Chapitre I

Dans le premier chapitre, des prérequis sur les polysiloxanes et les fluorosilicones sont présentés. Puis, une étude comparative est réalisée, entre les mélanges PDMS/FS et leurs homologues copolymères, d'après ce qui est décrit dans la bibliographie et d'après l'analyse de produits commerciaux. Les deux alternatives sont courantes dans le domaine de la connectique, ainsi il a été décidé dans le cadre de notre étude, notamment en raison d'une plus grande praticité, de se focaliser sur les mélanges et non les copolymères.

Chapitre II

Le deuxième chapitre détaille les propriétés des bases PDMS et FS choisies pour composer le futur mélange. Le procédé de mélange ainsi que le ratio de PDMS et de FS sont aussi choisis. Le ratio PDMS/FS de la matrice est un paramètre particulièrement important car c'est lui qui permet d'optimiser et de minimiser le gonflement du mélange final (dans l'acétone et le méthylcyclohexane). Les propriétés thermiques sont aussi cruciales et il faut donc trouver le bon compromis entre ces deux propriétés. Le ratio retenu pour le mélange comprend 30 % en masse de PMTFPS.

Chapitre III

Le troisième chapitre aborde les problématiques de cinétique de réticulation et de la relation entre les conditions de réticulation et les propriétés finales de l'élastomère. Les paramètres de réticulation, tels que la température (160 ou 180°C), la nature du peroxyde (peroxyde de dicumyl, DCP ou 2,5-dimethyl-2,5-Di-(tbutylperoxy)hexane, DBPH) et sa quantité (0,5 ou 1 % massique), ont été variés afin de comprendre leur influence sur le gonflement et les propriétés thermiques et mécaniques. Il apparaît que la co-réticulation entre le PDMS et de PMTFPS a lieu dans des conditions précises, notamment avec 0,5% de DBPH à 160°C. Le gonflement aussi est influencé par les conditions de réticulation, mais pas les propriétés thermiques observées en ATG.

List of Abbreviations and Symbols

Résumé en français

Introduction Générale

L'aéronautique est une industrie en constante évolution, tant au niveau des performances que de la sécurité. C'est pour cette raison que les matériaux utilisés dans ce domaine doivent respecter des normes de plus en plus strictes tout en minimisant au maximum les coûts de production.

L'aviation civile a commencé à se développer après la Seconde Guerre Mondiale, mais ce n'est qu'à la fin des années 80 que les questions de sécurité des câblages et de la connectique furent soulevées, notamment à cause d'accidents graves causé par des systèmes de câblage électriques endommagés. A l'origine, la flotte de l'aviation civile n'était pas conçue pour une utilisation de 50 ans ou plus. Cette longévité inattendue, doublée d'une philosophie « poser et oublier », qui consiste à poser les câbles et leurs composants associés, sans anticiper l'éventualité d'une maintenance, peut expliquer l'augmentation de tels accidents durant cette décennie.

Afin d'améliorer la sécurité aéronautique, les exigences en matière de câblages furent ajoutées aux règlementations et certifications. Aujourd'hui, les câbles et la connectique sont traités avec autant d'attention que les autres systèmes avioniques, et non plus comme une partie de la structure de l'avion. Toutefois, il n'y a pas que le vieillissement qui affecte les systèmes électriques, EWIS (pour Electrival Wiring Interconnect Systems en anglais). La façon ainsi que l'environnement dans lequel ils sont installés, leur conception et leur maintenance, sont aussi des facteurs importants dans leur détérioration.

Ce travail se concentre sur une pièce d'EWIS spécifique, le connecteur circulaire, et plus précisément, le matériau utilisé pour le joint interfacial et les passe-fils. Les connecteurs circulaires sont utilisés pour toutes les applications demandant un accouplement/désaccouplement des composants et une excellente résistance à son environnement.

Le connecteur qui nous intéresse doit être résistant à un environnement sévère, étant donné qu'il est destiné à être placé dans un moteur d'avion. Il y sera exposé a de nombreux fluides, des vibrations, des chocs mécaniques, des éléments corrosifs et à des températures extrêmes. En cas d'incendie, il doit pouvoir continuer à fonctionner sur une durée spécifique. Pour ce faire, le connecteur est doté d'un boîtier métallique, le rendant hermétique et protégeant les contacts, grâce à sa robuste vis de couplage. Le joint et les passe-fils restent néanmoins des parties cruciales en matière d'isolation électrique, thermique, chimique et mécanique des parties électriques du connecteur. C'est précisément l'élastomère utilisé dans la fabrication de ce joint et de ces passe-fils, ainsi que son développement, qui va nous intéresser dans cette étude. Il a été décidé d'orienter le sujet sur les polysiloxanes, et plus précisément sur les mélanges de polydimethylsiloxane (PDMS) et de fluorosilicone (FS).

Le PDMS est connu pour ses excellentes propriétés thermiques, d'isolation électrique, de résistance chimique, ainsi que sa flexibilité à basse température et sa nature hydrophobe. Ces propriétés en font un bon candidat pour les applications aéronautiques, cependant, il a tendance à gonfler dans certains fluides industriels. Les FS sont résistants à presque tous les fluides, notamment les hydrocarbures, mis à part les fluides polaires. En revanche, ils démontrent de moins bonnes propriétés thermiques que le PDMS, et sont aussi plus coûteux. Les copolymères poly(diméthylsiloxane-co-fluorosiloxane) ont été développés afin d'obtenir un matériau résistant aux huiles à moindre coût. Ils sont cependant difficiles à synthétiser. Mélanger du PDMS et du FS est une autre alternative pour combiner les propriétés des deux composés. Elle offre l'avantage d'être simple et réellement peu coûteuse.

Les points cruciaux qui seront discutés dans cette étude sont le choix des bases PDMS et FS et leur procédé de mélange; leur réticulation, comprenant le choix du peroxyde, sa quantité ainsi que la température de réticulation; et la composition des charges. Toutes ces étapes seront validées par les propriétés thermiques, mécaniques et de gonflement des matériaux étudiés au laboratoire.

Chapitre IV

Ce chapitre traite de la formulation des charges et de leur influence sur les propriétés finales de l'élastomère. Des charges telles que TiO 2 , CaCO 3 , quartz, CeO, un pigment, Fe 2 O 3 et un composé au platine ont été sélectionnés et leur influence sur les propriétés thermiques, mécaniques et de gonflement ont été étudiées. Concernant les propriétés thermiques et la résistance aux solvants, un haut taux de charges est une bonne stratégie, en revanche, une augmentation de la déformation résiduelle est également observée avec son augmentation. Finalement, des formulations offrant un bon compromis entre la tenue thermique, le gonflement et les propriétés mécaniques ont été sélectionnées. L'observation de la morphologie de l'une d'elle révèle que l'ajout de charges n'a pas d'influence sur la taille ou la dispersion des domaines de FS dans la matrice PDMS.

Chapitre V

Le dernier chapitre décrit les méthodes expérimentales utilisées dans cette étude.

Conclusion Générale

Ce travail a été dédié au développement d'un joint silicone capable de supporter les contraintes liées à l'aéronautique et à la connectique. L'accent a été mis sur la compréhension de ses propriétés (thermiques, mécaniques, résistance aux solvants) et sur les paramètres les influençant (composition de la matrice, conditions de réticulation, formulation des charges).

Les silicones communément utilisés dans cette industrie sont des gommes haute concentration (HCR, pour High Consistency Rubber en anglais), et sont obtenus par réticulation via des proxydes organiques. Les élastomères silicone les plus souvent utilisés pour les joints sont les polydiméthylsiloxane (PDMS) et le poly[méthyl (3,3,3-trifluoropropyl)siloxane] (PMTFPS). D'après des brevets et des échantillons commerciaux, étudiés durant ces travaux, ces joints peuvent être composés de PDMS pur, de PMTFPS pur, de mélanges de PDMS et de PMTFPS, de copolymère PDMS-co-PMTFPS, de PDMS mélangé avec du PDMS-co-PMTFPS ou encore du PMTFPS mélangé avec du PDMS-co-PPMS. Chacune de ces technologies possède des points forts et des points faibles. Le PDMS pur démontre de remarquables propriétés thermiques et de résistance aux flammes, tandis que le PMTFPS pur présente une bonne résistance aux solvants et aux carburants. Leurs mélanges ont des propriétés moyennes au niveau du gonflement, mais une mauvaise réticulation peut entrainer une sérieuse détérioration des propriétés mécaniques. Les copolymères statistiques, pour leur part, sont homogènes et donc présentent de meilleures propriétés mécaniques que les mélanges. Ils possèdent aussi de meilleures propriétés thermiques, cependant, leur gonflement dans les carburants est exacerbé. Les mélanges comportant des copolymères n'ont pas été considérés en profondeur par manque d'informations disponibles dans la bibliographie.

Finalement, les mélanges PDMS/PMTFPS ont été choisis plutôt que les copolymères. Les bases commerciales de PDMS et de PMTFPS, respectivement FE261U et MF160U, ont été sélectionnées pour leurs propriétés physiques intéressantes. Le ratio massique optimal entre les deux bases, par rapport aux propriétés thermiques et mécaniques a été déterminé à 30/70 FS/PDMS. Les conditions optimales de mélange des deux bases ainsi que du peroxyde ont été identifiées. Il s'agit d'utiliser une calandre et de chauffer les rouleaux à 40°C.

La compréhension des mécanismes de réticulation des deux bases et de leur mélange, ainsi que des paramètres les influençant, est une partie importante de ces travaux. L'influence de la température, de la quantité et de la nature du peroxyde, sur la cinétique de réticulation et sur les propriétés finales des élastomères a été étudiée. Cette étude a révélé que la réticulation du mélange à 160°C avec 0,5% massiques de DBPH donne les meilleures propriétés thermiques et de gonflement. De plus, la co-réticulation entre les phases PDMS et FS a lieu dans ces conditions, ce qui est préférable pour les propriétés mécaniques de l'élastomère final.

Une fois la matrice et ses conditions de réticulation établies, la formulation des charges du joint a été étudiée. Le rôle principal des charges est d'améliorer la résistance au feu et les propriétés thermiques de l'élastomère final, mais il a été montré que les « glass frits » peuvent aussi améliorer la résistance aux solvants. Les formulations décrites dans les brevets ainsi que celle de produits commerciaux ont été étudiées afin d'orienter notre propre formulation. Finalement, trois formulations se sont démarquées des autres, toutes contenant de l'anatase, du quartz, de l'oxyde de cérium, du pigment, de l'oxyde de fer (III) et du platine. Seulement deux d'entre elles comportaient du carbonate de calcium.

