusion, the global permittivity of the epoxy matrix should increase as the permittivity of the water is higher than the permittivity of epoxy resins. It was confirmed as the complex permittivity followed the same tendency that the mass variation characterized with a rapid increase followed by a saturation plateau.

In Chapter 3, the results on immersed specimens are presented. It was possible to model the diffusion process with the Fick's second law of diffusion. As a result, the epoxy-diamine systems show both higher diffusion coefficient and saturation value than epoxy-IL systems. For the epoxy-IL systems, the epoxy-IL 10 phr present the lowest saturation value. In the case of epoxy amine (D230 and D400) and epoxy IL 10 phr, the loss factor is low enough to be neglected and a perfect dielectric hypothesis is assumed. The mechanical properties of epoxy specimens were investigated in both dry condition and during immersion tests. Tensile tests and dynamic mechanical analysis (DMA) were carried out. It was shown by both methods the Young modulus is not affected by the water uptake process. It was found the rupture stress of epoxy-IL 10 phr is higher than conventional epoxy amine. But it decreases with the IL concentration. From DMA measurements, main results is epoxy-IL glass transition temperature is about 100℃ higher than epoxy-amine systems. The glass transition temperature is not affected by the water uptake in the case of epoxy-IL systems, but the glass transition temperature decrease as the immersion time increases for epoxy amine systems.

In chapter 4 a capacitor coplanar sensor was designed to allow surface scanning and detect the permittivity variations through a coating. A scanning stage was set up using a function generator and a lock-in amplifier connected to the two sensor electrodes. A ground shield was added to remove the external noise. The output signal of lock-in amplifier was acquired and a correlation between permittivity variation and lock-in amplifier output signal variation was founded. The signal variation induced by permittivity change from water uptake process was successfully measured.

In chapter 5, a descriptive 3D finite element method simulation of the coplanar sensor was built with COMSOL software to reproduce the experimental conditions and to allow result comparison. The simulated signals show the same trend as the experimental results. Thanks to mapping method, it was founded that the information of real permittivity and imaginary permittivity can be discriminated. However, the signal of real permittivity is superimposed with the lift-off signal and makes it difficult to discriminate.

Chapter 6 presents the general conclusion and both perspectives and limitations.

Résumé

La corrosion est l'un des principaux problèmes liés à l'énergie, aux transports, aux services publics et aux infrastructures. La corrosion est un processus physico-chimique impliquant un échange d'électrons entre un oxydant et un réducteur. Le cas le plus courant est l'oxydation du fer par l'oxygène dissous dans l'eau. Le fer se transforme en rouille et les propriétés structurelles sont dégradées. Dans les pays développés où les infrastructures sont abondantes, la corrosion entraîne des coûts importants dans tous les domaines. Elle représente quelques pourcents du produit intérieur brut. Quatre stratégies principales ont été développées et continuent d'être améliorées pour faire face à ce problème : les transformations structurelles, les processus de diffusion, les traitements de surface et les revêtements. Dans la technologie des revêtements, on utilise à la fois des revêtements organiques (ou polymères) et des revêtements métalliques. Les revêtements polymères ont un large champ d'application dans l'industrie car ils sont rentables, ont un bon rapport résistance/poids et d'excellentes propriétés de barrière. Une catégorie de polymères utilisés pour les revêtements est celle des polymères époxy. Il s'agit d'un mélange entre un prépolymère époxyde et un durcisseur. Les durcisseurs largement utilisés sont les groupes amines, mais présentent un toxicité non négligeable. De nouveaux époxy doivent être développés en tenant compte des problèmes environnementaux et de santé.

Les liquides ioniques sont une solution prometteuse pour être utilisés comme durcisseur avec un prépolymère époxyde. Les liquides ioniques (ou sels fondus) sont des produits chimiques dont la température de fusion est inférieure à 100ºC. Une nouvelle génération de polymères époxy avec des liquides ioniques a été développée pour la protection contre la corrosion. L'objectif principal des revêtements est de protéger le substrat métallique en créant une barrière physique contre un environnement corrosif et agressif. Plusieurs facteurs peuvent activer la dégradation des revêtements, comme les UV, les contraintes, les produits chimiques agressifs, les micro-organismes, etc. Au cours du processus de dégradation du revêtement, l'eau et l'oxygène peuvent diffuser et atteindre le substrat. L'évaluation de l'état du revêtement pendant le cycle de vie de la structure métallique peut prévenir une dégradation précoce. La méthode de la mesure capacitive permet de contrôler la permittivité du matériau polymère. À partir de la valeur de la permittivité, il est possible d'évaluer l'absorption d'eau, car l'eau modifie la valeur de la permittivité lorsqu'elle se diffuse dans le matériau. L'objectif de ce travail est l'évaluation des propriétés des liquides époxy amine et époxy ionique pendant la dégradation par absorption d'eau. Des éprouvettes d'époxy-diamine et de liquide époxy-ionique sont élaborées, et un protocole d'immersion a été défini. Une mesure gravimétrique associée à l'équation de Fick permet de quantifier l'absorption d'eau. Une mesure de perméabilité par analyseur d'impédance est effectuée pour évaluer l'effet de l'absorption d'eau. Des mesures de propriétés mécaniques ainsi que des simulations électromagnétiques ont été réalisées pour donner un aperçu du phénomène d'absorption d'eau. Le développement d'une méthode d'évaluation nondestructive de l'absorption d'eau dans les revêtements polymères est également étudié. Un capteur de capacité coplanaire a été conçu et élaboré, et un dispositif d'essai nondestructif a été mis en oeuvre puis appliqué sur un spécimen immergé. En parallèle, un modèle d'éléments finis 3D basé sur le montage expérimental est mis en oeuvre et permet la comparaison avec les données expérimentales.

La thèse est divisée en 6 chapitres. Le chapitre 1 donne une introduction générale et un état de l'art sur l'évaluation des revêtements est également présenté. Le modèle de diffusion et le modèle de permittivité sont également présentés.

Dans le chapitre 2, le processus d'élaboration du polymère est décrit. Un mélange d'un prépolymère (DGEBA) avec différents types de durcisseurs a été étudié. Le premier type de durcisseur est une polyéther amine aliphatique (Jeffamine D230 et Jeffamine D400). Le second type de durcisseur est un liquide ionique phosphonium-dicyanamide (IL ci-après). Dans le cas des systèmes époxy-IL, trois concentrations de IL ont été étudiées, 10 phr (partie par cent de la résine), 20 phr et 30 phr. À 10 phr, le réseau époxy est entièrement réticulé. Dans le cas de 20 phr et 30 phr, le IL est en excès, et le réseau époxy se comporte comme un matériau composite. Les systèmes époxy-diamine sont largement utilisés comme résines de revêtement classiques et servent de référence pour comparer les performances des systèmes époxy-IL. Parallèlement, les mesures des propriétés diélectriques ont été effectuées avec un capteur de capacité à électrodes parallèles connecté à un analyseur d'impédance. En faisant hypothèse d'un circuit parallèle condensateur-résistance, la permittivité relative complexe et le facteur de perte diélectrique sont calculés. Avec la diffusion de l'eau, la permittivité globale de la matrice époxy devrait augmenter car la permittivité de l'eau est supérieure à celle des résines époxy. Il a été confirmé que la permittivité complexe suit la même tendance que la variation de masse caractérisée par une augmentation rapide suivie d'un plateau de saturation.

Dans le chapitre 3, les résultats sur les spécimens immergés sont présentés. Il a été possible de modéliser le processus de diffusion avec la deuxième loi de diffusion de Fick. En conséquence, les systèmes époxy-diamine présentent à la fois un coefficient de diffusion et une valeur de saturation plus élevés que les systèmes époxy-IL. Pour les systèmes époxy-IL, l'époxy-IL 10 phr présente la valeur de saturation la plus faible. Dans le cas de l'époxy amine (D230 et D400) et de l'époxy-IL 10 phr, le facteur de perte est suffisamment faible pour être négligé et l'on suppose l'hypothèse d'un matériau diélectrique parfait. Les propriétés mécaniques des spécimens d'époxy ont été étudiées à la fois en condition sèche et pendant les essais d'immersion. Les essais de traction et l'analyse mécanique dynamique (DMA) ont été réalisés. Les deux méthodes ont montré que le module d'Young n'est pas affecté par le processus d'absorption d'eau. Il a été constaté que la contrainte de rupture de l'époxy-IL 10 phr est plus élevée que celle de l'époxy amine classique. Mais elle diminue avec la concentration en IL. D'après les mesures DMA, les principaux résultats sont que la température de transition vitreuse de l'époxy-IL est environ 100ºC plus élevée que celle des systèmes époxy-amine. La température de transition vitreuse n'est pas affectée par l'absorption d'eau dans le cas des systèmes époxy-IL, mais la température de transition vitreuse diminue lorsque le temps d'immersion augmente pour les systèmes époxy-amine.

Dans le chapitre 4, un capteur de capacité coplanaire a été conçu pour permettre le balayage de surface et détecter les variations de permittivité à travers un revêtement. Un système de balayage a été mis en place à l'aide d'un générateur de fonctions et d'un amplificateur lock-in connectés aux deux électrodes du capteur. Un blindage de masse a été ajouté pour éliminer le bruit externe. Le signal de sortie de l'amplificateur à verrouillage a été acquis et une corrélation entre la variation de la permittivité et la variation du signal de sortie de l'amplificateur à verrouillage a été établie. La variation du signal induite par la variation de la permittivité due au processus d'absorption de l'eau a été mesurée avec succès.

Dans le chapitre 5, un model descriptif 3D par la méthode des éléments finis du capteur coplanaire a été construit avec un logiciel de simulation FEM pour reproduire les conditions expérimentales et permettre la comparaison des résultats. Les signaux simulés montrent la même tendance que les résultats expérimentaux. Par une méthode de cartographie, il a été établi que les informations de la permittivité réelle et de la permittivité imaginaire peuvent être discriminées. Cependant, le signal de permittivité réelle est superposé au signal de lift-off, ce qui le rend difficile à discriminer.

Le chapitre 6 présente la conclusion générale ainsi que les perspectives et les limites. 

The cost of corrosion

Corrosion is one of the most important degradation factor of metal based structures. All sectors are affected: infrastructure (bridges, ports, etc), manufacture and production (power plants, factories, etc), utilities (cables, water pipes, etc) transportation (aircrafts, shipping, etc), government (armies, etc). Corrosion cost in developed countries has been evaluated at 3% to 5% of their gross domestic product [START_REF] Gerhardus | Cost of corrosion in the united states[END_REF]. For example, in USA, a study estimated the corrosion cost at 3.14% of the US gross domestic product. At First, they evaluated it in different sectors and then made an extrapolation to the whole country. Similar studies have been done for UK, which is about 4% to 5% of the global national product. in the case of Japan is about 5.258 trillion Yen per year [4].

Cost of corrosion is not only in dollars but also in human lives. The collapse of Morandi bridge in Italy in 2018 is one example (figure 1.1). In this tragedy, 43 people died and several were injured or life-traumatized [START_REF] Cusumano | The politicization of public-private partnerships following a mega-project disaster: the case of the morandi bridge collapse[END_REF].

The corrosion is mainly due to water in the atmosphere or in liquid state (rain, sea) [START_REF] Fp Ijsseling | General guidelines for corrosion testing of materials for marine applications: Literature review on sea water as test environment[END_REF]. The large use of metallic structures, for example in transportation systems (passengers, goods, electricity, gas, etc), infrastructures, manufacturing, machining and so on, raises challenges in sustainability and reliability of associated systems, especially when those are operating in confined or barely accessible environments (e.g., pipelines). Among the damaging processes, corrosion is one of the major stakes such structures are facing. Therefore, many works have been devoted in finding adapted techniques to prevent corrosion, including structural transformation, special treatment or coating [START_REF] Ghali | Corrosion prevention and protection: practical solutions[END_REF].

Corrosion principle

The definition of corrosion is an electrochemical reaction involving exchange of one or more electrons in reduction / oxidation reaction. A redox couple is composed of the oxidizer form and reducer form of the same chemical element. During a reaction, the oxidation corresponds to the lose of one or more electrons whereas the Figure 1.1: Picture of the collapse of Morandi Bridge in Italy. [START_REF]Message of sympathy for italy[END_REF] reduction is the reaction of gain of one or more electrons. Each couple is characterized by an electrochemical potential, so called Nernst potential. In the main tables, potentials are referred to the hydrogen ion/dihydrogen couple, written as H + /H 2 . However, for practical reasons, secondary references electrodes are used [START_REF] Stratmann | The atmospheric corrosion of iron-a discussion of the physicochemical fundamentals of this omnipresent corrosion process invited review[END_REF].

The most common and understandable case is the dissolution of iron with the dissolved dioxygen reduction in weak acidic environment. In this case, water is needed.

Here the two couples are Fe 2+ /Fe and O 2 /H 2 O and associated standard Nernst potentials at experimental room condition are respectively -0.44 V and 1.23 V, respectively . The two semi reactions can be written in Equation 1 For dissolved dioxygen redox couple,

H 2 O (l) = 1 2 O 2(s) + 2H + (aq) + 2e - (1.2)
According to the Nernst potentials, the iron will lose electrons whereas oxygen will gain electrons. The global equation can be written as equation 1.3.

F e (s) + 1 2 O 2(s) + 2H + (aq) = F e 2+ (aq) + H 2 O (l) (1.3)
This electrochemical reaction is at the base of most corrosion phenomena of iron steel based structures and materials. This approach is mainly based on thermodynamic since the Nernst equation can be related to the free Gibbs energy [START_REF] Normand | Prévention et lutte contre la corrosion, Une approche scientifique et technique[END_REF]. The kinetics of the reactions also play a role the degradation. Indeed, the dissolution of the iron is based on a charge transfer (fast reaction) since the iron is in metallic state at the origin. Regarding the reduction of dissolve oxygen this latter is under mass transport limitation as oxygen needs to diffuse from the solution/air interface to the metal/solution interface to be reduced. 

Protection methods

To prevent corrosion issues, several strategies were developed depending on applications and environments.For example, cathodic protections used to protect immersed boat part or buried pipelines by using galvanic anode (Figure 1.3). The principle of this technique is based on galvanic coupling. Here the additional material will be corroded instead of the structural metal. In order to work, the sacrificial material must have a lower potential than the potential of protected structure. To protect steel, galvanic coupling with either zinc, aluminum or magnesium are used [START_REF] Blanc | Galvanic coupling between copper and aluminium in a thin-layer cell[END_REF][START_REF] Lacroix | Localized approach to galvanic coupling in an aluminum-magnesium system[END_REF][START_REF] Yoo | The effect of synthetic zinc corrosion products on corrosion of electrogalvanized steel. ii. zinc reactivity and galvanic coupling zinc/steel in presence of zinc corrosion products[END_REF]. Also, by adding extra chemical elements in the metallic microstructure, a passive film can be created and thus protects the material from corrosion. As a common fact, stainless steel is obtained by adding chromium atoms in steel. During corro-sion process, oxygen atoms reacts with chromium ones and create a strong passive film. This barrier strongly limits other metallic atoms diffusion from the bulk to the solution [START_REF] Bojinov | Coupling between ionic defect structure and electronic conduction in passive films on iron, chromium and iron-chromium alloys[END_REF][START_REF] Kong | A study of the passive films on chromium by capacitance measurement[END_REF][START_REF] Hubschmid | Formation conditions, chloride content, and stability of passive films on an iron-chromium alloy[END_REF].

Both protection strategies need lots of means, knowledge, and are expensive. One more strategy is to apply organic coating. Organic (or polymer coatings) act as a physical barrier separating the metallic substrate from the aggressive corrosive environment by a thin layer of polymer. Organic coatings present many advantages. They present good adhesion on the material [START_REF] Silvia G Prolongo | Comparative study on the adhesive properties of different epoxy resins[END_REF][START_REF] Nnah Meis | Extreme wet adhesion of a novel epoxy-amine coating on aluminum alloy 2024-t3[END_REF], have good strength to weight ratio [START_REF] Wang | Controllability of epoxy equivalent weight and performance of hyperbranched epoxy resins[END_REF][START_REF] Wang | Toughening and reinforcing of benzoxazine resins using a new hyperbranched polyether epoxy as a non-phase-separation modifier[END_REF], and hydrophilic behavior [START_REF] Liu | Water and corrosion resistance of epoxy-acrylic-amine waterborne coatings: Effects of resin molecular weight, polar group and hydrophobic segment[END_REF][START_REF] Cardiano | Hydrophobic properties of new epoxy-silica hybrids[END_REF]. In this way, epoxy-amide coatings are widely used not only in industries but also in everyday life items [START_REF] Van Der Wel | Moisture in organic coatings-a review[END_REF][START_REF] Per Aggerholm Sørensen | Anticorrosive coatings: a review[END_REF][START_REF] Sv Gnedenkov | Composite polymer-containing protective coatings on magnesium alloy ma8[END_REF][START_REF] Qi | A corrosionprotective coating based on a solution-processable polymer-grafted graphene oxide nanocomposite[END_REF]. Recently, organic coatings allows the development of self-healing coatings thanks to fillers in the polymer matrix, and increase the corrosion protection [START_REF] Cui | A comprehensive review on smart anti-corrosive coatings[END_REF][START_REF] Liu | Preparation of epoxy microcapsule based self-healing coatings and their behavior[END_REF][START_REF] Yi | Pickering emulsion-based fabrication of epoxy and amine microcapsules for dual core self-healing coating[END_REF].

Ionic liquid in polymer coatings

Definition of ionic liquid

Ionic liquids (hereafter IL) are chemicals composed of molecular cations and anions with a melting temperature below 100°C. Some ILs have even a melting point below 25°C. It is because of the long molecular chain and the asymmetry in the network between cation and anion [START_REF] Torimoto | New frontiers in materials science opened by ionic liquids[END_REF][START_REF] Livi | Nanostructured thermosets from ionic liquid building block-epoxy prepolymer mixtures[END_REF][START_REF] Khan | Ionic liquids as reactive additives for the preparation and modification of epoxy networks[END_REF]. ILs are composed of one organic cation and one inorganic anion (or counter ion). In some cases the anion is also organic. Cations can be divided into 5 sections [10]:

• 5 chain heterocyclic cations (imidazolium);

• 6 chain heterocyclic cations (Pyridinium) or benzo-fused cations (Benzotriazolium);

• ammonium-based cations, phosphonium-based cations, sulphonium-based cations;

• fonctionnalized imidazolium (alchool, amine, formamide, thiol groups);

• chiral cations

For the anions, they can be divided into 6 sections:

• AlCl - 4 anions;

• PF - 6 , BF - 4 , SbF - 6 anions;

• amide based and methanide based anions;

• alkylphosphate, alkylsulphate anions;

• acetate, trifluoroacetate, trifluoromethanesulfonate;

• bore based anions;
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Properties of ionic liquids

Ionic liquids have some interesting properties as follow: First, thank to their low melting point and a low vapour pressure, they can be used as solvent and dissolve a wide range of organic and inorganic chemicals. They are thermally stable up to 300°C to 500°C and a wide range of potential for electrochemistry use.

It is worth noted all ionic liquids do not completed all the properties above, but they all have a high ionic conductivity [START_REF] Rooney | Thermophysical properties of ionic liquids[END_REF][START_REF] Hapiot | Electrochemical reactivity in roomtemperature ionic liquids[END_REF] 1.4 Quantification of water uptake and degradation rate

Water uptake is a general process occurring either in biological or inert material. For polymer materials the permeability properties and the hydrophobic properties are at the origin of adsorption and absorption of mater molecules. Understanding the water uptake requires the knowledge of the water state in the polymer, its influence on the polymeric phase and its distribution.

Various techniques are prone to probe the water uptake. The main parameters to be extracted are the coefficient of diffusion, the saturation index to qualify material [5]. Below, the models used for water-uptake are introduced and discussed.

Gravimetric measurement and water diffusion

Diffusion of liquid phase into solid phase usually follows the Fick's second law model at global scale. This law aims to predict how the diffusion change the concentration of one specie as a function of time (Equation 1.4),

∂χ m (x, t) ∂t = D∇ 2 χ m (x, t) (1.4)
where χ m is the mass fraction of water uptake, D the diffusion coefficient and x ant t are space and time variables.

From Equation 1.4, Crank et al. [START_REF] Crank | The mathematics of diffusion 2nd edition[END_REF] proposed a solution based on an unidimensional diffusion, with independent space and time variables (Equation 1.5). This solution assumes an infinite sample length (high aspect ratio s/h, where s is the surface area and h is the height) and neglects the edges effects.

χ m (x, t) = X M | ∞ h 1 - 4 π n=∞ n=0 1 (2n + 1) s n (x) × exp - (2n + 1) 2 π 2 h 2 Dt (1.5)
where χ m (x, t) is the water absorption ratio in mass, X M | ∞ is the maximum absorbed water saturation value, h is the thickness of the matter, D is the diffusion coefficient and t is the immersion time. For a 2-side diffusion model, the shape function has to fulfill the several conditions. Consequently the appropriate shape function is given Equation 1.7

       s j (0) = 0 s j (h) = 0 s j (x) ≥ 0 ∀x ∈ [0, h] h 0 s n (x) dx = 2 π(2n+1) h , (1.6) 
s n (x) = sin (2n + 1)π x h . (1.7) 
where s j (0) and s j (h) are the value of the shape function at positions x=0 and X=h respectively. h is the sample thickness

The integration of χ m (x, t) (Equation 1.8) over the thickness h and taking into account the shape function s n (x) allows the water uptake calculation over the immersion time t (Equation 1.9).

X m (t) = h 0 χ m (x, t) dx, (1.8) X m (t) X M | ∞ = 1 - 8 π 2 n=∞ n=0 1 (2j + 1) 2 exp - (2n + 1) 2 π 2 h 2 Dt , (1.9) 
Equation 1.9 can be approximated as Equation 1.10 according to Nguyen et al. [START_REF] Vn Nguyen | Water permeability of organic/inorganic hybrid coatings prepared by sol-gel method: a comparison between gravimetric and capacitance measurements and evaluation of non-fickian sorption models[END_REF]. In this study, Equation 1.10 was implemented in MATLAB to fit experimental mass variation curves to calculate the diffusion coefficient D and saturation

value X M | ∞ . X m (t) X M | ∞ = 1 -exp -7.3 Dt h 2 3 4 , (1.10) 
1.5 Permittivity modeling

Brasher Kingsbury model

Brasher and Kingsbury [START_REF] Brasher | Electrical measurements in the study of immersed paint coatings on metal. i. comparison between capacitance and gravimetric methods of estimating water-uptake[END_REF] proposed a model to evaluate the water uptake in thin polymer layer in 1954 (Equation 1.11). Note that the water uptake χ v (t) is expressed in volume percentage in this model. They assumes i) an unifrorm diffusion of water in the coating layer, ii) no swelling for the coating layer, iii) a relative permittivity of water fixed at 80, iv) no frequency dependence of the relative permittivity of the coating material and water.

χ v (t) = 100 log ε(t) ε 0 log(ε w ) , (1.11) 
where ε(t), ε 0 and ε w are the relative permittivity at immersion time t, the relative permittivity in dry condition (i.e., before immersion test) and the relative permittivity of water, respectively. Note that the permittivity values are subject to change according to the frequency (which is not taken into account in the BK-assumptions).

Brasher Kingsbury model is used since a long time and is still used even though it has some limitations. The frequency dependence is not modeled and water uptake is constantly overestimated. But it is a useful tool to convert permittivity measurements into water volumes. In this sense, it is allows water uptake materials comparisons [START_REF] Vosgien Lacombre | Water uptake in free films and coatings using the brasher and kingsbury equation: a possible explanation of the different values obtained by electrochemical impedance spectroscopy and gravimetry[END_REF][START_REF] Ollivier-Lamarque | Dielectric analysis of water uptake in polymer coating using spatially defined fick's law and mixing rule[END_REF][START_REF] Ollivier-Lamarque | Water uptake in epoxy ionic liquid free film polymer by gravimetric analysis and comparison with nondestructive dielectric analysis[END_REF][START_REF] Sykes | A variant of the brasher-kingsbury equation[END_REF]].

Electric field theory, complex permittivity

The permittivity or dielectric permittivity is a physical property characterizing the degree of electrical polarization of a material under an external electric field. The dielectric properties of polymers are largely predictable from the chemical structure of the polymer. The chemical structure determines the polar and non polar nature of the material and acts on the polymer behavior under a electrical load. Since no dipoles are present in the repeat units, any dipole alignment is expected under an applied field. In presence of polarized covalent bonds, dipoles may orient themselves parallel with the electrical field.