Perspectives

Ces travaux ont été dédiés à l'étude du gonflement et des propriétés thermiques et mécaniques de mélanges PDMS/FS réticulés. Cependant, d'autres propriétés, telles que le vieillissement et la résistance aux vibrations entrent dans la certification des connecteurs pour l'aéronautique.

Une étude préliminaire du vieillissement, qui n'est pas présentée ici, a montré que les propriétés mécaniques d'une des formulations finales (échantillon A), sont sérieusement diminuées après seulement 72h à 260°C. Cet effondrement catastrophique de la tenue mécanique est attribué aux conditions de réticulation qui pourraient ne pas être optimales vis-à-vis du vieillissement. Une étude de vieillissement a révélé que les propriétés mécaniques du mélange réticulé ne sont conservées qu'avec 1% de DBPH à 160°C. Les mélanges additivés pourraient donc être réticulés dans ces conditions puis leurs propriétés testées à nouveau. D'autres alternatives, comprenant des matrices différentes, comme citées dans le premier chapitre, pourraient être envisagées. La compatibilisation du PDMS et du FS avec un copolymère à bloc PDMS-co-PMTFPS, par exemple, pourrait donner des résultats intéressants. Ou encore l'utilisation d'un copolymère statistique PDMS-co-PMTFPS en guise de base fluorée. Les silicones liquides (LSR, pour Liquid Silicone Rubber en anglais), seraient aussi une alternative en termes de matrice. Cette option a été brièvement étudiée (non présentée ici), en tant qu'étude préliminaire à ces travaux. Les LSR ont démontré d'excellentes propriétés thermiques et de gonflement, cependant, ils sont plus délicats à formuler. En effet, le catalyseur au platine est sujet à l'empoisonnement car il peut être complexé par certaines charges. Les élastomères résultants qui sont chargés s'en retrouvent moins bien réticulés que les non chargés, ce qui affecte les propriétés mécaniques. Toutefois, sous réserve d'une formulation efficace, ils pourraient donner des résultats remarquables.

Abstract

Polydimethylsiloxane (PDMS) and polymethyltrifluoropropylsiloxane (PMTFPS) elastomers are popular material in the aeronautic and connector fields. Their flexibility, wide service temperature range and chemical resistance make them first-choice materials for such applications. PMTFPS provides oil and apolar solvent resistance to the final material, while PDMS provides resistance to polar solvents, greater thermal resistance than PMTFPS, and cost reduction. Typically, connector seals comprising PDMS and PMTFPS can be composed of blends of homopolymers, of copolymers or of blends of homopolymers and copolymers. This present work deals only with blends of homopolymers.

First, commercial PDMS and PMTFPS bases were selected and characterised, the blending process chosen and the PDMS/PMTFPS ratio tuned so as to minimise swelling in acetone and methylcyclohexane while maximising thermal properties. The optimal blend composition comprised 30 wt% PMTFPS.

The second part of this work explored the influence of crosslinking conditions on final properties of the cured PDMS/FS blend. Crosslinking parameters, such as the temperature (160 and 180°C), the nature (DCP and DBPH) and the quantity (0.5 and 1 wt%) of peroxide, were varied. It appeared that co-vulcanisation between PDMS and PMTFPS, occurs in certain conditions. Swelling as well is influenced by crosslinking conditions but not thermal properties.

Finally, the formulation of the ideal elastomer was developed. Fillers, such as TiO 2 , CaCO 3 , quartz, CeO, a pigment, Fe 2 O 3 and a platinum compound, were selected and their influence on thermal, mechanical and swelling properties studied. Regarding thermal and solvent properties, a high loading of fillers is a good strategy, however, an increase of permanent set was observed with the augmentation of filler fraction. Final formulations were selected for the compromise they offered between thermal and swelling properties and mechanical behaviour on the lab scale. Morphology observation revealed well dispersed domains, comparable to that of the non-additivated blend. 
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I. General introduction

The aircraft industry is constantly challenged to demonstrate performance and to operate safety improvements. For this reason, materials used in such demanding fields must fit stricter and stricter norms, while maintaining acceptable production costs.

International civil aviation started to thrive after the Second World War, but it is not until the late 1980s that wiring safety concerns were raised, principally because of major accidents involving damaged electrical wiring systems. 1,2 Originally, the business and general aviation fleet was not designed to fly for 50 years or more. 3 This unexpected longevity, together with the "fit-and-forget" 3 philosophy, with which wires and associated components were designed and maintained at that time, can explain the raise of such accidents. In order to enhance safety, wiring-related requirements were then included in regulations and certifications. Today, wire and wire-related components are treated as important airplane systems and not only as part of its structure. 2,3 Nevertheless, aging is not the only factor affecting Electrical Wiring Interconnect Systems (EWIS): the way and the environment in which they are installed, their design and their maintenance, are also responsible for their deterioration. 3 This work focuses on one specific EWIS component, the circular connector, and even more precisely, on the material selected as its interface seal and its grommets. According to the International Organization for Standardization (ISO), a connector is "a device which facilitates the connection and disconnection of electrical circuits for access or transport" and a circular connector is "any electrical connector possessing multipin interconnects with cylindrical contact housings and circular contact interface geometries". Circular connectors are convenient for any application requiring engagement and disengagement of components, together with an excellent environment resistance.

The connector we deal with needs to be resistant to high constraints, as it is intended to be placed inside the aircraft engine. There, it is subjected to fluids, vibrations, mechanical shock, corrosive elements, and high and low temperatures. In the event of a fire, it should continue to function without failure for a specified period of time. The shell of the connector plays a great role in rendering it hermetic, thanks to its robust coupling screw, and in protecting mated contacts from mechanical failure. But interfacial and grommet seals are also crucial parts, as they hold the key to electrical, thermal, chemical and mechanical insulation of electrical parts of the connector.

It is precisely the elastomer used to manufacture the seal and the grommets that will interest us in this study. The development of such material is the heart of this work. From the outset, it was decided to orient the subject of the research on polysiloxane elastomers, and more precisely on polydimethylsiloxane (PDMS) and fluorosilicones (FS) blends.

Thanks to their alternating silicon-oxygen atoms backbone, polysiloxane rubbers, also called silicones, demonstrate unique properties. As seen in Figure I.1, there are four types of silicone units, that can compose siloxane polymers and derivatives 4 : Polydimethylsiloxane (PDMS), whose main unit is D, is known to be heat and chemical resistant, with low temperature flexibility, good electrical insulation 5 and great hydrophobicity. [6][7][8][9][10] These properties make it a good candidate for aeronautical applications; however, it usually swells in a range of industrially-used fluids. 9 Fluorosilicones (FS) are resistant to almost all fluids, from fuels and oils to solvents, except highly polar ones. 11 However, they show inferior thermal properties compared to PDMS 12 and are more expensive. Poly(dimethylsiloxane-co-fluorosiloxane) copolymers have been developed in order to obtain an oil resistant 13 material at lower costs. Yet, they are difficult to synthesize. 14 For further costs reduction, blending [15][16][17] PDMS and FS is a good alternative to combine properties of both compounds. 18 It offers the advantages of a simpler and cheaper process.
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The compositions of such blends always contain a reinforcing filler, such as silica, and some stabilizers in smaller quantity, e.g. cerium hydroxide or cerium hydrate, carbon black, zinc oxide, calcium carbonate and iron oxides 15,16 . A curing agent is also added to the elastomer base. Peroxides are preferred for crosslinking the polymer 15,16 . Other fillers such as titanium dioxide, quartz, magnesium oxide, glass fibres and glass microspheres may also be included in the elastomer base. 16 Crucial points that will be discussed in this work are the choice of the PDMS and FS bases and their blending condition; their crosslinking, comprising the choice of the curing agent, its quantity and the temperature of crosslinking; and their filler composition. All of these steps being validated by swelling, thermal and mechanical properties at the lab scale.

In the first chapter, some prerequisites on polysiloxanes and fluorosilicones are presented. Then, a comparative study, based on literature and commercial seal samples, contrasts PDMS and FS blends versus their copolymers. The second chapter details the properties of the chosen PDMS and FS bases, the process chosen to mix ingredients together and how the ratio of FS was chosen. Third chapter discusses the crosslinking kinetics of the samples together with the crosslinking parameters influencing their final properties. Fourth chapter focuses on the formulation of the fillers and their influence on the final properties of the elastomer. Finally, fifth chapter describes all the experimental methods used in this work.

II.1. Polysiloxanes and fluorosilicones

II.1.1. Basic notions

Polysiloxane products, including PDMS, FS 19 and many other silicones, are available on the market in various forms such as oils, gels, elastomers and resins. Oils are linear or slightly branched polymers of relatively low viscosity 4,7,20 . Gels are lightly crosslinked and their viscosity is higher than those of oils. Nevertheless, they are soft and do not show any elasticity 4,20 . Resins are made of a three dimensional, rigid network and are so viscous, or even sometimes solid, that it is necessary to solubilise or emulsify them prior processing 4,7,20 . Finally, silicone elastomers are filled and more crosslinked than gels but less than resins, providing them with a very flexible backbone and a good elasticity on a wide range of temperature (-50°C to +250°C). Glass transition (T g ) occurs between -125 and -120°C for PDMS and melting (T m ) stands below -40°C. 21,22 

II.1.1.a. Synthesis of polysiloxanes

The synthesis of polysiloxane is not straightforward and several steps, detailed in Figure II.1, are involved. First, silicon metal has to be extracted from silica and then reacted with methyl chloride, itself obtained by reaction between chlorhydric acid and methanol, to give methylchlorosilane. Catalysts used are metals, such as copper based catalysts, activated at 300°C. 23 Then, silanol groups are generated through hydrolysis of methylchlorosilanes and react with one another to form organosiloxanes. 8 Molar masses are increased by polycondensation (see Scheme II.1) of those prepolymers. Linear and cyclic oligomers are obtained and separated by distillation.

Cycles obtained are of various molar masses. Some dimethylcyclosiloxanes that may be obtained by this method are seen in Figure II.2. Finally, high molar mass gums are obtained by cationic or anionic Ring Opening Polymerisation (ROP) of cyclic siloxanes, which mechanism is presented in Scheme II.2. 24,25 Anionic ROP allows polymerising cyclosiloxanes bearing different substituents (phenyl 25 , vinyl 26 or fluorinated 12,24 for instance) with dimethylcyclosiloxanes, to get statistical, block or gradient copolymers depending on conditions and monomers reactivity. 26,27 Functionalised cyclotrisiloxanes monomers are preferred because of their better reactivity compared to larger cycles 27 and the better regularity of the obtained polymer, but copolymerisation with D 4 is also possible 25 .