Water molecules embedded in the polymer also act as dielectric dipoles influenced by the applied field and contribute to the permittivity evolution of the materials.

Therefore the material tendency to polarize can be describe by the relative permittivity or dielectric constant ε. This descriptor is a dimensionless parameter calculated as the ratio of the applied field E 0 to the electric field inside the material D (Equation 1.12). D = εE 0 , (1.12)

The total material polarization has four different contributions:

• An electronic polarization because of local electronic charge clouds displacement;

• An atomic polarization due to short atomic nuclei displacement;

• An ionic polarization due to cations and anions migration under the applied field;

• An orientational polarization due to permanent electric dipoles alignments;

Each polarizable element contributes to the overall permittivity up to a certain frequency. Therefore suitable model to express the dielectric relaxation of the material is the Cole-Cole equation [START_REF] Kenneth | Dispersion and absorption in dielectrics i. alternating current characteristics[END_REF][START_REF] Kenneth | Dispersion and absorption in dielectrics ii. direct current characteristics[END_REF], as in Equation 1.13

ε(ω) = R    ε ini + ε ini -ε ∞ 1 + j ω ωc 1-α    , (1.13) 
where R is the real part of the expression, ε ini and ε ∞ are the relative permittivity at low frequency and infinite frequency respectively, ω is the angular frequency ω = 2πf and α is the Cole-Cole coefficient, corresponding the the slope of the transition between low frequency and high frequency, around the value ω c which is the cut-off angular frequency.

From above statements, an advanced model of relative permittivity is established taking into account the frequency dependence (Cole-Cole equation, 1.13) and the local distribution of water in the polymer (Equation 1.5). Supposes:

• The local equivalent permittivity ε(x, t, ω) as a function of a primary phase permittivity ε mat (here the polymer), a secondary phase ε wat (here the water) and a phase ratio δ(x, t)

ε(x, t, ω) = δ(x, t)ε wat (ω) + [1 -δ(x, t)ε mat ], (1.14) 
where x is the position along the sample thickness h, and δ(x, t) derives from Fick's Law (Equation 1.14).

• The conversion from the maximum mass fraction of water X M | ∞ and the global phase ratio δ(t) as:

1 δ ∞ = 1 + ρ wat ρ mat 1 X M , (1.15) 
where X M is the maximum value of the mass percentage of water uptake, ρ mat and ρ wat the polymer density and water density, respectively.

Therefore the local phase ratio (Equation 1.16) is calculated from the space and time dependent Fick's equation solution (Equation 1.5) with the same diffusion coefficient D and shape function s j (x)

δ(x, t) = δ ∞ h 1 - 4 π n=∞ n=0 1 (2n + 1) s n (x) × exp - (2n + 1) 2 π 2 h 2 Dt , (1.16) 
From the local equivalent permittivity to the global equivalent permittivity, integration along the thickness h is performed giving the global relative permittivity. (Equation 1.17)

ε(t, ω) = 1 h h 0 1 ε(x, t, ω) dx -1 , (1.17) 
where ε(x, t, ω) is the local relative permittivity at the position x along the thickness h.

Objectives of the thesis

This work can be divided into two main objectives:

• The first one is to evaluate the properties of epoxy amine and epoxy ionic liquids during water uptake degradation. Epoxy-diamine and epoxy-ionic liquid specimens are elaborated and immersion protocol is defined. Gravimetric measurement associated with Fick's Equation allows the water uptake quantification. Permittivity measurement with impedance analyzer Evaluation of mechanical properties

• The second one is the development of nondestructive evaluation method for water uptake in polymer coatings. In one hand a coplanar capacitor sensor is designed and elaborated. In the other hand, nondestructive testing setup is implemented and applied on immersed specimen. 3D finite element model based on experimental setup is implemented and allows the comparison with the experimental data.

Structure of the thesis

The PhD thesis is organized in 6 Chapters. In the first Chapter gives a general introduction about corrosion and its issues in industry. The state of the art about the coating technology for corrosion application and degradation process by water uptake phenomenon is introduced. Diffusion model is presented and permittivity is defined.

The second chapter contains the experimental method for immersion test. The methods to evaluate the water uptake by gravimetry and electric impedance are presented. Mechanical tests method is introduced as well as microscopic observations. The third chapter is the presentation of the results of previously described methodology. Water uptake is quantify thanks to gravimetric measurements. The effect of water uptake on permittivity is also monitored. From mechanical tests, Young modulus, rupture stress and strain and glass transition temperature are measured for different immersion times.

The fourth chapter described the nondestructive testing setup with lock-in amplifier and coplanar capacitor sensor. An experimental protocol is carried out to monitor the permittivity variation of specimens. Tests sample with known dielectric properties as well as immersed specimens are used for this experiment.

The fifth chapter present a descriptive finite element method model that reproduces the nondestructive testing coplanar sensor and the coating material of the fifth chapter. Electric field is mapped and data are analysed for comparison with experimental data.

The sixth chapter is the general conclusion and future directions.

In the appendix are attached the MATLAB scripts used to fit the gravimetric results with Fick's model, scripts for precision stage control and data acquisition for Nondestructive experimental setup, and script for communication with impedance analyzer.
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Chapter 2

Materials and Methods

Materials preparation

Different epoxy resin samples were prepared at IMP INSA Lyon. They consist into epoxy resin cured with either (i) diamine or (ii) ionic liquids. Then, these pure resins were reinforced with graphene nano-platelets fillers. Carbon fillers improve not only the mechanical properties but also the barrier properties [START_REF] Ziat | Epoxy coating modified with graphene: A promising composite against corrosion behavior of copper surface in marine media[END_REF][START_REF] Matalkah | Graphene nanoplatelet for enhancement the mechanical properties and durability characteristics of alkali activated binder[END_REF] 

Material selection

Epoxy-diamine and epoxy-IL samples were prepared with the DiGlycidyl Ether of Bisphenol A (DGEBA) based epoxy prepolymer (Epikote 828, DIMEX, France). Conventional aliphatic diamine denoted Jeffamine D400 (Huntsman, AHEW= 400 g•mol -1 , USA) and Jeffamine D230 (Sigma-Aldrich, AHEW = 230 g•mol -1 , France) were used as curing agent for the epoxy-amine system (considered as the reference material in this work) [START_REF] Yang | Preparation and mechanical properties of modified epoxy resins with flexible diamines[END_REF][START_REF] Sonnier | Flame retardancy of phosphorus-containing ionic liquid based epoxy networks[END_REF][START_REF] Khan | Ionic liquids as reactive additives for the preparation and modification of epoxy networks[END_REF]. The epoxy-amine materials were elaborated at a stoichiometric ratio of 63 phr in the case of diamine D400 and 34 phr in the case of diamine D230 to obtain a fully cured epoxy matrix without diamine residue in the network. On the other hand, the phosphonium ionic liquid denoted IL105 (trihexyl(tetradecyl)-phosphonium dicyanamine, supplied by Solvay) was used as initiator of epoxy prepolymer to prepare epoxy-ionic liquid network. The epoxy-IL specimens were prepared considering a mixing ratio of 10 phr, 20 phr and 30 phr [START_REF] Livi | Nanostructured thermosets from ionic liquid building block-epoxy prepolymer mixtures[END_REF][START_REF] Bluma | Preparation of epoxy/jeffamine networks modified with phosphonium based ionic liquids[END_REF].

In a reactor, the BADGE was poured with the hardener (diamine or IL). The blend was mechanically stirred at 70°C for 30 min (Figure 2.1a), before being placed 10 min in vacuum chamber (Figure 2.1b) for degassing. The mixture was heated up again to 70°C to decrease its viscosity and immersed in an ultrasonic bath for 20 min to remove air bubbles. The mixture was finally poured in silicon molds preheated at 80°C. An heat treatment was performed in an electric oven for cross-linking purposes. The temperature profile consisted in:

• With the diamine hardener (D230 and D400): 2 hours at 80°C, followed by 3 hours at 120°C, then 2 hours of cooling at room temperature. Temrex® graphene nanoplatelets were used as graphene filler (GNP hereafter). Each polymer matrix was charged with four different filler ratios: 0.5 phr, 1 phr, 2 phr and 10 phr. The samples were prepared in two batches differing in the elaboration methodology:

• For the first batch, IL and GNP were mixed in sonic bath for 30 min. Then the BADGE prepolymer was added and the mixture was stirred during 20 min at 70°C After a second sonication of 30 min, the deaeration of the mixture was operated in vacuum chamber during about 10 min. A visual control confirmed the good efficiency of the procedure when no more gas bubbles were observed at the surface of the fluid. Finally, the polymer preparation was poured in silicon molds and the same curing process was applied to pure polymer matrix.

• For the second batch, samples with only 2 phr or 10 phr of GNP were prepared. For this batch, ethanol was used as solvent to better dislocate aggregate of GNP during sonication. GNP and IL are added in appropriate ratio in ethanol. The ultrasonic probe operated for 40 min. To avoid the increase of temperature, the preparation was cooled in ice bath and sonication was set to pulse mode with a power of 15 W. After the sonication, ethanol was separated from the IL by distillation process. The solution was depressurized at 700 hPa and heated at 40℃ in water bath for about 1 hour until ethanol was fully evaporated. Then BADGE prepolymer was added, and the curing process was applied as same as the protocol described previously. Two samples' morphologies were prepared. Dog-bone specimens were prepared for tensile tests experiments, rectangular coupons were dedicated to dynamic mechanical analysis (hereafter DMA) (2.2). Disc samples were used for immersion tests and both gravimetric and impedance measurements (2.3).

Polymerisation mechanisms

Epoxy diamine

Crosslinking reaction between DGEBA (Figure 2.4) and diamine (Figure 2.5) is made by open ring polymerization process as describe in Figure 2.7. Amine groups react with two tertiary carbons on epoxide group of the prepolymer leading to tridimensional epoxy network.

Epoxy Ionic Liquids

The polymerization process in the case of phosphonium based IL (Figure 2 

Surface preparation and sample geometries

A key issue in dielectric measurements is the flatness and reproducibility of surface waveness between different samples. To reduce error from this morphological parameters, the sample surfaces were polished with SiC Emery papers with respective grades of 800, 1500 and 2000. This surface preparation was preferred to other because of its easy way to proceed and its capability to remove initial roughness due to molt wall ones. 

Immersion protocol

The samples were immersed in individual glass containers filled with about 40 mL (3 cm high) of a solution composed by 0.1 M of NaCl and having an initial pH of 5.5 (distilled water pH) [START_REF] Scott | Water, salt water, and alkaline solution uptake in epoxy thin films[END_REF]. Immersion tests are carried out at 35°C in an electric oven (Figure 2.8). The containers are covered by an aluminum foil to minimize the electrolyte evaporation. The solution's level is adjusted, if necessary, with pure water to maintain the initial concentration of NaCl. Moreover, the electrolyte is weekly renew with fresh solution to prevent pH deviation due to solution carbonatation.

Before each analysis, the sample surface is dried with absorbent paper until no water droplets are detected visually. On the one hand, this procedure may slightly underestimate the water quantity. On the other hand, it reduces drastically the gravimetric measurement errors and also avoids the electrical shortcuts during electrical impedance measurements. After testing, the sample is reinstalled in its container.

Gravimetric measurements

Gravimetric measurements were performed with a weight scale (Sefi ITX220, AsOne, 220 Japan) with a precision of 0.1 mg. The relative mass variation, expressing the water uptake, is given Equation (2.1). A first approximation assumes that the mass variation come only from the polymer's water absorption and not to the polymer's physical degradation [START_REF] Kim | Moisture barrier characteristics of organoclay-epoxy nanocomposites[END_REF][START_REF] Shen | Moisture absorption and desorption of composite materials[END_REF]. This hypothesis is confirmed experimentally since no thickness variation (swelling or spalling) is detected for all samples.

χ m = 100 m t -m 0 m 0 , (2.1) 
where χ m is the water uptake expressed in mass percentage, m 0 is the initial mass of the coupon before immersion (reported in Table 3.1 and Table 3.2), m t is the mass of the sample after an immersion time t.

Capacitive measurements and permittivity

Capacitance measurements

Capacitance measurements are based on the difference of relative permittivity between water and conventional epoxy coatings. As long as the water diffuses through the polymer, the global relative permittivity increases. Thus, measuring the relative permittivity of a material during immersion time is useful in order to evaluate the water uptake in the polymer layer. For capacitive materials as polymer, the complex permittivity is a good descriptor of the material behavior. It allows accessing to the permittivity but also the dielectric losses.

The electric impedance Z * ω is a complex value given by the ratio between the voltage E over current I applied to a system at a given angular frequency ω. In Equation (2.2), Z ω and φ ω are the impedance modulus and the phase shift respectively. Impedance analyzer measures the real part R and imaginary part X of the impedance. From these two data, it is possible to derive physical properties such as the conductivity (or resistivity), permittivity and permeability (in the case of magnetic materials) [START_REF] Yu | Influence of interface structure on dielectric properties of epoxy/alumina nanocomposites[END_REF][START_REF] Istebreq | On the dielectric behavior of amine and anhydride cured epoxy resins modified using multiterminal epoxy functional network modifier[END_REF][START_REF] Zhang | Low-frequency behavior of laminated electric steel sheet: investigation of ferromagnetic hysteresis loops and incremental permeability[END_REF]. Then, the behavior of the material is modeled by standard elements either as capacitor, self inductance or resistor. This method is widely used in electrochemical impedance spectroscopy to extract information such as barrier properties or water content [START_REF] Roggero | Thermal activation of impedance measurements on an epoxy coating for the corrosion protection: 2. electrochemical impedance spectroscopy study[END_REF][START_REF] Stafford | Electrochemical impedance spectroscopy response of water uptake in organic coatings by finite element methods[END_REF][START_REF] Deflorian | Organic coating capacitance measurement by eis: ideal and actual trends[END_REF][START_REF] Zhang | Corrosion resistance of self-cleaning silane/polypropylene composite coatings on magnesium alloy az31[END_REF][START_REF] Tribollet | Eis technique in passivity studies: determination of the dielectric properties of passive films[END_REF].

Z * ω = R + jX = E exp(jωt) I exp(jωt -φ) = Z ω e jϕω , (2.2) 
In a pure dielectric material, real part of impedance R is 0. It means the intrinsic resistivity is infinite. In the case of polymer material with degradation process, it is important to also consider the loss currents. Complex permittivity is a good tool to described such behavior and take into account both loss currents or conductive currents, and displacement currents. Equation 2.3, describes the contribution of conductive current j c and displacement current j d of total current j tot

j tot = j c + j d , (2.3) 
Definition of conductive current and displacement current are given in Equation 2.4

j c = σE j d = ε 0 ε ∂E ∂t , (2.4) 
where σ is the conductivity and E is the electric field. In Equation (2.5), ε * (t) is the complex relative permittivity defined by a real part ε(t) ′ and the imaginary part ε(t) ′′ as in Equation (2.6). ε(t) ′ stands for the electric energy storage, which is a conservative energy, whereas ε(t) ′′ represents the dissipative losses due to electric charge transport.

ε(t) * = ε(t) ′ -iε(t) ′′ , (2.5) 
Thus by using the formalism of complex permittivity and sine waves it comes

j c = ωε 0 ε ′′ E j d = iωε 0 ε ′ E, (2.6) 
and by identification,

σ = ωε ′ tan δ with tan δ = ε ′′ ε ′ (2.7)
where tan δ is the loss factor expression for dielectric material. The material dielectric properties [ε(t),ε ini ] are calculated from the complex electric impedance composed by a Real part R and an imaginary part X (Equation 2.8).

Z(t) * = R(t) + jX(t) = 1 jωε * (t)C 0 , (2.8) 
C 0 = ε 0 S l , (2.9) 
where, ω is the angular frequency (2πf ) and C 0 is the void capacitance. Note that C 0 depends on the electrode area S, the distance between electrodes l, and the free space permittivity ε 0 (Equation 2.9).

Combining Equation (2.8) and Equation (2.5) allows to express the real part and the imaginary part of the relative permittivity as a function of the real part and imaginary part of the electric impedance as in Equation (2.10) [START_REF] Hoseinpoor | Simplified approach to assess water uptake in protective organic coatings by parallel plate capacitor method[END_REF][START_REF] Kap | Characterization of dielectric relaxation process by impedance spectroscopy for polymers: Nitrile butadiene rubber and ethylene propylene diene monomer[END_REF].

ε(t) ′ = - X(t) C 0 [R(t) 2 + X(t) 2 ] ε(t) ′′ = R(t) C 0 [R(t) 2 + X(t) 2 ] , (2.10) 

Experiment methodology

Measurements protocol: parallel sensor

Hereafter, the experimental protocol of impedance measurement is described, as well as the repeatability with statistical analysis. The overall system is depicted in Figure 2.9. Impedance analyzer (HP4194A) is connected to an environmental chamber (BioLogic CESH) with the four-point terminal method. The measurement frequency is set to 10 kHz [START_REF] Deflorian | Organic coating capacitance measurement by eis: ideal and actual trends[END_REF][START_REF] Yin | Investigations into the measurement sensitivity distribution of coplanar capacitive imaging probes[END_REF] and amplitude set to 1 V. Data acquisition is processed with the MATLAB script in the Appendix A.2.1 and Appendix A.2.2.

Here the specimens are 30 mm discs and a mark is carved with a cutter on the edge to be able to discriminate the faces. Specimen electric impedance were measured according to the following protocol: the specimen is inserted between the two electrodes of the sample holder, and the mark is always at the same position (Figure 2.10). The screw is tightened at given position and position of the screw is the same in order to maintain almost constant the pressure between different measurements and minimize the noise during measurements [START_REF] Hao | Non-contact method to reduce contact problems between sample and electrode in dielectric measurements[END_REF]. The contact between electrodes and specimen is a direct contact. As immersion tests is the purpose of the study, it was not possible to apply a conductive coating to have better precision on the collected data. The sample holder is insert into the controlled environment chamber. Impedance measurement is performed. After the measurement, the specimen is withdrawn from the sample holder.

To discuss the results reproducibility, the previous protocol is repeated 10 times with the same specimen. Capacitance values were recorded, and results are given in Table 2.1

These results show a good accuracy as (i) the standard deviation corresponds at approximately of 0.8% of mean value and (ii) the gap between maximum value and minimum value is estimated about 2.2%. Note that error bars of capacitance measurements are equals to the standard deviation. 

Mass and capacitance correlation

The experimental protocole was design to record at periodic immersion times, the polymer capacitance (by impedance measurements) and mass (by gravimetry measurements). The measurements sensitivity was evaluated from preliminary tests where absorption / desorption tests performed on epoxy diamine samples. An water saturated epoxy-D400 specimen was dried in electric oven at 50°C. Both gravimetric measurement and impedance measurement were carried out during the desorption period. Figure 2.11 shows a mass reduction and a capacitance reduction on line with drying of the polymer in surface and volume. Also, the simultaneous measurements are the occasion to correlate the capacitance and the mass trends. Figure 2.12 reports a linear correlation between the capacitance and the mass for an epoxy diamine sample. The red line indicate the result of a linear regression using the least squares' method with a R 2 > 0.99.

Permittivity model

The water uptake can be determined from the measured relative permittivity using a mixing rule on the whole impedance spectrum. The mixing rule reported in Equation (2.11) assumes a uniform distribution of permittivity (i.e., uniform diffusion of water) along the sample thickness with two boundaries conditions: the dry polymer permittivity and the water permittivity [START_REF] Ollivier-Lamarque | Water uptake in epoxy ionic liquid free film polymer by gravimetric analysis and comparison with nondestructive dielectric analysis[END_REF].

χ(t) = 100 ε(t) -ε ini ε wat -ε ini , (2.11) 
Figure 2.12: Linear correlation between capacitance measurements and mass measurements.

Where χ(t) is the volume water uptake in percent, ε(t) is the measured permittivity during the immersion tests. ε ini and ε wat are the permittivity of the initial condition (dry sample) and water respectively. Note that the permittivity is given at one given frequency.

Mechanical properties

Tensile tests (Figure 2.14) and Dynamic Mechanical Analysis (DMA, Figure 2.13) were carried out to monitor the influence of the water uptake on the mechanical properties of the epoxy materials. Tensile tests were used to access the mechanical strength properties as Young modulus, Yield stress and rupture strain. The DMA was applied to determinate the viscoelasticity properties of polymer as the glass transition temperature (T g ). It has been reported that the glass transition temperature is a key properties to reduce the water uptake [START_REF] Basile De Parscau Du Plessix | Characterization and modeling of the polymerization-dependent moisture absorption behavior of an epoxy-carbon fiber-reinforced composite material[END_REF].

For DMA analysis, consider ϵ and σ the strain and stress applied on a material with sinusoidal driving force at one given frequency.

ϵ = ϵ 0 sin(ωt) σ 0 sin(ωt + δ), (2.12) 
Where ω and t is the angular frequency and time respectively, and δ is the phase shift between stress and strain.

For a pure elastic behavior, the Hooks' law is verified and E is the Young modulus as in Equation (2.13). In the case of purely viscous behavior, the stress is proportional to the time derivative of strain [START_REF] Marc | Mechanical behavior of materials[END_REF] (Equation 2.14). σ(t) = Eϵ 0 sin(ωt) → δ = 0 (2.13)

σ(t) = K dϵ 0 dt = Kϵ 0 cos(ωt) → δ = π 2 , (2.14) 
Thus the storage modulus E ′ and the loss modulus E ′′ are defined as Equation (2.15)

E ′ = σ 0 ϵ 0 cos δ E ′′ = σ 0 ϵ 0 sin δ, (2.15) 
For DMA tests, the loss coefficient is defined as the ratio of storage modulus over loss modulus as in Equation (2.16)

tan δ = E ′′ E ′ , (2.16) 
Figure 2.15 shows the DMA response of an epoxy-diamine polymer, the transition between hard and brittle state to soft and rubbery state can be clearly define by the maximum value of tan δ (about 90°for this exemple). In this value is considered as the glass transition temperature of the specimen.

Comparison between epoxy-diamine systems and epoxy-IL systems with different concentrations of hardener were done. Dog-bone shaped silicone molds were used for tensile test specimens and rectangular shape molds were used for DMA specimens. Specimens were polished and immersed in NaCl solution following the protocol given in Section 2.1.1. Dog-bone specimen's nominal cross section area was 1.5×4 mm 2 and specific length is 25 mm. Tensile tests displacement speed was set to 2 mm/min. DMA specimen's nominal dimension is 25×5×1 mm 3 . For DMA tests, the temperature sweeps from -90°C to 200°C with a slope of 3°C/min. The excitation frequency was set to 1 Hz, the maximum load was 10 N (6 N static and 4 N dynamic) and maximum elongation was set to 10 µm.

Contact angle and surface energy

Surface energy is the ability of a solid material to enhance or refrain the affinity, thus spread, of a liquid on its surface. High surface energy leads to high wettability. The Owens Wentdt model [START_REF] Daniel | Estimation of the surface free energy of polymers[END_REF][START_REF] Livi | Supercritical co2-organosilane mixtures for modification of silica: Applications to epoxy prepolymer matrix[END_REF][START_REF] Rd Van De Grampel | Thermally cured low surface-tension epoxy films[END_REF] is used in this work to calculate the surface energy. According to this model, the surface energy γ is the sum of two components, the polar component γ p and the dispersive component γ d (Equation 2.17). Polar and dispersive components are derived from the contact angle θ and Equation 2.18 

γ = γ p + γ d , (2.17) 
γ s p + γ l p + γ s d + γ l d = γ l (1 + cos θ) 2 , (2.18) 

Surface observations

Optical and electronic images

Scanning Electron Microscopy (SEM, JEOL 6510) with Energy Dispersive X ray Spectroscopy (EDXS) were carried out on the samples after silver permeation tests. A carbon deposition layer was performed to ensure conductivity and avoid charging during SEM observation. Note that the samples were cut to fit the specimen holder and only the center of the coupons were observed.

To observe the cross section of the specimens by SEM coupled with EDS, appropriate cross section polishing process is applied. At first specimens are cut using a low-speed saw and silicium wafer is glued on immersed surface with araldite. Sili- cium wafer presents several advantages over typical epoxy glue or glass substrate. At first place it is conductive materials so charging up will not occur during ion milling or SEM observation. In a second place it is harder than glue, polishing powder are not caught in the interstice between specimen and glue. Last but not least, as it is high purity silicon, less impurities or external bodies are expected. In typical epoxy glue, not only carbon and oxygen, but also sulfur, nitrogen, chlorine may be spread during polishing process, thus affect chemical analysis.