Although anionic ROP gives the best controlled copolymer structures, with few backbiting and chain transfer events 26 , cationic ROP can also lead to copolymers. For example, D 4 and D 4 H (tetramethylcyclotetrasiloxane) can polymerise together, producing a random copolymer, that can then be functionalised by hydrosilylation. High molar mass gums 
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II.1.1.b. Types of elastomers

There are two major types of silicone elastomers which are defined by their curing method, high temperature vulcanization (HTV) or room temperature vulcanization (RTV). These two families can again be divided in two categories detailed below.

RTVs are cured at room temperature, which allows an easy processing accessible to industrials as well as individuals. The material obtained has limited properties, yet sufficient for sealants, adhesives, impression-taking or gels. 20 They come as one (RTV1) or two (RTV2) components. RTV1 is a one-component silicone containing most of the time a tin catalyst. A condensation reaction occurs when the oil comes into contact with moisture. RVT2 is a two-component blend composed of silicone oil, a linking agent and a tin or platinum catalyst. Products are mixed just before use and the elastomer obtained, by means of condensation or addition reaction respectively, is soft and tear-resistant.

The HTV designation includes Liquid Silicone Rubbers (LSR) and High Consistency Rubbers (HCR). As its name suggests, LSR consists of low viscosity formulations before cure. The LSR crosslinking chemistry is comparable to that of RTV2, with a two parts, platinum catalysed, addition-cured system. This addition reaction occurs as displayed in Scheme II.3. The silicon-hydrogen bond of a Si-H oligomer is added across the carbon-carbon double bond of a vinyl-functional polysiloxane, forming a new silicon-carbon bond. 19,20 The network obtained is regular with a priori very few pendant chains. It is an ideal material for complex and low tolerance design, because it can easily fill the most inaccessible part of a mould. As cure does not generate volatile residues nor by-products, it is appropriate for medical applications, bakeware, healthcare, etc. 7 As for HCR, it was developed in order to imitate natural rubbers properties (tensile and compressive moduli, flexural strength…). It is obtained by high temperature vulcanisation, catalysed by organic peroxides, of a high molar mass silicone gum. This is known to be the historical way to crosslink silicones. 28,29 Gums used for peroxide curing usually contain vinyl pendant groups since they are less energetic than methyl groups, they shorten curing time of the elastomer. 6 Nevertheless, some 30 peroxides are also capable, in a lesser extent, of abstracting methyl protons, leading to a random network, containing numerous pendant chains. 31 The vinyl/methyl ratio must be carefully adjusted in order to tailor final properties. For example, widely spaced and numerous vinyl pendant groups will improve hardness, tensile strength, elongation, tear strength and compression set of the elastomer. 32 Scheme II.4 displays in details the steps of free radical cure. 1% organic peroxide is sufficient to generate, by thermal decomposition, enough radicals to crosslink the silicone gum. 28 During vulcanization, volatile compounds can be formed, like cumyl alcohol and acetophenone in the case of dicumyl peroxide for example. 6,28 These volatiles are generally removed by post-cure. 28 Peroxides typically used in industry are dicumyl peroxide 6,16,17,30,33,34 , benzoyl peroxide 16,30,33,34 , 2,4-dichlorobenzoyl peroxide 16,30,33 and 2,5-dimethyl-2,5-di(tert-butyl peroxy)hexane (DBPH) 16,30,33,34 .

Scheme II.4: HCR crosslinking by free radical reaction, with R as an organic group and R

1 as a functional group of the silicone.

II.1.2. Fluorosilicones

Polysiloxane systems possessing fluorinated substituents are called fluorosilicones. Typically, they display fluoroalkyl pendant groups bonded to the silicon atoms, but they can also contain fluorocarbon segment directly inside the backbone. 24,35 Fluorosilicones with both fluorocarbon units and pendant fluorinated groups are known to be very heat stable, with outstanding solvent and reversion resistance. 24,36 Other exotic fluorosilicones possess several fluoroalkyl pendant groups of different structures. [36][37][38] The most common commercial fluorosilicone polymer, which represented 96% of the fluorosilicone market in 2005 39 , is poly[methyl(3,3,3-trifluoropropyl)siloxane] (PMTFPS). 24,40 The structure of its organo-fluorinated pendant group is not trivial. Indeed, the location of fluorine relative to silicon, as well as the length of the alkyl chain, has been well designed. Fluorine is never found directly bound to the silicon atom because even if the silicon-fluorine bond is thermally stable, it is subject to hydrolysis. 36,41 The strong carbon-fluorine bond, on the other hand, does not show this disadvantage. Nevertheless, if the fluorine atom is too close to the silicon atom, that is to say on the alpha or beta carbon, thermal rearrangements and hydrolytic cleavage of the Si-C bond are likely to occur. This is due to the great electronegativity of fluorine. 5,24,36,41 On the contrary, if the alkyl chain is longer than four carbon atoms, risks of thermal oxidation increase. 5,36,41 Gamma position is thus the best compromise for maximum stability.

The number of fluorine atoms on the gamma carbon is no coincidence either. Fluorine substitution for hydrogen decreases solubility of the alkyl group and increases its resistance to chemical attacks. Yet, only one fluorine atom per pendant group is not sufficient to provide expected stability and solvent resistance. 5 Substituents like CF 3 , C 2 F 5 , C 3 F 7 , up to C 6 F 13 can be found in literature 5,24,38 but CF 3 is the best, not to say one of the only commercial alternatives. 5,24 Because of their unique structure, fluorosilicones are particular systems that combine high resistance to solvents of fluorocarbon polymers 42 , together with softness, low temperature flexibility and resistance to weathering of silicones. 40,43 Some of their properties are detailed hereafter. From now on the use of "fluorosilicone" or "FS" designates specifically PMTFPS. Moreover, similarly to D and D 3 indicating the building unit of PDMS and its tricyclic precursor respectively, F indicates the methyltrifluoropropylsiloxane unit and F 3 1,3,5-trimethyl-1,3,5-tris(3',3',3'-trifluoropropyl) cyclotrisiloxane in the following.

II.1.2.a. Fluid and chemical resistance

A crosslinked polymer in contact with a fluid absorbs a fraction of it, depending on temperature, crosslinking density and interactions with said fluid. 44 Li et al. 13,45 have indeed shown that the proportion of vinyl groups on the FS chain has a great impact on the oil resistance of its corresponding cured elastomer.

Moreover, the chemical nature of fluorosilicones makes them resistant to fuels, oils, hydraulic fluids and almost all non-polar common solvents such as chloroform 46 , toluene 36,47 or hexane 11 . On the contrary, they are sensitive to highly polar solvents, e.g. esters and ketones. 5,12,13,24,40,43 Indeed, fluorinated pendant groups confer a polar nature to the silicone. 13,18,45 Pierce et al. 36 , Cornelius et al. 10 and Bhuvaneswari et al. 18 Except for Fuel B (which is a 70/30 mixture of iso octane and toluene) and Fuel C (which is a 50/50 mixture of iso octane and toluene), PMTFPS demonstrates very low volume changes (less than 10 vol%). Nevertheless, it has to be noted that the influence of Fuel B and Fuel C remains lower than towards PDMS 18 or other fuel-resistant elastomers 10 . Non-polar fluids such as the paraffin oil IRM 901 (previously known as ASTM#1), and the mineral bases MIL H 5606 and DERD 2472, display a nearly non-existent swelling effect on the polar fluorosilicone. 48 For the exact same reason, they show less good water repellency than PDMS. The effect of sour gasoline was also studied by Cornelius 10 . When gasoline reacts with oxygen, it forms hydroperoxides that can decompose in radicals and attack the elastomer. It appears that even after a 17 days immersion at room temperature, PMTFPS experienced a volume growth of only 13.5%.

The downside of the limited solubility of PMTFPS is that it can complicate characterisations requiring a solvent, such as proton nuclear magnetic resonance ( 1 H NMR) or gel permeation chromatography (GPC), for example. Kählig et al. 11 reported that PMTFPS is subject to backbiting and cyclisation in acetone, so although it could be a good candidate, it should be avoided. Even in methanol, which does not solubilise PMTFPS, depolymerisation is observed. 11 Barrère et al. 49 used tetrahydrofuran to perform size exclusion chromatography, but recommended injecting the FS solution rapidly.

II.1.2.b. Thermal transitions

PMTFPS exhibits a slightly higher T g than PDMS, ranging from -75 to -65°C 44,50,51 , and does not show any crystallization. 51 These phenomena should be attributed to the fact that the trifluoropropyl group (TFP) increases the rigidity of the chain because of its polarity and steric hindrance. 13,44 In addition, the asymmetry induced by the trifluoropropyl-methyl pair in the FS unit increases T g 44 and makes it impossible for the copolymer to crystallise, unless it bears stereoregular [START_REF] Kuo | Stereoregularity in poly[methyl(3,3,3trifluoropropyl)siloxane][END_REF] TFP groups. Saam et al. [START_REF] Kuo | Stereoregularity in poly[methyl(3,3,3trifluoropropyl)siloxane][END_REF][START_REF] Collins | Stereoregular poly(methyl(3,3,3-trifluoropropyl)-siloxane) polymers and methods for making[END_REF] have described a way to synthesise stereoregular PMTFPS from both cis and trans 1,3,5-trimethyl-1,3,5-tris (3',3',3'-trifluoropropyl) cyclotrisiloxane isomers (F 3 ). They discovered that crystallisation does not occur if the content of cis-F 3 is below 30 mol%. Above 30% cis-F 3 , the resulting polymer shows strain-induced crystallisation. [START_REF] Collins | Stereoregular poly(methyl(3,3,3-trifluoropropyl)-siloxane) polymers and methods for making[END_REF] They also observed a weak melting transition for polymers obtained from pure trans-F 3 , using lithium trimethylsilanoate (∆H m =2.1 J/g) and dilithiumdiphenylsilanoate (∆H m =1.7 J/g) as initiators, but no melting was observed with the tetrahydrofuran, LiOH.H 2 O initiating system. Figure II.4 illustrates these phenomena.

Polymers made exclusively from cis-F 3 monomer are solid at room temperature and at least 50% crystalline. Whereas the ones made entirely, and up to 50%, of trans-F 3 are either waxy or liquid. [START_REF] Kuo | Stereoregularity in poly[methyl(3,3,3trifluoropropyl)siloxane][END_REF] All compositions give polymers with T g between -70 and -60°C, while T m increases with the amount of cis-F 3 . 