Beside, cross section were prepared. Surface were polished with SiC paper from grade 800, 1500 and 2000 successively. Then, specimens are cut to 1.3 mm thickness and 7 mm width. The length was fixed by the wafer and specimen thickness, about 2 mm. Figure 2.17 shows a specimen after cutting process. In the last step, argon ion milling cross section polishing was carried out during 3 hours. Acceleration voltage was set to 3 keV, rotation to 3.5 rpm and angle beam was fixed at 4°.

As the specimens were non-conducive material, a graphite coating was deposited to ensure conductivity. It is worth noted that graphite is preferable than gold to avoid the overlapping of gold and silver spectra in EDS analysis. 

Silver decoration of water uptake penetration paths

Visualization of water diffusion profile and uptake locations can be carried out using the silver nitrate decoration techniques. This technique is based on the solution electroneutrality that leading to the diffusion of silver cations (Ag + ) through the polymer following the water diffusion, as described in Equation 2.19:

Ag ⇌ Ag 2+ + 2e - 0.79V/HSE, (2.19) 
Figure 2.17: Specimen preparation for cross section observation. Silver deposition is expected when oxidation processes take place in the material or due to specific fixation on the alcohol groups (ref Tollens) or on phenyl groups of polymer chains.

An AgNO 3 solution of 0.1 M was prepared using silver nitrate supplied by Kanto Chemical. Silver nitrate was poured in 70 mL bottles up to half, as seen in Figure 2.18. Specimens are sealed on the top of the bottle with RTV silicone rubber. Diameter of bottles is about 15 mm. Bottles are put upside down in an electric oven working at 30°C. Two immersions periods were carried out, one for 25 hours and the second one for 270 hours. These durations were selected from data on water uptake in Chapter 3. For 25 hours, it is expected that the water uptake process still active whereas after 270 hours (about one and a half weeks), diffusion rate may be stabilized.

After the immersion step, the specimens are pulled out and dried with absorbent Lucas Ollivier-Lamarque Chapter 3

Polymer Performances Against Water Uptake

Objectives of Chapter

This Ph.D. works aims to quantify the water uptake of different epoxy resin using classic gravimetric measurements and capactive measurements. For this purposes five kinds of polymers disc were prepared : two with different diamine hardeners and three with the same ionic liquid but in different concentrations.

Results

The specimens in this experiment are the polished 30 mm discs . A small mark on the edge of the sample were carved with a cutter. The specimens are reported in the Table 3.1 and the Table 3.2. Their thicknesses were measured with a gauge caliper before and after immersion tests to monitor any swelling phenomenon. Five points on the specimen surface were measured, one in the center and four points all around the external part of the specimen as described in figure 3.1 After 46 days of immersions, the specimens properties are reported in Table 3.3 and Table 3.4. The average thickness does not have significant change during the immersion process, except for the D230_2 specimen, where the thickness goes from 0.92 mm to 1.03 mm. However, it can be considered as an operator bias at this step. Therefore, the precision of the caliper is not accurate enough to detect the swelling. Consequently the diffusion coefficient and capacitance variation are calculated by 

Impedance measurements

From real part and imaginary part of impedance, the permittivity is calculated according to Equation 2.10. Then the relative permittivity A calculated from Equation 3.1 is reported as in Figure 3.3.

A = 100 |ε t -ε ini | ε ini , (3.1) 
where ε ini and ε t are the initial value of relative permittivity before immersion and the relative permittivity at the immersion time t, respectively.

The results have the same tendency as the gravimetric ones: a quick increase of the relative permittivity variation at the initial period, followed by a steady state. Even though the points are more scattered than for gravimetric measurements, it is still possible to observe the influence of water uptake on the dielectric properties (here the relative permittivity). 

Mechanical properties

Tensile tests

In this section, the specimens were epoxy-D230, and epoxy-IL with 10, 20, and 30 phr of ionic liquids. The specimens were tested in dry condition (no immersion), after 2-days of immersion and 30-days of immersion. For each conditions and materials, 4 dog-bone specimens were tested. Unfortunately, data for epoxy-D230 at 2 days could not be acquired. 

Dynamic mechanical analysis

Tested specimens are epoxy-D230, epoxy-D400 and epoxy-IL with 10, 20, and 30 phr of ionic liquids. The specimens were tested at dry condition (no immersion), 2-day immersion, 10-day immersion and 30-day immersion. As preliminary tests showed high reproducibility, the DMA experiment were performed on one rectangular specimen for each conditions and materials. The glass transition temperature is given by temperature at the peak of tan δ [START_REF] Yim | The effect of polymer-filler interaction energy on the t g of filled polymers[END_REF][START_REF] Rotter | Dynamic mechanical analysis of the glass transition: curve resolving applied to polymers[END_REF][START_REF] Cécile | Mechanical and viscoelastic properties of epoxy networks cured with aromatic diamines[END_REF]. To compare the specimens, graphs were plotted at the same scale for each specimen. The values of dynamic storage modulus at 20°C and the glass transition temperature T α are given in the bar charts in both Figure 3.21 for storage modulus and Figure 3.22 for glass transition temperature.

Contact angle and surface energies

Surface energy of both conventional epoxy-amine and epoxy-IL were also tested. An average of 15 droplets were deposited on specimen surface. The influence of the polishing process is also studied: raw surface (curing process) and polished surface (up to grade 2000) are compared.

Raw surfaces

In the Table 3.7 are summerized the results for contact droplets of water and diiodomethane, and polar components and dispersive components. Epoxy-IL networks have much higher value (106°) than epoxy-amine (about 80°) for water angle. With diiodomethane, epoxy-IL specimens have slightly higher value than epoxy-amine specimens. 

Polished surfaces

In the Table 3.8 are summerized the results for contact droplets of water and diiodomethane, and polar components and dispersive components. For both water and diiodomethane, a general decrease of contact angle is observed from raw surfaces. For water contact angle the values are around 80°. in the case of diiodomethane, the decrease is stronger for epoxy-IL than epoxy-amine specimens.

effect of surface preparation on contact angle properties

For better comparison, each value (water contact angle, diiodomethane contact angle, polar component, dispersive component) are plotted for both raw and polished surfaces, from In the Figure 3.27, are summerized the total surface energy for all tested specimen.

Observations

Optical microscope observations

It was noticed by visual inspection that the polymer coupons have different transparency. At first, the surfaces of epoxy-diamine and epoxy-IL were observed with optical microscope and heterogene structure is observed only for the epoxy-IL 20 phr. The other specimens have an homogeneous structure. Figure 3.28 shows the surface observation of epoxy-IL 10 phr. 

SEM observations

Back Scattered Electron imaging is a relevant descriptor of silver distribution. The white areas represent the silver deposition on the surface whereas darker area is the polymer matrix. In the case of epoxy-D400 as in Figure 3.30, the scratches induced by polishing process are preferential spots for the silver diffusion initiation. Higher silver concentration spots are in the same direction of scratches. In the case of epoxy-IL 10 phr as in Figure 3.31, reduced silver in the surface has a different distribution. It is not isolated and independent clusters, but large area forming of agglomeration of micro clusters of about 1 micrometer size.

The epoxy-IL system has better hydrophobic properties, thus silver diffusion is more slower than in epoxy-D400. Therefore, more silver atoms reduce on the surface of the epoxy-IL surface than the epoxy-D400. For the latter, silver diffusion is easier and a part of silver reduces inside the polymer matrix.

Discussion

Epoxy-amine and epoxy-IL comparison

From data in Table 3.3, at initial state, epoxy-diamine and epoxy-IL 10 phr present similar dielectric properties as well as similar mechanical properties for example a Young modulus about 1550 MPa for epoxy-D230 and epoxy-IL 10 phr. After the polishing process, both epoxy-amine and epoxy-IL have surface energy at approximately 5 mJ/m 2 , with water contact angles about 84°C and 89°C, respectively. It suggests a similar sensitivity to water adsorption? Note that the water diffusion properties are more linked with the bulk properties. It is worth notice that in this study, the samples were polished on purpose and in practical coating applications, non-polished epoxy-IL surface is expected to have much higher hydrophobic properties. Higher hydrophobic properties of epoxy-IL will reduce the kinetic of water diffusion initiation, making the latter a good candidate for anticorrosion coatings.

In dry condition, glass transition temperature values for epoxy-IL samples is 150°C whereas epoxy-D400 is 50°C. This glass transition temperature suggests a barrier properties improving for epoxy-IL. Results for epoxy-D400 in Figure 3.17 show after 48 hours of immersion, a glass transition temperature drop to 42°C. After 1 month of immersion, two peaks are observed, a first one at 32°C and a second at 42°C. Figure 3.18 is the DMA results of epoxy-IL specimen. No evolution of the glass transition temperature is observable (remaining at 150°C) with the immersion time. For the storage modulus, the values are very close between the epoxy-D400 and the epoxy-IL, at about 1900 MPa. It is worth noticing that the storage modulus is not Lucas Ollivier-Lamarque affected by water uptake below the glass transition range of temperature regardless of the immersion time. By contrast, above the glass transition range of temperature there is a difference of one order of magnitude between epoxy-D400 and epoxy-IL. The epoxy-amine system has a storage modulus in the range of 10 MPa whereas epoxy-IL presents a storage modulus around 100 MPa.

When the quantity of ionic liquid increases, the relative permittivity and the loss factor increase as well. The excess of ionic-liquid in the polymer matrix affects the permittivity and the loss factor. Ionic liquids are conductive due to their high mobility and charged species. If the quantity is large enough, percolation of ionic liquid cluster are observed. For the case of epoxy-IL 30 phr, both permittivity and loss factor are higher of one order of magnitude than epoxy-IL with fewer IL. The percolation is reached and the whole structure is affected.

Influence of graphene inclusion

From Table 3.6, specimens of same polymer matrix can be compared with and without graphene nanoplatelets inclusions. Looking at the saturation coefficient, a decrease is observed with a graphene addition of 10 phr. For lower concentration at 2 phr of graphene for examples, the saturation coefficient remains at the same level than for none charged material. By comparing a neat matrix and a matrix with 10 phr of graphene, for the epoxy-D230 network, the decrease is from 2.6% to 2%. For the epoxy-D230 network, the decrease is from 1.2% to 0.7%. The diffusion coefficient is not affected by the inclusion and same order of magnitude is obtained.

As graphene is conductive, the effect on dielectric properties is also visible from impedance measurement. Table 3.2 shows the relative permittivity and the loss factor of epoxy-D2320 specimen and epoxy-IL 10 phr specimen before immersion. The same materials present similar dielectric properties, but after adding the same quantity of graphene, permittivity and loss factor drastically increase in the case of epoxy-IL specimen. This change is probably due to percolation effect. The graphene concentration is high enough to allow electric current flows.

After immersion process, results in Table 3.4 show any changes on the permittivity between dry state and wet state. The loss current does not allow the monitoring of dielectric properties. In the other hand, when percolation does not occurs, it is possible to measure the permittivity variation. In the case of epoxy-D230 with 10 phr of graphene. The permittivity is higher from 4.6 to 5.3 after immersion. The loss factor is still relatively low and change from 0.01 to 0.02. 

Conclusion

In this chapter, the properties of each materials could be investigated and main results are summarize as follow: epoxy-IL 10 phr shows the lowest diffusion coefficient and saturation value comparted to the other specimen. By adding graphen nanoplatelets, diffusion coefficient of water can be decreased.

The glass transition temperature is much higher (150°C)in the case of epoxy-IL than conventional epoxy-amine network (45°C in the case of D400 hardener). Furthermore, the glass transition does not decrease with the water uptake in the case of epoxy-IL network.

Contact angle ans surface energies could be evaluated on epoxy-amine and epoxy-IL, the water initiation is lower in the case of epoxy-IL than epoxy-amine. Ionic liquids could improve the hydrophobic properties of epoxy.

In the overall, epoxy-IL 10 phr presents the best properties to replace the epoxyamine network. 

Chapter 4

Nondestructive Method for Onsite Application

Objective of chapter

In the previous chapters, it was demonstrated that electrical impedance measurements can monitor the permittivity, and the water uptake, consequently. In the previous measurements, A parallel electrodes sensor were used. The specimen was placed between the two electrodes. For in-field applications, only one side of the polymer will accessible for monitoring. Indeed, polymers are dedicated to coating application. Thus a new sensor design is needed for impedance measurements.

In this chapter, a new method with coplanar sensor is introduced. Nondestructive testing data process, as well as experimental setup and sensor, are described to detect the change of permittivity in the targeted material. Experiments are carried out with dummy sample of already known permittivity and the immersed specimens under consideration in this work.

Principle of NDT

Lock-in amplifier

A typical time-harmonic measurement system has a lock-in amplifier as a signal measurement process [START_REF] Yin | Non-destructive evaluation of composite materials using a capacitive imaging technique[END_REF]. The advantages of a lock-in amplifier are the noise reduction and detection of extremely small signal changes. The Lock-in amplifier has two inputs, one reference signal (given by the function generator) and one pick-up signal (small amplitude and noisy). The output signals are expressed by two continuous signals called V x and V y . They are the descriptors of amplitude and phase change between the reference signal and the acquired signal at the frequency of reference signal (Figure 4.2). In other words, V x and V y are proportional to impedance variation of the sensor. 

Signal processing

NDT signal (V x and V y ), is changing from one position in the phase diagram to a different position in the phase diagram according to the position of the sensor and material properties. The sensor is displaced on the vertical axis from the open air where the specimen has no influence on the signal, to the specimen surface, where the influence of the specimen is the largest. The figure 4.3 depicts a typical NDT raw signal acquired with this kind of experiment.

In the first step, a translation in the phase plane of the NDT signal is performed.

Points in the open air (when the sensor is far enough from the specimen) are considered as the origin. From this position, the translation vector is calculated in sort of open-air NDT signal shifts at the position (0,0) in the phase plane. This step is applied to all NDT signals.

In the second step and from NDT signal of the reference specimen, the rotation Lucas Ollivier-Lamarque coefficient φ and magnification coefficient M are calculated, in sort of the NDT signal point (V x and V y ) where the sensor is in contact with the specimen (lift off z = 0) is shifted to the point (0,1) in the phase plane. Magnification coefficient and rotation coefficient are calculated from the Equation (4.1) and Equation (4.2) respectively.

M = 1 (V max y ) 2 + (V max x ) 2 , ( 4.1) 
φ = π 2 -tan -1 V max y V max x , (4.2) 
Then the third and last step is the computation of transformation of all NDT signals. Linear algebra gives appropriate tool to perform magnification and rotation transformation in matrix product. Let consider a 2-line n-column matrix V as in Equation (4.3). Lines correspond to the V x and V y signals and n columns correspond to sensor positions.

V = V 1 x V 2 x . . . V n x V 1 y V 2 y . . . V n y , (4.3) 
The transformation matrix T is defined as in Equation (4.4).

T = M cos φ -sin φ sin φ cos φ , (4.4) 
Transformed matrix W is computed by the matrix product given in Equation (4.5).

W = TV, (4.5) 
After the transformation the signal is represented in the phase plane, as shown in Figure 4.4

Introduction of coplanar sensor an design

The sensor is made on PCB plate. It consists of two coplanar triangle electrodes, framed by ground lines (Figure 4.5). The whole dimension is 14.5 × 9 mm 2 . An overview of the sensor size is given in Figure 4.6. The electrodes and BNC cables are connected via a small connector box (in green on the picture) glued on the back side of the sensor (Figure 4.7).

One electrode is connected to the function generator and the second electrode is connected to the lock-in amplifier. The reference signal of lock-in amplifier comes from the function generator using the TTL output port. Lock-in amp outputs (V x and V y ) are connected to the NI data acquisition pad. 

Tilt adjustment

Before the measurements, the probe (or the sensor) tilt is corrected using a goniometer in the base of Z axis. The tilt is corrected in sort of the surface of the sensor becomes parallel to the surface of the plate of XY stage. The objective of the experiments is to measure the influence of water uptake in the epoxy materials, and the effect on V x and V y signal. Samples are fixed on the stage and the sensor is displaced from 0 mm to 3.5 mm at interval of 0.1 mm above the sample. The V x and V y signals from lock-in amplifier are measured for each altitude. 

Calibration material description

One specimen of epoxy-D400 is used as a reference to calibrate the NDT results (as explain in section 4.2.2). The sample is kept in a polyethylene bag in dry environment to avoid water absorption from the air. Both impedance measurements and NDT experiments are carried out at each time after the fourteen other specimens. All experimental data from NDT experiment are processed according to the reference specimen of the same measurement time.

Experimental conditions

Test samples

Four tests sample with known dielectric properties were tested with the NDT stage. The test samples are a glass plate supplied by the Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, a poly(tetrafluoroethylene) disc hereafter PTFE, one epoxy resin supplied by an external company (called hereafter H epoxy for confidentiality purpose), and an epoxy-diamine D400.

The dielectric properties were measured with the impedance analyzer (HP4294A) and sample holder (Agilent 16451B) as in Figure 4.9. Dimensions of test samples are 50 × 50 × 5 mm 3 . The samples were gold-plated for better connection with electrodes. Note that chamfered edges were performed on the corners to fit the specimen into the sputtering chamber. Immersed specimens 14 specimens were analysed with the coplanar sensor, including ones with a graphene addition and different IL concentrations. Samples design and characteristic were given previously in Table 3.1 including the two conventional hardeners, D230 at ratio of 34 phr and D400 at ratio of 63 phr. Specimens described in Table 3.2 are composite epoxy specimens. For these specimens, only two hardeners were used to focus on the influence on the graphene concentration. First hardener is D230 at ratio of 34 phr and second hardener is IL 105 at ratio of 10 phr. Two graphene ratios are selected: 2 phr and 10 phr.

Parameters

Function generator is set to sinusoidal signal. Frequency is set to 10 kHz. Excitation voltage is 10 Vpp. The lock-in amplifier parameters are as follow: 20 mV sensitivity, medium dynamic reserve, 30 ms constant time, -24 dB filter slope.

The performed one direction scan is described as follow: the sensor is first placed above the specimen with the minimum lift-off possible. Then the sensor is displaced of 3.5 mm to the top. At this position, it is considered that sample does not have any influence on the sensor. The scan starts at 3.5 mm and ends at 0 mm lift-off, 

Results

Phase diagram for test sample materials

After performing the calibration, epoxy-D400 is selected arbitrary as a reference. The maximum signal of epoxy-D400 sample is set to (0,1) and the same magnification and rotation coefficient is applied for the other data. The results of phase diagram is given in the Figure 4.15. The lift-off effect can be seen on the V x and V y plot versus the lift-off. These graphs are given in Figure 4.16 and Figure 4.17 for V x and V y respectively. Note that error bars are added for the x axis only for one curve but error bars are the same for all curves. Figure 4.18 shows the relationship between the maximum V y value (when lift-off is minimum) and the relative permittivity. It is clearly observable a good correlation between these two parameters allowing the use of V y as a material descriptor with a physical meaning (i.e., the relative permittivity .

Comparison with polymer materials

In this section, different epoxy-diamine and epoxy-IL specimens are compared in dry environment. The same experiment is carried out than previously where the maximum value of V y and the phase shift are the main descriptors of dielectric behavior. Figure 4.19 presents the phase diagram of the epoxy-D400, the epoxy-IL 30 phr and the GNP charged epoxy-IL 10 phr.

Data in Figure 4.19 are data after 2-hours immersion. Unfortunately, NDT data for dry condition could not be processed due to errors during experimental process. Magnification and rotation coefficient were applied based on signal from the epoxy-D400 test sample. The epoxy-D400 is a pure polymer matrix with a low loss factor. The NDT signal trace is following the V y axis. In the case of epoxy-IL 30phr and GNP charged epoxy, the signal is much larger (about 10 times) and phase is slightly clockwise rotated. This is due to higher loss factor, with high conductivity and may due also to percolation effect in the case of GNP charged epoxy.

Comparison with immersion time

The next phase diagrams represent the evolution of NDT signal after 2-hour immersion, 26-hour immersion and 144-hour immersion. The tested specimens are epoxy-D400, epoxy D230, epoxy-IL with 10 phr, 20 phr and 30 phr and GNP charged epoxy-IL. The maximum NDT signal is increasing with the immersion time. In the case of epoxy-IL 20 phr, a larger signal with a clockwise phase shift is noticed. A small increase of epoxy-IL 10 is observable, meaning the water uptake is in lower quantity than epoxy-D400. For epoxy-IL 10 phr, the maximum measured value of V y shifted from 1 V to 1.1 V after 144 hours. in the case of epoxy-D400, the V y evolution for the same immersion time is from 1.1 V to 1.4 V.

When water diffuses in the polymer matrix, molecular mobility increases leading to higher loss factor. In NDT signal, the increase of V x component thus the clockwise phase shift may be due to the increase of loss factor, whereas the increase of V y component is mainly due to the increase of real part of permittivity. For epoxy-IL 30 phr, the maximum NDT signal is moving from (3.3,10.2) to (1.5,12.9), with an increase of V y and decrease of V x leading to a counterclockwise phase shift. The counterclockwise phase shift is the opposite of what is expected from the previous results when water uptake occurs in polymer matrix.

In the case of GNP charged epoxy-IL, it was not possible to observe a coherent signal change with immersion time. It can be due to the conductive behavior, masking the permittivity increase with water uptake.

Conclusion

In this chapter, a coplanar sensor as design for permittivity determination. The sensitivy of the sensor was tested in order to characterize water uptake in polymer materials.Results showed that the signal changes were strong enough to be detected by a lock-in amplifier and thus water uptake was estimated.

It was shown that NDT signal is affected by the water uptake and correlation between water uptake and V y signal can be used to estimate quantitatively the water uptake of coating materials after a calibration process. GNP charged specimen of high concentration of ionic liquid have an influence on the NDT signal and different model need to be proposed to elucidate the signal 

Simulation of Nondestructive Testing Signal by Finite Element Method

Previous chapter showed interesting information provided by coplanar sensor and lock-in amplifier. To go further in the feasibility and reliability of such NDT setup it is interesting to move to numerical simulation to evaluate larger range of conditions. For this purpose, Finite Element Method (FEM) has be selected. FEM is an analytical method widely spread from the 1990s and used in many domains, like fluid dynamics, mechanical structure and electromagnetic field analysis. It allows fast solution calculations of complex two-dimensional or three-dimensional models. In FEM, geometry of the model is cut in small elements, the solution is computed on the edge or nodes of mesh elements, then the solution is interpolated within the mesh element.

The proposed FEM model in this chapter is a first brick with a geometry as close as possible to the experimental setup. The NDT problem of permittivity measurement gives only relative solutions. The signal change is affected by not only intrinsic physical parameters such as the complex permittivity or conductivity, but also by the lift-off effect. At first the signal amplitude will be investigated, then the effect of each parameters such as lift-off and complex permittivity are investigated as well.

Physical equations and descriptors

Physics and boundary conditions

Materials properties

The FEM model is composed of 4 materials: air, sensor, acrylic support and specimen. In this model, only the complex relative permittivity is used to described each material. The air and sensor are considered as perfect dielectric and the imaginary part of relative permittivity is ε ′′ r = 0. For the air, the relative permittivity is ε r = 1. For the sensor (made of glass fiber reinforced plastic), the relative permittivity is ε r = 4.5. The complex relative permittivity for the acrylic support is equal to ε * r = 2.7 + i0.027. Input data of complex relative permittivity comes from experimental measurements for each specimen. 

Sensor dimensions

The sensor dimensions are exactly the same as the sensor designed in the experimental setup. Electrodes boundaries are designed on the surface of one block of 14.5×9×2 mm. The guard electrodes width is set to 1 mm of the frame of the sensor and 0.5=mm between the two triangular electrodes. Base and height of triangular electrode are 6 mm and 5 mm. Figure 5.1 gives the representation of the sensor surface. Note additional segments were added to better control the mesh generation and quality.

Specimen and support

The specimen is a disc of 30 mm diameter and 1 mm diameter (similar geometry to the experimental coupons). To take into account the initial roughness of the samples and possible flatness defect, a lift-off of 0.02 mm is fixed between the sensor and the specimen. Note that this value was arbitrary fixed and will be an adjustable parameter latter. The polymer sample holder is considered as an acrylic support (similar to experiments). This support is modeled as a block of 40 × 40 × 5 mm placed right below the specimen (Figure 5.2)

Surrounding domain and additional blocks

The whole system (sensor, sample and holder) is surrounded by an air domain of 80 × 80 × 40 mm. Note that additional block have been also added in the vicinity of the sensor and specimen to better control the mesh generation. The whole model is depicted Figure 5.3 

Meshing condition

The mesh is generated from finest to coarsest. At first, rectangular mesh are generated on the surface of sensor, and using the sweep function of COMSOL, cuboid is generated for the sensor and the volume straight below the sensor. Then tetraedral fine mesh are generated in the vicinity of the sensor and specimen. At last, coarse meshes are generated is the surrounding.