II.1.2.c. Thermal degradation

During heating, a polysiloxane experiences different kind of degradation reactions, depending on its chemical composition, temperature, heating rate and atmosphere. Under nitrogen atmosphere, that is to say, in the absence of oxygen, only depolymerisation occurs. 22 Depolymerisation is a reversion of the polymer chain, which produces low molecular weight cyclic siloxanes. They evaporate at the temperature of degradation, leading to a decrease in mass, recorded by the thermogravimetric analysis (TGA) apparatus. [START_REF] Hamdani | Flame retardancy of silicone-based materials[END_REF][START_REF] Delebecq | High Residue Contents Indebted by Platinum and Silica Synergistic Action during the Pyrolysis of Silicone Formulations[END_REF] Three kinds of mechanisms can basically be pointed out. The first one, "unzipping" [START_REF] Hamdani | Flame retardancy of silicone-based materials[END_REF] , is observed for chains possessing reactive end-groups, as silanol for example. When the polymer is heated, an intermolecular reaction occurs between the polymer chain and the silanol functions. [START_REF] Hamdani | Flame retardancy of silicone-based materials[END_REF] The second one, cyclisation, occurs if the temperature is sufficiently high. Cycles are formed by inter-or intramolecular redistribution reactions, which occur randomly between the siloxane bonds of the polymer backbone. [START_REF] Hamdani | Flame retardancy of silicone-based materials[END_REF] Finally, the so-called "externally catalysed reactions", are due to some impurities, such as water traces and catalysts or peroxide residues. 22,43,[START_REF] Hamdani | Flame retardancy of silicone-based materials[END_REF] Those trace impurities are able to attack the siloxane bond. [START_REF] Kučera | Thermal stability of polydimethylsiloxane. I. Deactivation of basic active centers[END_REF] Even scarce amounts of KOH, a commonly used polymerization catalyst, are known to accelerate decomposition of silicones even at relatively low temperatures. 22,43,[START_REF] Hamdani | Flame retardancy of silicone-based materials[END_REF][START_REF] Kučera | Thermal stability of polydimethylsiloxane. I. Deactivation of basic active centers[END_REF][START_REF] Grassie | The thermal degradation of polysiloxanes-I. Poly(dimethylsiloxane)[END_REF] In presence of oxygen, thermal depolymerisation is accompanied by oxidative attacks and crosslinking reactions. 22,43 Acidic residues, by catalysing oxidation, cause detrimental changes in the structure of the polymer. [START_REF] Kučera | Thermal stability of polydimethylsiloxane. I. Deactivation of basic active centers[END_REF] A radical mechanism occurs through homolytic Si-CH 3 bonds scission and results in oligomers and methane releases. Crosslinking reactions with neighbouring molecules or radicals, decrease the flexibility of the siloxane chain and hinder further splitting of cyclic oligomers. 22,[START_REF] Hamdani | Flame retardancy of silicone-based materials[END_REF] The thermal stability of this highly crosslinked material increases and black ceramic silicon-oxycarbide is formed. 12,[START_REF] Hamdani | Flame retardancy of silicone-based materials[END_REF] Silica, water and carbon dioxide are formed mostly in the gas phase by oxidation of volatile cyclic oligomers. 54 Regarding fluorosilicones, it appears that they are more sensitive to both depolymerisation and oxidative attacks than regular PDMS. 44,[START_REF] Evans | Heat Stable Fluorosilicone Rubber Compositions[END_REF] Consequently, thermal properties are less and less good as the content of fluorinated groups increases. If most authors agree that these thermal deficiencies can be attributed to TFP groups 12,44,[START_REF] Hayashida | Fluorosilicone rubber composition and cured product thereof[END_REF] , they are divided about which mechanisms take place underneath. Novikov et al. [START_REF] Novikov | Thermal degradation of 3,3,3-trifluoropropyl-(methyl)siloxane[END_REF] studied model dimers. During vacuum heating, they observed 1,1-difluoropropylene emissions, beside low-molecular weight cyclic compounds. It has been suggested that they were due to fluorine migration, as described in Scheme II.5. For Knight et al. [START_REF] Knight | Thermal degradation of some fluorine-containing elastomers[END_REF][START_REF] Knight | The thermal degradation of some fluorine-containing elastomers[END_REF] as well as Drake et al. [START_REF] Drake | Pushing the boundaries of Fluorosilicone Rubber (Oral communication support)[END_REF] and Hayashida et al. [START_REF] Hayashida | Fluorosilicone rubber composition and cured product thereof[END_REF] , HF is formed during heating in air from about 200°C [START_REF] Hayashida | Fluorosilicone rubber composition and cured product thereof[END_REF] . Surprisingly, this production of HF is superior during isothermal aging than dynamic heating. [START_REF] Knight | Thermal degradation of some fluorine-containing elastomers[END_REF][START_REF] Drake | Pushing the boundaries of Fluorosilicone Rubber (Oral communication support)[END_REF] Besides being very toxic, F -appears to promote chain cleavage, eventually leading to siloxane depolymerisation. [START_REF] Hayashida | Fluorosilicone rubber composition and cured product thereof[END_REF][START_REF] Drake | Pushing the boundaries of Fluorosilicone Rubber (Oral communication support)[END_REF] Another possible reaction could occur between HF and SiO 2 to form SiF 4 , which is a volatile compound. 42 Knight et al. [START_REF] Knight | Thermal degradation of some fluorine-containing elastomers[END_REF][START_REF] Knight | The thermal degradation of some fluorine-containing elastomers[END_REF] have monitored the formation of HF, or at least any degradation product giving F -ions in water [START_REF] Knight | Thermal degradation of some fluorine-containing elastomers[END_REF] , during heating under dry air. They recorded the change in F -ion concentration in a buffer solution, in which passed the degradation gas stream of a FS sample. According to their work, presented in Figure II.5, up to 7.5% of fluorine atoms in PMTFPS are evacuated as HF during dynamic heating. [START_REF] Knight | Thermal degradation of some fluorine-containing elastomers[END_REF] Moreover, the beginning of degradation seems to match the beginning of HF production.

The traumatic effect of HF on the silicone backbone can be significantly softened thanks to the addition of a correct amount of a carefully chosen acid acceptor. [START_REF] Drake | Pushing the boundaries of Fluorosilicone Rubber (Oral communication support)[END_REF] Some of them are inorganic e.g., Ca(OH) 2 , CaCO 3 , Mg(OH) 2 , CaO, Li 2 CO 3 and MgCO 3 . [START_REF] Knight | The thermal degradation of some fluorine-containing elastomers[END_REF] Hydrocalcites 59 are also used to trap fluoride ions. These compounds possess a layered structure sandwiching magnesium ions, aluminium ions, hydroxide ions, carbonate ions and crystallised water.

Carbonate ions have the ability to substitute with fluoride ions so as to incorporate them in the crystal structure.

For Thomas 43 , however, the particular heat sensitivity of fluorosilicones is due to catalyst residues from polymerisation. He thus focused on the neutralisation of KOH residues left by base catalyst used during the polymerisation process. He drew a parallel between the nature of the peroxide used for crosslinking and the cancellation of KOH effects. He concluded that peroxides like dichlorobenzoyl peroxide or benzoyl peroxide produce enough free acid during crosslinking for a complete neutralisation of base catalyst residues. He also suggested that the acidic nature of fumed silica plays a role in KOH neutralisation and that reversion can also be masked by oxidative crosslinking. Beyond that, the choice of peroxide influences the cured network and thus the thermal stability. [START_REF] Drake | Pushing the boundaries of Fluorosilicone Rubber (Oral communication support)[END_REF] To put it in a nutshell, thermal properties of PMTFPS can be improved by careful compounding and preparation, compensating both TFP's instability and potential prejudicial impurities. 

II.1.2.d. Flame resistance

The majority of human incidents and accidents involving fire in aircrafts are due to toxic smokes and fumes, notably CO, contaminating the confined cabin atmosphere. [START_REF] Purser | Behavioural impairment in smoke environments[END_REF] Designing flame-retardant materials emitting low contents of toxic gases and fumes is significantly important regarding aircraft safety.

Polysiloxanes are significantly more fire-resistant than most organic polymers. This unique feature comes from the fact that depolymerisation and evaporation of low molecular weight products during burning requires a lot of energy. [START_REF] Mansouri | Investigation of the ceramifying process of modified silicone-silicate compositions[END_REF][START_REF] Buch | Rates of heat release and related fire parameters for silicones[END_REF] Moreover, they produce, when burnt under oxygen, an inorganic amorphous silica residue: this is called the shielding effect [START_REF] Hshieh | Shielding effects of silica-ash layer on the combustion of silicones and their possible applications on the fire retardancy of organic polymers[END_REF] . It acts like a barrier avoiding volatile products to permeate to the gas phase and fuel the fire, and the other way around, it prevents penetration of oxygen into the unburnt material. [START_REF] Hamdani | Flame retardancy of silicone-based materials[END_REF][START_REF] Mansouri | Investigation of the ceramifying process of modified silicone-silicate compositions[END_REF][START_REF] Buch | Rates of heat release and related fire parameters for silicones[END_REF][START_REF] Hshieh | Shielding effects of silica-ash layer on the combustion of silicones and their possible applications on the fire retardancy of organic polymers[END_REF] Besides, it insulates the surface of the polymer from heat. [START_REF] Hshieh | Shielding effects of silica-ash layer on the combustion of silicones and their possible applications on the fire retardancy of organic polymers[END_REF] It should also be noted that silicones burn without flaming drip and in the case of pure PDMS, it does not emit any toxic smoke, which make them preferred products in fire applications. [START_REF] Hamdani | Flame retardancy of silicone-based materials[END_REF][START_REF] Mansouri | Investigation of the ceramifying process of modified silicone-silicate compositions[END_REF] Polysiloxanes themselves have even been used as fire retardant additives in other polymers. [START_REF] Hshieh | Shielding effects of silica-ash layer on the combustion of silicones and their possible applications on the fire retardancy of organic polymers[END_REF][START_REF] Lu | Recent developments in the chemistry of halogen-free flame retardant polymers[END_REF] This natural flame resistance can still be enhanced. As the silica residue might be insufficient depending on desired properties, addition of flame retardant fillers might be required. [START_REF] Rybiński | Effect of cenospheric fillers on the flammability and fire hazard of silicone rubber composites[END_REF] In addition to that, fluorosilicones, like other fluoropolymers, release HF when burnt or thermally decomposed. Surprisingly, according to the smoke evolution data reported in Table II.1, gases emitted by fluoropolymers upon burning, contain less HF than for nonflaming degradation. Besides, the amount of CO measured under the same conditions, is 6 times superior to that of HF. Except for HF trapping, academic literature does not describe any specific flame resistant fillers for FS, and patents only suggest the same fillers as for PDMS. 16,[START_REF] Evans | Heat Stable Fluorosilicone Rubber Compositions[END_REF][START_REF] Abecassis | Flame retardant non halogenated silicone composition for high temperature and automotive and building construction applications[END_REF] However, it is reported by Smith et al. [START_REF] Smith | Fluorosilicone polymers[END_REF] that fluorosilicones are more sensitive to fire than PDMS and that they lack ability to self-extinguish when removed from ignition source. The patented solution they proposed is to replace the PMTFPS by a chlorine containing fluorosilicone polymer, whose structure is displayed in Figure II.6. [START_REF] Smith | Fluorosilicone polymers[END_REF] Unfortunately, no analysis of smokes and fumes produced by the combustion of this polymer has been described in this study. 

.e. Mechanical properties

PMTFPS and PDMS elastomers have similar ranges of mechanical properties, of which a summary is collected in Table II.2. Of course, such properties are not only dependent on the chemical nature of the silicone chain, but also on the density and nature of crosslinking, on the compounding of the elastomer, or again on its aging conditions. All three aspects will be studied in this section. 

Crosslinking

Chaffee and Monroe 32 used a methylvinyldi(N-alkylacetamido)silane as a chain extender on a PMTFPS gum filled with fumed silica. Since only the chain extender possesses pendant vinyl groups, its quantity is directly related to the crosslinking density of the resulting elastomer. Several formulations were made, whom tensile strength and elongation are displayed in Figure II.7. Up to 1.5 parts in weight of chain extender, tensile strength gradually increases as elongation decreases. This is not surprising, as it corresponds to shorter chains between crosslinking knots. Above 1.5 parts of chain extender, too many pendant groups are present on the chain and both tensile strength and elongation at break decline irregularly. 

32

The cure system can also influence final properties of the elastomer. As seen in Table II.3, for the exact same filler composition, cure system X gives softer elastomers, with superior tensile strength and elongation at break, than cure system Y (see details in Table II.3 footnote). 

Compounding

Unfilled crosslinked silicone materials have very poor mechanical properties. 29,[START_REF] Cochrane | The influence of fumed silica properties on the processing, curing, and reinforcement properties of silicone rubber[END_REF][START_REF] Yuan | Reinforcement of poly(dimethylsiloxane) networks by blended and insitugenerated silica fillers having various sizes, size distributions, and modified surfaces[END_REF] Consequently, fillers, whether they are reinforcing, like amorphous silica 29,31,33,36 or organic clays [START_REF] Osman | Reinforcement of poly(dimethylsiloxane) networks by montmorillonite platelets[END_REF] , or not, like Fe 2 O 3 or TiO 2 , play an important role in mechanical properties of polysiloxane elastomers.

Maxson et al. [START_REF] Maxson | High strength fluorosilicone sealants[END_REF] Though, the most common and important filler used in silicone elastomer compounding, is amorphous, and particularly fumed, silica. 15,16,32,33,[START_REF] Si | Method for preparing fluoro-silicone elastomer[END_REF][START_REF] Hamada | Self-extinguishing silicone elastomer compositions[END_REF] It has long been known that PDMS generates physical bonding with silica. 29 The interactions between the hydrophilic surface of silica and the silicone polymer contribute significantly in reinforcing the elastomer. Nevertheless, if too numerous, these can eventually be too strong and lead to crepe hardening and difficult dispersion in the matrix. 29,[START_REF] Maxson | High strength fluorosilicone sealants[END_REF] It is for these reasons, and also in order to avoid low temperature degradation, that silica is usually treated, in order to reduce the number of hydroxyl groups on its surface. Silica is most of the time pretreated or treated in situ. It is clear that, depending on the treatment, interactions with the matrix will be different and so will be mechanical properties. Maxson 72 also compared the impact of di(trifluoropropyl)tetramethyldisilazane and trimethylsilyl treated silica. Results are shown in Table II.4. As expected, the TFP treatment gives an elastomer with spectacularly improved physical properties against the trimethylsilyl-treated one. This can be explained by the excellent affinity between the PMTFPS matrix and the TFP-treated silica, resulting in better dispersion and better reinforcement. To the same end, plasticisers can also be added. 29 Another important parameter is the surface area of the fillers. Strength is increased by generating higher surface, i.e. smaller particles, whereas larger particles improve strain. [START_REF] Yuan | Reinforcement of poly(dimethylsiloxane) networks by blended and insitugenerated silica fillers having various sizes, size distributions, and modified surfaces[END_REF][START_REF] Polmanteer | Reinforcement Studies-Effect of Silica Structure on Properties and Crosslink Density[END_REF] Esmizadeh et al. [START_REF] Esmizadeh | Effect of organo-clay on properties and mechanical behavior of Fluorosilicone rubber[END_REF] noticed an improvement in the Young's moduli of FS filled with organic clay, without deterioration of tensile strength and elongation at break. This is explained by the interactions between the clay layers and the FS matrix, providing increased crosslink density and stiffness.

Aging

The aging of polymers is accelerated by their surrounding environment, that is to say, storage and operating conditions. In the case of materials used in aeronautics, temperature is a key factor, as well as contact with fuels and oils. Table II.5 presents data from three different aging studies 10,36 . Only changes in value, relative to a control reference, are displayed in order to make comparison of studies possible. In the first study 36 , a compounded PMTFPS elastomer is oven-aged during 70h at 100, 150 or 200°C. High temperature induces further crosslinking, leading to a decrease in elongation at break and tensile strength and an increase of hardness. 24 Until 150°C, changes in physical properties are minor but above 200°C, they start to be manifest, indicating that chain scission and depolymerisation, probably catalysed by temperature, only starts to be detrimental above 150°C. In a second study 10 , the fluorosilicone elastomer is immersed 17 days in sour gasoline at room temperature. Hydroperoxides present in the sour gasoline decompose and attack the polymer chains, causing both reversion and crosslinking. 10 Compared to other fuel resistant materials, such as poly(butadiene-co-acrylonitrile) [START_REF] Dunn | NBR Vulcanizates Resistant to High Temperature and "Sour" Gasoline[END_REF] (see Table II.6), fluorosilicone elastomers nevertheless maintain good mechanical properties and flexibility.

A third study 36 combines both temperature and solvent aging, which alters substantially the elongation at break of the elastomer. At first, tensile strength is also rather impacted, in different ways depending on temperature, but then it nearly recovers its initial value after 56 days, probably because of oxidative attacks, producing an over-crosslinked material. 

II.2. PDMS and PMTFPS: copolymers versus blends

A number of studies have been conducted on PDMS and PMTFPS blends 12,13,[START_REF] Han | Synthesis of fluorosilicone monomer and application in hydrophobic surface of acrylic copolymer[END_REF] and copolymers 13,44,47 . The second part of this chapter first looks at the synthesis and preparation of copolymers and blends. Then, their respective properties are presented and compared and finally the composition of actual materials used in connector seals is investigated.

II.2.1. Synthesis and preparation

II.2.1.a. Copolymers

There are three types of PDMS/PMTFPS copolymer microstructures: random, block or gradient. Due to the reactivity difference between D 3 (hexamethylcyclotrisiloxane) and F 3 (2,4,6-tris(3,3,3-trifluoropropyl)-2,4,6-trimethylcyclotrisiloxane), block copolymers are easily obtained by living anionic ring opening copolymerisation, with butyllithium as initiator. 14,47 Indeed, F 3 is far more reactive than D 3 14,47 , and the simultaneous copolymerisation of F 3 and D 3 gives blocky structures with a narrow gradient part in the middle. 14 The fluorinated block is formed first, comprising 15 to 20% D 3 units, followed by the PDMS block, once there is no F 3 available anymore. 14 Kobayashi et al. 47 synthesised FS-PDMS-FS triblocks, starting with the polymerisation of D 3 cycles, on a lithium-terminated organosiloxane oligomer. This oligomer is obtained from an oligodimethylsiloxane-α,ω-diol reacted with butyllithium. Then F 3 units are polymerised on both ends of the PDMS block. 47 Random copolymers can be obtained by equilibrium anionic copolymerisation 30,[START_REF] Bush | Peroxide-curable fluorosilicone copolymer compositions[END_REF] of F 3 and dimethylcyclosiloxanes, catalysed by potassium silanolate 47 , potassium polymethyl-tris-(3,3,3-trifluoropropyl)siloxandiolate [START_REF] Shmeleva | Study of the equilibrium copolymerization of dimethyl-and methyl(3,3,3-trifluoropropyl)cyclosiloxanes[END_REF] or tetramethylammoniumsilanolate 44 . This reaction is controlled by backbiting and rearrangement reactions. [START_REF] Shmeleva | Study of the equilibrium copolymerization of dimethyl-and methyl(3,3,3-trifluoropropyl)cyclosiloxanes[END_REF] Li et al. 13 noted that this synthetic route leads to copolymers whose composition is almost equal to the F 3 feeding ratio. Moreover, the polydispersity of the copolymers thus obtained decreases with an increasing F 3 feeding rate. Another way to get random copolymers, is by co-polycondensation (see Scheme II.1) of dimethylsiloxanediol and methyltrifluoropropylsiloxanediol using potassium silanolate as a catalyst. [START_REF] Xu | Preparation of Fluorosilicone Random Copolymers with Properties Superior to Those of Fluorosilicone/Silicone Polymer Blends[END_REF] Co-polycondensation has some advantages over ROP, such as a higher final molecular weight of the chains and a more uniform distribution of fluorinated units. [START_REF] Xu | Preparation of Fluorosilicone Random Copolymers with Properties Superior to Those of Fluorosilicone/Silicone Polymer Blends[END_REF] Cypryk et al. 14 described a way to control the distribution of the trifluoropropyl groups along the siloxane chain. This process is convenient for the production of gradient as well as random copolymers. It is a semibatch process, consisting of the addition of controlled amounts of F 3 during the polymerization of the less reactive D 3 .

Once the wanted copolymer has been synthesised, it can be compounded and cured so as to obtain an elastomer. Most preferred copolymers for our applications are random copolymers. 30,[START_REF] Bush | Peroxide-curable fluorosilicone copolymer compositions[END_REF] 

II.2.1.b. Blends

Blends of PDMS and PMTFPS compounds are usually prepared in a two-roll mill 17,18,[START_REF] Xu | Preparation of Fluorosilicone Random Copolymers with Properties Superior to Those of Fluorosilicone/Silicone Polymer Blends[END_REF] or an internal blender [START_REF] Caporiccio | Blends based on fluorosilicone elastomers and vinylidene fluoride polymers[END_REF][START_REF] Liu | Preparation and properties of heat curable blended methylfluorosilicone rubber[END_REF] and then heat-cured. Some authors use copolymers instead of a fluorosilicone base in their blends. 12,45 Other authors used a short block copolymer as a compatibilising agent for the blend. 47 Details on the properties of such blends, together with corresponding copolymers, are presented in the section hereafter.