In total meshing is composed of 259,036 domain elements, 26,582 boundary elements, and 1969 edge elements as shown Figure 5.4.

Results and discussion

Preliminary tests

At first, dummy specimens were simulated : glass, PTFE, H epoxy and epoxy-D400. Epoxy-D400 specimen was set as the reference with magnification and rotation coefficients as described in Chapter 4 section 4.4.4. The dielectric properties of these four materials were characterized by the same method described in the Chapter 4 section 4.2.2 Physical characteristics of the specimens are described in the Table 5.1. These values are extracted from measurements in Chapter 4: The difference in the distribution of electric fields can be easily seen. In the case of glass material, the permittivity is higher than the PTFE. As a consequence, the electric field is stronger in the glass than in PTFE.

The raw data of the simulation are summarized in Table 5.2. The post-process data are also given after the magnification rotation transformation. The reference epoxy-D400 was placed at the point (0,1).

The raw value of the floating potential's order of magnitude is about 10 -1 . It means the ratio between reference signal and received signal is about -40 dB, which can be measured by conventional time harmonic measurement system.

The phase diagram is plotted in the Figure 5.7 on which the signal difference is strongly correlated to the V y part of the signal. Also it is possible to see a phase difference due to the loss factor. For higher loss factor, a clockwise rotation is observed. Table 5.2: Raw data and post processed data for specimen comparison.

Permittivity mapping

To better understand the effect of the relative permittivity and the loss factor tan δ on the output V x and V y signals, a mapping was performed. Note that the scale of V x horizontal axis is enlarged Figure 5.8 to better observed the effect of tan δ,

The selected reference at the point (0,1) is chosen for a real relative permittivity ε ′ r = 2 and a loss factor tan δ = 0. From this point, the magnification and rotation coefficient are calculated and applied to all other points. From Figure 5.8, it is possible to declare that the angle between the trace from permittivity variation (in purple) and the trace from loss factor variation (in red) is close to 90°. Therefore, the dielectric properties can be discriminated from V x and V y between the effect of real relative permittivity and the effect of loss factor. 

Lift-off effect

Similarly the lift-off effect on the output V x and V y signals was investigated. The investigation proceed as follow:

• adjustment of the distance between the specimen and the sensor;

• geometry modification. The FEM model is meshed again;

The floating potential signal was acquired for each lift-off value and the magnification and rotation coefficients are computed and applied to give a trace.

In a first step, the simulation is run at fixed real relative permittivity and loss factor. The value are set to ε ′ r = 3.3 and tan δ = 0.05.

Phase diagram for each modeled specimen

Figure 5.9 shows the lift-off trace. The point with the maximum value is set to the reference to compute the magnification and rotation coefficients. Note that the maximum value is not the point at the minimum lift-off (0.02 mm) in this FEM simulation. It is a calculation error due to the geometry of the mesh, which aspect ratio is too strained to give precise results and means the FEM model should be improved but the error is still negligible and results are consistent enough. The expected tendency is observed from the second point with 0.05 mm lift-off. On Figure 5.9, the distance at 10% maximum value and the distance at 90% maximum value is estimated at 1.3 mm and 0.17 mm, respectively.

In a second step, a common point between permittivity trace and lift-off trace is selected. The point is set to the reference (0,1) corresponding to a lift-off value of 0.02 mm and a real relative permittivity of ε ′ r = 3.3 Same magnification and rotation coefficients is computed and applied to both lift off trace and real relative permittivity trace. The loss factor is fixed to tan δ = 0.05.

The results of the lift-off on the signal amplitude are reported Figure 5.10. Contrary to the case of the effect of the loss factor, the angle between the lift-off trace and the permittivity trace is close to 0°. It means that the signal modification cannot discriminate the effect from permittivity and the effect from the lift off. Different or more advanced methods is required to solve this scientific question.

Conclusion

In this chapter, 3D model of sensor and specimen geometries were designed and tested under several conditions. The order of magnitude of computed signal in the receiving electrode is strong enough to mbee measured by lock-in amplifier.

Signal variation of the complex permittivity allows the mapping of V x and V y Lucas Ollivier-Lamarque Chapter 6

General Conclusion and Perspectives

Conclusion

In Chapter 1, the corrosion issues on metals were introduced as well as some strategies to prevent material degradation. The polymer coating technology was introduced as well as the water uptake phenomenon. Diffusion theory with Fick's equation was used to characterize water diffusion through the polymer materials. Two methods to evaluate the water uptake were introduced: the gravimetry method and the electric impedance method.

In Chapter 2, the elaboration process of specimens and specimen composition were presented. The methodologies and methods to evaluate the effect of water uptake on epoxy polymers were detailled. The experimental protocol for immersion tests, gravimetric measurements and dielectric measurements as well as mechanical properties determination were reported.

In Chapter 3, the experimental results were reported after gravimetric and impedance measurements. From gravimetric measurements, the water uptake behavior was quantified through the diffusion coefficient and the saturation index. From impedance measurements, the evolution of dielectric properties such as relative permittivity and loss factor were monitored. The epoxy-IL 10 phr shows better properties not only regarding water uptake with a lower saturation value than the conventional epoxy-amine network but also with mechanical properties by having similar tensile test properties. DMA experiments showed continuity of tensile test results regarding the Young modulus. Also, the glass transition temperature is much higher (up to 70 °C to 100 °C difference) in the case of the epoxy-IL network. Furthermore, the glass transition temperature of epoxy-IL network e is not affected by the water uptake.

In Chapter 4, a proof of concept of nondestructive testing for in-field application was developed with a capacitor coplanar sensor. The electric field emitted by the sensor was modified by the polymer material and the permittivity modification was detected by this mean. At first, some materials (glass, PFTE, etc samples) were used as calibration materials. A first-order correlation between permittivity variation and signal trace was founded.

In chapter 5, a simulation using the finite element method was implemented as a descriptive model of the time harmonic measurement system. The capacitor sensor and the targeted materials were designed with the same dimension as the experimental setup.The data from the simulation showed similar trends to the experimental setup. It was also possible to show the correlation between the sensor signal and the increase or relative permittivity of the material.

Perspectives

Studied materials

A deeper understanding of microstructures and their evolutions with the water uptake can lead to a better understanding of the mechanical properties and dielectric properties, especially for the epoxy-IL 20 phr and 30 phr. SEM cross-sections with tracer can give information on water diffusion path. During this work, tentative observations with silver ions as a tracer were performed, but no promising results were obtained. The protocol proposed in this work needs to be improved, for example by increasing higher silver concentration, or longer immersion time in a higher temperature environment to promote ion diffusion.

An attempt of coating deposition on the metallic substrate was carried out at IMP using a bar-coater. The main issue arose during the heat treatment. The viscosity of the polymer blend drastically decreases during heat treatment. In this condition, the coated plate needs to be perfectly horizontal to have a uniform thickness.

The question of the end of life, disposal or recycling of polymer coatings is also a very important issue. It is well known that micro-plastics are everywhere (air, soils, rivers, oceans, human bodies...) the impact on health and biodiversity need to be considered well.

Simulation aspects

The simulation model on COMSOL is a first step for the description of the NDT signal when changing the dielectric properties. In this model, constant and isotropic distribution of dielectric properties were applied. Also, the measures were done on bulk specimens. The model can be improved by implementing a water distribution following Fick's equation.

The coating situation can also be implemented to fit the reality of the future application of the sensor. The nominal thickness of polymer coating is about 100 µm and is applied on a conductive substrate. The conductive substrate should have a significant impact on the sensor signal.

Toward composite materials

GNP composite materials were tested and show better water resistance. The introduction of conductive particles affects the dielectric properties and the model needs to be reconsidered. In the case of conductive particles in the polymer matrix, the Havriliak-Negami model can help to solve this point.

Widen the application range

In this work, it was only about water uptake, but other applications may be considered. The protection against hydrogen embrittlement is growing. Coatings can be applied to protect the metal and some ionic liquids have good properties to reduce hydrogen diffusion.
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  (a) Mechanical stirrer with heating system with BADGE and curing agent.(b) Gas removing system with cold trap.
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 22 Figure 2.2: Tensile tests specimen, DMA specimen.

  .6) as initiator was studied by Livi et al. They suggested dicyanamide anions initiate the homopolimerization on epoxy groups. Negative polarity of oxygen makes an ionic liaison with phosphonium ion. On the other side, homopolymerization occurs with open cycle oxygen and the epoxide group of next prepolymer chain, as suggested in Figure 2.7. A similar process were demonstrated in the work of Silva et al [53].
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 23 Figure 2.3: Gravimetric and dielectric analysis specimens.
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 24 Figure 2.4: Diglycidyl ether of bisphenol A (DGEBA).
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 25 Figure 2.5: Polyether amine Jeffamine D230 (n=2.5), D400 (n=6.1).
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 26 Figure 2.6: Trihexyl(tetradecyl)-phosphonium dicyanamide (supplied by Merck).
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 27 Figure 2.7: Mechanism for the homopolymerization of epoxy prepolymer initiated by dicyanamide [35].
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 28 Figure 2.8: Specimen in controlled temperature chamber (Yamato DX602 drying oven).
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 29 Figure 2.9: Controlled environment chamber connected to HP4194A Impedance analyzer.
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 210 Figure 2.10: Description of sample holder.
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 211 Figure 2.11: Evolution of mass and capacitance measurement as function of desorption time.

Figure 2 . 13 :

 213 Figure 2.13: Mettler DMA internal chamber with specimen.
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 214 Figure 2.14: INSTRON tensile test machine.
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 2 Figure 2.15: DMA Thermogram of epoxy-D230 at 1 Hz from 0°C to 150°C.
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 216 Figure 2.16: Contact angle measurement process.
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 218 Figure 2.18: Silver permeation bottle.
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 31 Figure 3.1: Location of measured thickness points.
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 3 Figure 3.2 shows the mass variation data of epoxy-D400, epoxy-IL 10 phr, epoxy-IL 10 phr and epoxy-IL 30 phr. The plain dots are the experimental data while the dash lines are the fitted curves from Fick Equation. The error bars are estimated from the precision of the balance. After a fitting process with the solution of Fick's equation, the diffusion coefficient and saturation value were computed. The results
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 32 Figure 3.2: relative mass variation as a function of the immersion time for the 4 materials
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 34 Figure 3.4 to Figure 3.7 give the stress-strain curves for each specimens. These curves are considered as representative in average. In Figure 3.8, Figure 3.9 and Figure 3.10 are the bar charts of average value of Young modulus, rupture stress and rupture strain respectively. The total length of error bars (lower error plus upper error) corresponds to twice the standard variation.

Figure 3 . 3 :

 33 Figure 3.3: Relative permittivity variation as a function of the immersion time
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 35 Figure 3.5: Stress strain curve of epoxy-IL 10 phr for dry condition, 2-day immersion and 30-day immersion.
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 3 11 to Figure 3.15 represent the dynamic storage modulus and the loss factor tan δ as function of the temperature. For a better visualization, a zoom at 100°C range is plotted in Figure 3.16 to Figure 3.20.
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 36 Figure 3.6: Stress strain curve of epoxy-IL 20 phr for dry condition, 2-day immersion and 30-day immersion.
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 3 23 to Figure 3.26.
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 37 Figure 3.7: Stress strain curve of epoxy-IL 30 phr for dry condition, 2-day immersion and 30-day immersion.
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 3 [START_REF] Kong | A study of the passive films on chromium by capacitance measurement[END_REF] shows the surface observation of epoxy-IL 20 phr. For epoxy-IL 30 phr and epoxy-amine. the observation was the same as the Figure3.28.
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 38 Figure 3.8: Evolution of Young modulus for different immersion times.
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 39 Figure 3.9: Evolution of rupture stress for different immersion times.
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 310 Figure 3.10: Evolution of rupture strain for different immersion times.
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 311 Figure 3.11: Full scale DMA Thermogram of epoxy-D230 for different immersion times.
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 312 Figure 3.12: Full scale DMA Thermogram of epoxy-D400 for different immersion times.
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 313 Figure 3.13: Full scale DMA Thermogram of epoxy-IL 10 phr for different immersion times.
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 314 Figure 3.14: Full scale DMA Thermogram of epoxy-IL 20 phr for different immersion times.
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 315 Figure 3.15: Full scale DMA Thermogram of epoxy-IL 30 phr for different immersion times.
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 316 Figure 3.16: Adjusted scale DMA thermogram of epoxy-D230 for different immersion times.
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 317 Figure 3.17: Adjusted scale DMA thermogram of epoxy-D400 for different immersion times.
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 318 Figure 3.18: Adjusted scale DMA thermogram of epoxy-IL 10 phr for different immersion times.
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 319 Figure 3.19: Adjusted scale DMA thermogram of epoxy-IL 20 phr for different immersion times.
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 3 Figure 3.21: DMA Storage modulus evolution for epoxy-amine and epoxy-IL during immersion time.
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 3 Figure 3.22: DMA glass transition temperature evolution for epoxy-amine and epoxy-IL during immersion time.
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 323 Figure 3.23: Water contact angle for epoxy-amine and epoxy-IL before and after polishing.
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 324 Figure 3.24: Diiodomethane contact angle for epoxy-amine and epoxy-IL before and after polishing.
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 325 Figure 3.25: Surface energy polar component for epoxy-amine and epoxy-IL before and after polishing.
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 326 Figure 3.26: Surface energy dispersive component for epoxy-amine and epoxy-IL before and after polishing.
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 327 Figure 3.27: Surface energies for epoxy-amine and epoxy-IL before and after polishing.