II.2.2. Properties

II.2.2.a. Fluids and chemical resistance

Whether it is for blends or copolymers, the content of fluorine in the final elastomer is a key feature for solvent and oil resistance. As seen previously, fluorinated groups improve the resistance towards non-polar fluids, but reduce the resistance towards polar ones. As an illustration to this, swelling rates of copolymers in different solvents are displayed in Figure II.9 A. One can observe that the volume of swelling increases with the increase of TFP content for polar solvents such as tetrahydrofuran (THF) and acetone, but decrease for nonpolar ones, such as heptane and toluene. Moreover, fluorinated silicones are incompatible with PDMS. 5,12,40 Their solubility parameters are 15.3 MPa 1/2 for PDMS and 19.6 MPa 1/2 for PMTFPS. 47 For instance, as seen in Figure II.9 B, if there are 30 mol% or more TFP units in the silicone chain, swelling rates after 12 days in PDMS oil at 30°C, is nil 13 .

Other already mentioned important points regarding swelling resistance are crosslinking density and temperature. 13,44,45 As these parameters might be different from a study to another, it is possible that results presented hereafter show dissimilarities for a given solvent. One will however notice that trends are similar. Regarding more specifically aviation fluids, two kinds of products are noticeable, i.e. fuels and oils, as described in Table II.7 (see next page). These fluids were tested on PDMS/PMTFPS blends and results 18,[START_REF] Xu | Preparation of Fluorosilicone Random Copolymers with Properties Superior to Those of Fluorosilicone/Silicone Polymer Blends[END_REF] are displayed in Figure II.10. It appears that swelling decreases with increasing FS content in all liquids, except DERD 2487 and Jet oil II, that are polar oils. Quite curiously, blends swell more in DERD 24887 than PDMS and PMTFPS separately. What can also be noted is that PDMS, as well as the blends, are more sensitive to the fuels than to the oils that were tested. Indeed, a 250% volume change is observed for PDMS in Fuel C as well as a complete rupture of the samples containing less than 40 wt% FS in Fuel B and Jet A1. In oils however, no drastic changes are observed and the maximum swelling rate reported is of 60% for pure PDMS. Regarding Jet fuel 3, from 44 wt% or less FS, the copolymers demonstrate a significantly higher volume change than blends. As for Fuel C, volume changes are similar, between blends and copolymers, for FS amounts superior to 75 wt%, but below this content, the difference is again substantial. The gap between blends and copolymers is especially important for the 30 wt% PMTFPS and 70 wt% PDMS composition, with a difference of 120% volume change.

This non-linear relationship between the content of TFP units and the swelling of the copolymer can be modelled thanks to the Huggins parameter (χ). [START_REF] Xu | Preparation of Fluorosilicone Random Copolymers with Properties Superior to Those of Fluorosilicone/Silicone Polymer Blends[END_REF][START_REF] Flory | The elastic free energy and the elastic equation of state: Elongation and swelling of polydimethylsiloxane networks[END_REF] This parameter describes the interaction between a polymer and a solvent. It is defined by the Equation II.1:

χ = ( -)² Equation II.1
where δ p and δ s are respectively the solubility parameters of the polymer and the solvent and V s the molar volume of the solvent in the polymer network. The degree of swelling of a network exposed to a pure solvent is very sensitive to the value of χ. Obviously, χ changes with the composition of the copolymer. [START_REF] Flory | The elastic free energy and the elastic equation of state: Elongation and swelling of polydimethylsiloxane networks[END_REF] The solubility parameter of the copolymers is proportional to the volume fraction of PMTFPS and is calculated as in Equation II.2:

= + Equation II.2
where δ FS and δ PDMS are respectively the solubility parameters of PMTFPS and PDMS (respectively equal to 19 and 15.3 MPa 1/2 ) and ϕ FS and ϕ PDMS their volume fractions.

In order to illustrate this, let us consider the case of swelling in Fuel C. Its solubility parameter was determined equal to 16.3 MPa 1/2 by Xu et al. [START_REF] Xu | Preparation of Fluorosilicone Random Copolymers with Properties Superior to Those of Fluorosilicone/Silicone Polymer Blends[END_REF] So when the fraction of PMTFPS increases in the copolymer, the (δ p -δ s )² expression, displayed in Figure II.12 (see next page), first decreases quadratically until δ p =16.3 MPa 1/2 , which corresponds to 40 wt% (or 24 mol%) FS units, and then increases quadratically until reaching pure PMTFPS (δ p =δ FS ). As for engine oil or IRM 903, their solubility parameters are inferior to 14.9 [START_REF] Xu | Preparation of Fluorosilicone Random Copolymers with Properties Superior to Those of Fluorosilicone/Silicone Polymer Blends[END_REF] , so their (δ p -δ s )² expressions only increase quadratically (not shown).

Li et al. 12,45 synthesised a random copolymer and blended it in the same way as a pure fluorosilicone base, with PDMS. Thus obtained elastomers were tested in PDMS oil. As seen in Figure II.13, swelling resistance of the blended copolymers ( and ) show antagonist behaviours. Indeed blends showing the smallest swellings ( ) contain 10 phr silicone resin whereas the others do not. This amelioration is a priori a result of better crosslinking. Otherwise, no particular amelioration due to blending copolymers is observed. In addition, no other solvents were tested, so it would be premature to conclude about the advantage of blended copolymer over pure copolymer, or vice versa. Copolymers do not systematically outperform blends regarding solvent resistance, especially concerning fuel resistance. It appears that a study of solubility parameters can prevent unpleasant surprises. Blending copolymers with PDMS could be an interesting idea but not enough studies on the subject were conducted (or reported in the literature) to conclude on this. 

II.2.2.b. Thermal transitions

Blends can be divided into three general categories; miscible: semi-miscible and immiscible. Miscible blends produce a single glass transition which usually falls between the T g of the two pure polymers. Semi-miscible or partially miscible blends will exhibit two distinct glass transitions, shifted away from the position of the pure polymers and between each other. Immiscible blends show two distinct glass transition temperatures which are not shifted from the T g of the pure homopolymers. [START_REF] Sepe | Thermal Analysis of Polymers[END_REF] PDMS and PMTFPS are known to be non-miscible polymers. 5,12,40,47 Indeed, as seen previously, because of their electronegative nature, fluorine atoms change the polarity of the chain. 13,18,45 PMTFPS and PDMS blends will thus show all thermal transitions from both silicones.

Random copolymers on the other hand, will behave as miscible blends and display a unique T g . Figure II.14 displays the influence of the introduction of TFP units in PDMS chains on T g , as studied by numerous authors. 13,44,47,[START_REF] Xu | Preparation of Fluorosilicone Random Copolymers with Properties Superior to Those of Fluorosilicone/Silicone Polymer Blends[END_REF][START_REF] Liu | Preparation and properties of heat curable blended methylfluorosilicone rubber[END_REF] It can be observed that while methyl groups are replaced by TFP groups, the T g of the polysiloxanes gradually increases. 13,44,50 This is because TFP units tend to break symmetry and regularity of the polysiloxane, which is also why glass transition can increase up to -58°C in some case 5,13,24,40 . Crystallisation is also impacted by fluorinated groups. Indeed, it is inhibited as the content of TFP groups reaches more than 15-20 mol% in the random copolymer. 5,13,44 Data from these different studies are rather consistent. It has to be noted that the value from Xu's study [START_REF] Xu | Preparation of Fluorosilicone Random Copolymers with Properties Superior to Those of Fluorosilicone/Silicone Polymer Blends[END_REF] (in green), is a DMA measurement while all others are DSC measurements, which is why it does not match perfectly. Copolymers possessing less than 15 mol% TFP groups show a bimodal 13 or weak 44 fusion peak, corresponding to the melting of partly crystallised dimethyl chain segments. Compatibilised blends behave like semi-miscible blends. Indeed, when the quantity of the PDMS phase increases, the T g of the PMTFPS phase shifts towards that of PDMS (see Figure II.14). Unfortunately, authors did not display the T g of the PDMS phase, but only its T m . It appears that they are all crystalline, except the blend with the less amount of PDMS, indicating that the PDMS phase is uniformly dispersed in the fluorinated phase. [START_REF] Liu | Preparation and properties of heat curable blended methylfluorosilicone rubber[END_REF] This means that under 27 mol% (or 15 wt%) and with a diblock interfacial agent, PDMS and PMTFPS blends are miscible.

When containing more than 15 mol% FS units, copolymers have better low temperature flexibility regarding their blend counterparts. Under that content, it is not a priori particularly advantageous to use copolymers compared to blends. Beyond 73 mol% of FS units, blends containing an interfacial agent are interesting because they display the same thermal transitions as copolymers.

II.2.2.c. Thermal properties

The introduction of fluorinated units in the siloxane chain seriously undermines thermal resistance of the resulting elastomer. To our knowledge, thermal properties of PMTFPS and PDMS blends were not studied in open literature, therefore, only copolymers and blended copolymers will be presented in this section.

In order to illustrate the deterioration of properties, degradation temperatures from different studies are gathered in Figure II.15. Even if the profiles of the curves are rather different, they give an overview of the behaviour of fluorinated copolymers and their blends. Unsurprisingly, uncrosslinked copolymers have the worst thermal resistance. Regarding the elastomers, it appears that pure copolymers could be more thermal resistant than blended copolymers, but the improvement is not that obvious. 

II.2.2.d. Mechanical properties

Blends, compatibilisation and copolymers

Due to the poor compatibility between PDMS and PMTFPS, their cured blends usually show diminished mechanical properties, with low tensile strength and delamination when subjected to stress. 47,[START_REF] Xu | Preparation of Fluorosilicone Random Copolymers with Properties Superior to Those of Fluorosilicone/Silicone Polymer Blends[END_REF][START_REF] Liu | Preparation and properties of heat curable blended methylfluorosilicone rubber[END_REF] As seen in Figure II.16, blended systems from the studies of Liu [START_REF] Liu | Preparation and properties of heat curable blended methylfluorosilicone rubber[END_REF] (plain blue triangles) and Xu [START_REF] Xu | Preparation of Fluorosilicone Random Copolymers with Properties Superior to Those of Fluorosilicone/Silicone Polymer Blends[END_REF] (plain red squares), show a drop in tensile strength until the volume fraction of PMTFPS reaches 50% (56 wt%). At this proportion, the phase separation is at its maximum, leading to a maximum mechanical loss. In contrast, Bhuvaneswari's 18 blends (circles) do not show this decline in mechanical proportions, because both phases are co-vulcanised, by dicumyl peroxide. The transfer of load between both phases confers average mechanical properties to the cured blends. Random copolymers (empty squares), used by Xu, also demonstrates constant mechanical properties, consistent with the properties of PDMS and PMTFPS. Indeed, copolymers elastomers do not suffer from phase delamination because they are homogeneous. On the other hand, the low molecular weight block copolymer interfacial agent used by Liu (half empty triangles), is not as efficient. It improves the tensile strength of the blends, but properties of pure PDMS or pure PMTFPS are not retrieved. This reveals again compatibilisation problems, even if there is finally an improvement of mechanical properties. Compatibilisation of blends with copolymers was also explored by Kobayashi et al. 47 The characteristics of a random and a block copolymer that were studied are displayed in Table II.8. Figure II.17 displays the tensile strength of blends containing 50 wt% PMTFPS and compounded with different quantities of copolymers. Both copolymers improve the properties of the blend, yet depending on the amount added. Indeed, random copolymers are ideally efficient around 30 wt% and block copolymers around 5 wt% or maybe a smaller amount as no data is given above 5 wt%. This decrease of tensile strength with the increase of the amount of block copolymer could be due to micelle formation above a certain concentration, inducing more interphases.