Figure 3 . 28 :

 328 Figure 3.28: Optical image of epoxy-IL 10 phr surface at magnification x20.
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 329 Figure 3.29: Optical image of epoxy-IL 20 phr surface at magnification x20.
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 3 Figure 3.30: BSE imaging of epoxy-D400 after 11 days of silver diffusion.
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 3 Figure 3.31: BSE imaging of epoxy-IL 10 phr after 11 days of silver diffusion.
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 41 Figure 4.1: Schematic of scanning system and data acquisition.
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 42 Figure 4.2: Impedance shift given by lock-in amplifier as function of V x and V y .
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 43 Figure 4.3: Phase plane of lift-off experiment raw signal.
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 44 Figure 4.4: Translation and rotation to (0:1).
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 45 Figure 4.5: Coplanar triangle shaped capacitor sensor.
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 46 Figure 4.6: Capacitor sensor dimensions.

4. 4

 4 Development of experimental apartus 4.4.1 Description of each element of the stage An overview of the experimental setup is given in Figure 4.8. The precision stage (COMS CP-700) is connected via a serial communication to a computer. The digital acquisition box (National Instrument) uses the GPIB protocol with the computer. Both the precision stage and the digital acquisition box are controlled by Matlab scripts.
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 47 Figure 4.7: Capacitor sensor fixed on acrylic fixture.
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 48 Figure 4.8: Picture of Z-scan experimental setup.
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 49 Figure 4.9: Impedance analyzer connected to sample holder.
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 4 [START_REF] Clare | Synthesis, purification and characterization of ionic liquids[END_REF] shows a H epoxy sample after chamfering and gold sputtering. Carbon tape is used to avoid short-circuit when placing the specimen in the sample holder.Dielectric properties of the materials are given in the nextFigure 4.11 to Figure 4.14. Note that the epoxy D400 sample has a similar composition that the material considered in this thesis but with a different thickness . therfore the data
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 4 Figure 4.10: H epoxy sample after gold sputtering.
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 411 Figure 4.11: Real permitivity and loss factor of epoxy-D400 sample as function of frequency.
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 412 Figure 4.12: Real permitivity and loss factor of poly(tetrafluoroethylene) sample as function of frequency.
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 413 Figure 4.13: Real permitivity and loss factor of H epoxy sample as function of frequency.
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 415 Figure 4.15: Phase diagram of test samples after calibration process.
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 4 Figure 4.16: V x signal versus lift-off.
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 4 Figure 4.17: V y signal versus lift-off.

For

  the second group, data are depicted in Figure and Figure for the data after 26 hours of immersion and 144 hours of immersion. The data after 2 hours of immersion were described in the Figure 4.19.
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 4 Figure 4.18: Maximum V y value versus relative permittivity and linear regression.
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 419 Figure 4.19: Phase diagram of epoxy-D400, epoxy-IL 10 phr and GNP charged epoxy-IL after 2-hour immersion.

Figure 4 . 20 :

 420 Figure 4.20: Phase diagram of epoxy-amine and epoxy-IL after 2-hour immersion.
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 421 Figure 4.21: Phase diagram of epoxy-amine and epoxy-IL after 26-hour immersion.
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 423 Figure 4.23: Phase diagram of epoxy-D400, epoxy-IL 10 phr and GNP charged epoxy-IL after 26-hour immersion.
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 424 Figure 4.24: Phase diagram of epoxy-D400, epoxy-IL 10 phr and GNP charged epoxy-IL after 144-hour immersion.
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 51 Figure 5.1: Design of the coplanar sensor, dimension in mm.

Figure 5 . 2 :

 52 Figure 5.2: Design of the whole system with the coplanar sensor (up), the sample (middle) and the acrylic holder (down).
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 53 Figure 5.3: System place in the air box.
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 54 Figure 5.4: Mesh generation of sensor model.
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 4 11 to Figure 4.14 The electric field is depicted in the case of glass and PTFE sample Figure 5.5 and Figure 5.6, respectively. The specimen is framed by a white box. The exciting electrode is on the left where the electric field is the strongest.
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 55 Figure 5.5: Electric field lines distribution for glass sample.
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 56 Figure 5.6: Electric field field lines distribution for poly(tetrafluoroethylene) sample.
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 57 Figure 5.7: Phase diagram of test specimens

Figure 5 . 9 :

 59 Figure 5.9: Lift-off effect on signal amplitude.
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 510 Figure 5.10: Lift-off trace and relative permittivity trace.
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Table 2 . 1 :

 21 Statistical error analysis of impedance measurement for epoxy-D400 specimen

	Value	Capacitance (pF)
	mean	17.9
	maximum	18.1
	minimum	17.7
	std deviation	0.13

Table 3 .

 3 1: Initial conditions of diamine and IL epoxy specimens initial conditions.

	specimen hardener,	mass	thickness permittivity loss
		ratio (phr) (mg)	(mm)	ε r	factor
	D400	D400, 63	843.5±0.02 1.06±0.05 2.86	0.006
	D230_2 D230, 34	824.9±0.02 0.92±0.05 2.65	0.009
	IL10	IL105, 10	834.0±0.02 1.02±0.05 2.96	0.004
	IL20	IL105, 20	758.3±0.02 0.95±0.05 4.11	0.050
	IL30	IL105, 30	913.2±0.02 1.18±0.05 16.9	0.502
	REF	D400, 63	1022.4±0.02 1.31±0.05 2.97	0.011
	Table 3.2: Initial conditions of Graphene charged diamine and IL epoxy specimens.
	specimen graphene	mass	thickness permittivity loss
		ratio (phr) (mg)	(mm)	ε r	factor
	DG10_2 10	713.2±0.02 0.84±0.05 4.63	0.010
	ILG10_2 10	694.8±0.02 0.82±0.05 17.5	0.327
	neglecting any sample thickness modification.

Table 3 .

 3 3: Final conditions of diamine and IL epoxy specimens.

	specimen hardener,	mass	thickness permittivity loss
		ratio (phr) (mg)	(mm)	ε r	factor
	D400	D400, 63	867.8±0.02 1.06±0.05 3.78	0.033
	D230_2 D230, 34	846.9±0.02 1.03±0.05 3.11	0.028
	IL10	IL105, 10	844.1±0.02 1.01±0.05 3.00	0.023
	IL20	IL105, 20	768.7±0.02 0.94±0.05 4.99	0.082
	IL30	IL105, 30	921.7±0.02 1.17±0.05 29	0.486

Table 3 .

 3 4: Graphene charged diamine and IL epoxy specimens final conditions.

	specimen graphene	mass	thickness permittivity loss
	ratio (phr) (mg)	(mm)	ε r	factor
	DG10_2 10	727.8±0.02 0.82±0.05 5.33	0.021
	ILG10_2 10	699.9±0.02 0.82±0.05 17.1	0.355
	3.2.1 Gravimetric measurements, Fick's law, diffusion coeffi-
	cient and saturation value	

Table 3 .

 3 5: Water diffusion properties in diamine and IL epoxy specimens.

	specimen hardener,	diffusion coefficient mass saturation
		ratio (phr) D (cm 2 .s -1 )	value χ m (%)
	D400	D400, 63	6.2×10 -9	2.9
	D230_1 D230, 34	2.6×10 -9	2.6
	D230_2 D230, 34	1.8×10 -9	2.6
	IL10	IL105, 10	8.1×10 -9	1.2
	IL20	IL105, 20	1.1×10 -8	1.3
	IL30	IL105, 30	4.0×10 -8	0.92
	Table 3.6: Water diffusion properties in graphene charged diamine and graphene
	charged IL epoxy specimens.		
	specimen graphene	diffusion	mass saturation
		ratio (phr) coefficient (cm 2 .s -1 ) value (%)
	DG2_1	2	1.7×10 -8	1.6
	DG2_2	2	1.9×10 -9	2.4
	DG10_1 10	2.0×10 -9	1.9
	DG10_2 10	1.8×10 -9	2.0
	ILG2_1 2	1.8×10 -9	2.3
	ILG2_2 2	7.7×10 -9	1.1
	ILG10_1 10	5.4×10 -9	0.69
	ILG10_2 10	6.3×10 -9	0.69
	are reported for each specimen in Table 3.5 and Table 3.6.

Table 3 . 7 :

 37 Angle values and energy components on raw surfaces.

	specimen water	CH 2 I 2	polar component dispersive component
		angle (/°) angle (/°) (mJ.m -1 )	(mJ.m -1 )
	D230	84.6	68.3	7.2	19.4
	D400	75.7	52.6	8.7	27.3
	IL 10 phr 106.1	77.5	0.8	18
	IL 20 phr 106.6	68.2	0.2	24.1
	IL 30 phr 104.2	70.7	0.6	21.9

Table 3 . 8 :

 38 Angle values and energy components on polished surfaces.

	specimen water	CH 2 I 2	polar component dispersive component
		angle (/°) angle (/°) (mJ.m -1 )	(mJ.m -1 )
	D230	85.5	59.6	5	25.1
	D400	83.9	52.8	4.5	29.1
	IL 10 phr 88.6	55.3	3	28.6
	IL 20 phr 79.6	31.1	4.3	36.5
	IL 30 phr 81.6	56.1	6.2	26.4

Table 5 .

 5 

	specimen	relative permittivity loss factor
	PTFE	2.1	0.00128
	epoxy-D400 3.2	0.0228
	H_epoxy	4.2	0.0226
	glass	8.7	0.0115

1: Test specimen dielectric parameters.
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Governing equations

The Equation 5.1 expresses the charge conservation and is applied to all domains.

where E is the electric field, V the electric scalar potential, ε 0 the free space permittivity, ε ′ r and ε ′′ r are the real part and imaginary part of relative permittivity, and ρ v is the volume charge density.

Boundary conditions

For the boundary conditions the zero charge condition is applied (Equation 5.2) n.D = 0.

(5.

2)

The ground condition of the external frame and the ground line represent the copper frame of the sensor. For these boundaries, the potential of the frame V f ram is fixed to 0, as in Equation 5.3.

V f ram = 0.

(5.3)

For the two triangular electrodes, one is the exciting electrode and the other one is the floating electrode. In this case, the Equation 5.4 is used.

whereV pp , V f , D, n, dS and Q 0 are the peak to peak potential on exciting electrode, the floating potential in receiving electrode, the displacement field, the surface normal, the surface element and constant charge. The value of V 1 is discussed in the next section.

Data acquisition

The simulation were run at a frequency of 10 kHz similarly to the experiments. The exciting potential V 1 defined in the previous section is set to 10 V. The input complex permittivity of simulated material corresponds to the experimental value at the frequency the simulation is done.

The computed data are the values of the floating potential. These values are a complex number. Both the real part and the imaginary parts are interpreted as the V x and V y of the lock-in amplifier (comparison with the experiment). The same signal processing with amplification and rotation is performed for comparison purposes.

Model geometry

The geometry of FEM model can be divided into three parts: the sensor itself, the specimen and its support, the surrounding air volume. --------------------------------------- 
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