Figure II.17: Effect on tensile strength of the addition of random and block copolymers to a 50/50 blend in weight. 47 Blended random copolymers are also an alternative. As copolymers have a better compatibility with PDMS than pure PMTFPS, no dramatic decrease of mechanical properties occurs. 45 

Aging

In this study, heat aging was performed on blends and oil aging done on compatibilised blends, so it is not possible to draw any conclusion about the advantage or inconvenient of compatibilisation towards aging. Behaviours of blends and compatibilised blends are not comparable and they simply give the reader information about their respective aging. Their change in tensile strength and elongation at break are presented in Regardless of the type of oil, tensile stress is better retained with the content of FS increasing. Nevertheless, the oil 901 is particularly aggressive towards the blends. Authors even reported serious cracking of the blended samples. [START_REF] Liu | Preparation and properties of heat curable blended methylfluorosilicone rubber[END_REF] Oil 903 seems to have the least influence on mechanical properties, except for the elongation at break when compositions range between 60 and 90 wt% FS.

Except for the 60 wt% FS composition, heat aged co-cured blends maintained good mechanical properties after 70h at 200°C.

II.2.3. Overview of commercial products

In order to complete the bibliographic review on PDMS/FS blends and PDMS-co-FS copolymers shown before, we also determined the matrix composition of some products found on circular connectors. As these elastomeric materials are used for the same application as ours, they provide an accurate picture of the preferred matrix composition and fluorine ratio. They are numbered from 1 to 16 and are studied hereafter.

II.2.3.a. Matrix composition

The first question that must be answered is if the fluorinated siloxane used in other connector applications is PMTFPS as well. Solid 19 F NMR was first performed on the samples. Then other potential pendant groups on the silicon atom were identified thanks to 29 Si NMR.

F NMR

19

F is one of the most sensitive nuclei (with 1 H) amongst all isotopes of the periodic table, because it represents 100% of natural fluorine [START_REF] Taylor | The Analytical Chemistry of Silicones[END_REF][START_REF] Ando | Fluorine-19 NMR of Solids Containing Both Fluorine and Hydrogen[END_REF] and has also one of the highest magnetic moment [START_REF] Ando | Fluorine-19 NMR of Solids Containing Both Fluorine and Hydrogen[END_REF][START_REF] Ulrich | High Resolution Solid State NMR, 1 H, 19 F[END_REF] . Higher spinning rates are required, compared to 29 Si nuclei, because of stronger dipolar interactions. [START_REF] Ulrich | High Resolution Solid State NMR, 1 H, 19 F[END_REF] Surprisingly, this technique is not very widespread for the characterization of conventional fluorinated silicone. Nevertheless, some shifts in chloroform-d solutions are collected in Table II.9. ) and FFF (-22 to -24 ppm). 13,44,49,[START_REF] Xu | Preparation of Fluorosilicone Random Copolymers with Properties Superior to Those of Fluorosilicone/Silicone Polymer Blends[END_REF] Shifts from random copolymers, FFD (-23 to -24 ppm) and DDF (-20 to -22 ppm), are less likely, but could be badly resolved. 13,44,49,[START_REF] Xu | Preparation of Fluorosilicone Random Copolymers with Properties Superior to Those of Fluorosilicone/Silicone Polymer Blends[END_REF] 

DSC

The DSC analysis on compounds 1 to 4, seen in Figure II.21, shows two T g , one at -66°C, which is characteristic of FS, and the other one between -116°C and -120°C, depending on the compound, which is too high to be the signal of pure PDMS. It is also noteworthy that, the higher the content of D ph units in the compound, the higher its T g . Additionally, compound 1, which contains the higher amount of phenylated units, does not show any melting peak, meaning that the crystallisation of PDMS is hindered. All these elements point towards the hypothesis of a poly(dimethyl-co-methylphenyl)siloxane random copolymer. It is possible to calculate the theoretical T g of this copolymer thanks to a weighted-average of the T g of PDMS (-123°C) and the T g of poly(methylphenyl)siloxane (-28°C [START_REF] Chough | Kinetics of sulfur vulcanization of NR, BR, SBR, and their blends using a rheometer and DSC[END_REF] ), according to relative area shown in Table II.11. For compounds 1 to 4, this gives -115, -119, -119 and -120°C respectively, which corresponds to measured T g . 

II.2.3.b. Fluorine content

Infrared spectra of selected commercial products are standardised on the siloxane band in order to allow an accurate comparison. The intensity of the -CF 3 vibration at 1206 cm -1 is displayed in -140 -120 -100 - Fluorine contents of samples are apparently wide-ranging. Three samples seem close to the composition of the FS base, four contain around 8% fluorine, two are below 8% and five of them do not contain fluorine. Once again, all possible scenarios exist, that is why a study about the properties of different PDMS/FS ratios is conducted hereafter. 

II.3. Conclusion

Regarding the aircraft industry, the kind of silicone that interests us is fluorosilicone.

Poly[methyl(3,3,3-trifluoropropyl)siloxane] especially, is an already widely used fluorosilicone material. Its flexibility, wide service temperature range and solvent resistance make it an excellent choice material. The only negative points about PMTFPS are its sensitivity towards polar solvents, its poor thermal resistance and flame resistance compared to PDMS, and finally its high cost. A compromise has to be found between its interesting properties and its detrimental drawbacks. One way of doing so is to reduce the amount of fluorinated units in the final elastomer, rather by blending it with PDMS or by using a poly(PDMS-co-fluorosilicone) copolymer instead of pure FS. Typically, patents dealing with connectors propose all three options, that is to say, pure fluorosilicone, random copolymers or blends (possibly of PDMS and copolymers). Elastomeric materials actually used in the industrial field were examined, they all contain PDMS, some contain PMTFPS, but none are pure FS. Some others contain a random PDMS-co-PMPS blended with FS. Table II.12 displays advantages and drawbacks of the different technologies presented in this chapter. Random copolymers present a better homogeneity and better mechanical properties compared to general blends. They also demonstrate better low temperature flexibility and better thermal resistance. However, even if they show outstanding oil resistance, they exhibit exacerbated swellings in fuels. Blends have a more linear behaviour towards swelling. Still, they are not homogeneous and reveal bad mechanical properties if co-vulcanisation is not effective. Other more confidential alternative have been considered in this chapter, such as blends containing short block copolymers as an interfacial agent, or the substitution of PMTFPS by a random copolymer in blends. Properties seem interesting but have not been well documented. A final point in favour of blends is that the FS quantity in the final elastomer is much better controlled and easily tuned than in copolymers. Finally, none of these alternatives seem to be significantly superior to the others and all of them could make good candidates for the connector application. 

III.1. Introduction

In the previous chapter, we showed that both blends and copolymers are possible options for connector seals, with no alternative outpacing the other. In fact, no clear-cut path has been isolated form academic literature and no distinct trend has been drawn from industrial patents either. Indeed, technologies most found in patents, concerning fluorosilicone in the connector field, are listed in Table III.1. For a majority of them, they deal with pure compounded fluorosilicone bases, but copolymers and blends are also found. There is no clear mention of copolymer interfacial agents nor of blended copolymers, but this could be due to a lack of details in the description of the inventions, or maybe to the relative youth of its use. To put it in short, patents illustrate the large variety of strategies used by manufacturers, and this variety leaves the door open, without settling the debate between pure fluorosilicone, copolymers or blends. However, the study of materials used in the connector industry, in previous chapter, revealed that either all-PDMS or PDMS/PMTFPS blends were used. Among these possible approaches, blends were chosen for the following study, for the sake of convenience. Indeed, it is important to reach, as far as possible, industrial process conditions, without any organic synthesis or polymerisation steps. Blends meet this requirement because unlike copolymers, PDMS and PMTFPS compounds are commercially available. This makes them therefore preferred regarding copolymers. Besides, adjusting and controlling the FS quantity in the final elastomer is more convenient with blends.

In this chapter, a description of the PDMS and PMTFPS bases that were selected is given, as well as a description of the blending process, and finally, a short study setting the ideal ratio between them in the final material is presented.

III.2. Materials

The PDMS compound used in this study is a silicone master batch from Bluestar Silicones. Its reference is Bluesil MF 160 USP. It is a HCR material, able to heat cure after the addition of a vulcanisation agent. It is adapted to extrusion, moulding and injection processes. Another PDMS compound, provided by Dow Corning, was briefly studied. Its thermal degradation appeared to be poorer compared to that of Bluesil MF 160 USP, it was thus not retained as the PDMS base and will not be further discussed (the corresponding analysis is presented in Figure A 1, Appendix 1). FE241U and FE261U, two fluorosilicone HCR bases from Shin Etsu, were also tested.

III.2.1. Structure and composition

III.2.1.a. Nuclear Magnetic Resonance Spectroscopy

Solid Magnetic Resonance Spectroscopy of the silicon atom ( 29 Si NMR) is mainly used to characterise siloxane polymers. Indeed, this method is a unique way to observe the building units of polysiloxane molecules 8 (see Table III.2). End groups (referred as M units) and chain units (referred as D units) can be simultaneously observed if the chain length of the polymer is below 50 units 9 . As the chain length increases, the detection of the M unit resonance decreases until it is not detected anymore. A broad signal is observed between -100 and -120 ppm. This zone is typical of Q units and as no M units are observed, the hypothesis of a resin is set aside in favour of SiO 2 , which is consistent with filled elastomers. The spectroscopy method used is quantitative, as long as the number of scans is sufficient and the time of relaxation is long enough. Percentages of each building unit are determined out of the peaks integrations and displayed in Table III.3.

According to these integrations, there are 17% of SiO 2 for 84% of D and F units by number in PDMS and FE261U and 13% silica for 87% F units in FE241U. This corresponds to 14, 5 and 7 wt% of silica, respectively (see details of calculation in Appendix 2). Another peak can be seen around 122 ppm. This peak does not represent any chemical species. Indeed, in solids, nuclei are subject to static anisotropic interactions that cause broadened resonances 9,15,16 . That is why, in order to remove the sources of broadening, a rapid rotation, with a rate about the order of the spectral width 17 , is applied to the solid specimen. Static anisotropic interactions are then removed from the centre of the spectrum and appear as sidebands 15,16 , as observed in Figure III.1 and Figure III.2. This inclination is called "magic angle" and this method "Magic Angle Spinning" (MAS). Naturally, another symmetrical sideband, which is not presented in the spectra, exists around 80 ppm. 

III.2.1.b. Infrared Spectroscopy

Attenuated Total Reflexion (ATR) Fourier Transform Infrared (FT-IR) spectroscopy is a nondestructive technique, particularly convenient for cured silicone elastomer 18 characterisation. Besides being rapid, easy and not requiring particular preparation of the sample, this method of identification is highly specific of silicones. 18 Indeed, the silicon atom is a vibrational insulator 18 enabling chemical groups bounded to it to vibrate independently. 19 The spectrum so obtained is approximately equal to the sum of their absorption peaks. Nevertheless, some shifts can be observed due to coupling and geometrical configuration of the molecule. 18,19 Peaks seen on IR spectra are called absorption bands. They are obtained when the frequency of the radiation applied on the molecule corresponds to its resonance vibration and is absorbed. 18 The position, number and intensity of these absorption bands depend on the vibration modes of chemical bonds. That is why one must keep in mind when interpreting an IR spectrum, that strong absorptions do not necessarily reflect the presence of a major species.

A lot of references about PMTFPS are therefore available in literature.

A number of studies 13,20,21 have been conducted on polydimethylsiloxane and poly(methyltrifluoropropyl)siloxane blends. They are gathered in Table III. 4. As indicated in Table III.4, the broad and strong absorptions seen in Figure III.5 and Figure III.6 between 1020 and 1090 cm -1 correspond to the siloxane absorption band. 13,20,[22][23][24] The peak at 1007 cm -1 was chosen as an internal reference to erase the dosage effect of the samples. In the case of PMTFPS, different absorptions are observed in the SiOSi wavenumber zone. These changes from PDMS to PMTFPS, indicate chemical modifications in the neighbouring of the silicone chain, inducing different vibrational modes. They are the signature of the strongly polar CF 3 group in the surroundings of the methyl group. 13 Another characteristic band present in the spectra, is the symmetrical bending of CH 3 between 1257 and 1267 cm -1 . It is the most intense and sharp band of methyl on silicon for D units 24 and is always accompanied by methyl rocking and Si-C stretch absorptions, resulting in one or more bands in the region 750-900 cm -1 . 18,19 Their exact positions depend on the nature of other substituents on the silicon, explaining why two bands are observable at 800 and 765 cm -1 for FS elastomers. It indicates again the influence of the fluorinated group, with two chemically different Si-C stretching; one being Si-methyl and the other Si-TFP. 13 C-H stretching vibrations of CH 3 are weak and both symmetric and antisymmetric vibrations are influenced by the electronegativity of neighbouring groups. 19 For that reason, they are classically found in PDMS around 2963 and 2905 cm -1 but observed around 2910 and 2970 cm -1 in PMTFPS (see Figure III.6 B). 13 Furthermore, unequal intensities are observed between the two modes. In fact, as seen in Figure III.5 B, the antisymmetric vibration absorption is the more intense. On the contrary, in bending modes, the symmetric deformation at 1260 cm -1 is much more intense than the antisymmetric band at 1410 cm -1 . 

Siloxane

Si-O-Si 1020 and 1090 10,18,19 Symmetric and asymmetric stretching strong, from 1000 to 1130 13,20-23

Si-O-C 1100 18 stretching strong but interfered by SiOSi Methyl -CH 3 1257 to 1267 10,[18][19][20][21]23,25 umbrella symmetric bending strong -CH 3 1400 to 1413 18,25 asymmetric bending weak

Si-CH 3 700 to 900 10,13,[18][19][20][21]25 methyl rocking and Si-C stretching one or more bands depending on other groups on Si

C-H 2903 to 2910 and 2960 to 2970 10,13,[18][19][20][21]25 symmetric and asymmetric stretching weak Trifluoropropyl SiCH 2 CH 2 -CF 3 1209 13,20,23 strong -CH 2 -1368 13 waging weak -CH 2 -CH 2 -1315 13 weak C-H in -CH 2 -1128 13 C-CF 3 902 13 Si-CH 2 -670 to 830 19 Si-C stretching strong

III.2.1.c. Ion Chromatography

Ion chromatography (IC) is a subset of liquid chromatography. 26 It separates and detects all inorganic and organic substances that can dissociate into cations or anions in water. 26,27 Like any other liquid chromatography, this technique separates substances physically thanks to different distribution between a stationary and a mobile phase. 27 Ions present in the sample are separated by electrostatic interactions with the stationary phase, also called ion exchanger. Ions are then detected by conductivity and the concentrations are calculated using peaks areas. 27 This method was first developed in 1975 by Small et al. 28 for the determination of ionic species in aqueous environments such as waste streams, rivers, lakes and biological fluids. Since that time, a wider range of solutes and applications were developed, in particular digested solid compounds. Indeed, chromatography is best suited for small molecules and in no case appropriate for big molecules, even less for crosslinked materials. This is why a digestion is needed in order to reduce the sample matrix in smaller molecules, allowing them, once solid analysts, to become a measurable liquid phase. The most commonly used digestion for halogen detection is Schöninger digestion. As seen in Figure III.7, both fluorosilicones have greatly inferior thermal properties compared to PDMS. However, FE261U base exhibits substantial better resistance than FE241U. Indeed, FE261U loses 5% of its weight at 450°C, when FE241U has already lost this weight percent at 420°C. This could be due to different compounding. Indeed, in Figure III.7 A, FE261U shows a higher residue at the end of degradation. Furthermore, all three residues are higher than the silica content obtained in NMR (see section III.2.1.a), suggesting the presence of other fillers than silica and probably also a synergy phenomenon due to a ceramisation mechanism during degradation. Or else, it could imply that the Solid NMR analysis underestimates the quantity of SiO 2 . 

III.2.2.b. Swelling properties

Swelling tests can characterise the ability of a solvent to penetrate and enlarge a crosslinked network. 30 Thus, solvent resistance can be evaluated by using classical swelling measurements. 31 The swelling ratio, τ % , is supposed to be quantitatively proportional to the weight variation 32 calculated as seen in Equation III.1:

% = - × 100 
Equation III.1
where W i is the weight of the sample before immersion and W s is the weight of the swollen sample. When τ % is close to zero, it means that the sample has a good resistance to the solvent in which it was immersed. On the contrary, the higher the τ % , the less resistant the elastomer to the fluid in which it was immersed.

Fluids chosen in order to perform solvent resistance tests are acetone and methylcyclohexane, because they are respectively good solvents of FS and PDMS. Table III.7 displays swelling ratios of the three bases. As expected, PDMS is more sensitive to methylcyclohexane and FS are more sensitive to acetone. Again, FE261U seems to be more resistant to acetone than FE241U. This is consistent with the fact that it contains more silica, so the permeation of acetone in the network is hindered by enhanced physical crosslinks. 

III.2.2.c. Mechanical properties

As seen in the previous chapter, mechanical properties are greatly dependant on crosslinking density, compounding and environment (temperature, aging, etc.). That is why mechanical properties of the bases presented in Table III For almost the same preparation conditions, the PDMS elastomer is harder than the FS ones. This is certainly due to compounding. Elongation at break and tensile strength are also superior for PDMS. By contrast, fluorosilicones have better compression sets.

Their behaviour in cyclic tension is displayed in Figure III.8. They all show a stabilised behaviour after one cycle, which is expected for HCR. 36 FE241U shows the smallest strain at zero stress, around 5%, when the two others are at 15%. The more hyperelastic material, that is to say, with the smallest hysteresis, is FE241U and the least is FE261U. 

III.2.3. Conclusion of section III.2

All properties of the PDMS and the FS bases are gathered in Table III.9. It emerges from this summary that FE261U has better thermal and swelling resistance than FE241U. It has also a better compression set and a higher residue. It is therefore selected as the fluorinated base for the following study as well as the rest of this work. From now on, "FS base" will relate exclusively to FE261U and "PDMS base" to MF 160U. Now that a FS base has been selected, blends can be prepared. Next section consequently deals with their blending process. 

III.3. Blending process: roll-mill versus internal mixer III.3.1. Apparatus and process

Two possible blending processes are discernible form patents, either with a roll-mill 11,37,38 or an internal mixer 39,40 . The roll mill used in this study is an IM 30 Lescuyer et Villeneuve two-roll mill. The internal blender is a 50 cm 3 Rheocord Type RC 300p Haake with Rheomix 600p accessories and equipped with roller rotors. In literature, blending temperatures vary from room temperature up to 150°C. 11,39 . Only room temperature, for both apparatus, and 40°C, for the roll-mill, are tested hereafter. Rolls are kept at room temperature while mixing or heated at 40°C. As the internal mixer locally generates heat while mixing and temperature is not well controlled in the bulk, heating at 40°C was not performed, in order not to overheat the material. 0.5 wt% dicumyl peroxide is then added to the blend, still at room temperature or 40°C. This temperature was chosen because it is the melting temperature of dicumyl peroxide. 41 The blend is cured in a hydraulic press at 180°C for 10 min and post cured at 180°C under vacuum during 12h.

III.3.2. Properties

Thermal degradation, solvent resistance and mechanical properties of blends, obtained thanks to all three processes, were determined. These blends contain 30% FS. Results are compiled in Table III Samples made with the roll mill, at room temperature, stuck to the rolls and were difficult to process. Besides, the addition of dicumyl peroxide, which is solid at room temperature, generated powdery dusts. On top of that, the surface of the final product was flawed, as seen in Figure III.9 A, probably because of peroxide clusters still present in the matrix during the curing step. However, at 40°C, bases did not stick to the rolls and were easily processed. As dicumyl peroxide melts at this temperature, no dust is produced and it is correctly incorporated into the matrix. The sample thus obtained shows a smooth surface, as seen in Figure III.9 B. Regarding process, the internal mixer is more convenient than the rolls, as all ingredients are added in a closed chamber, avoiding dusts and sticking. However, cleaning is more constraining because of the geometry of the rotors and the shape of the chamber. 

III.3.3. Conclusion of section III.3

Due to better final mechanical properties, all other properties being equal, the chosen process for the continuation of this work is the heated roll mill.

The FS base and the process have now been set, yet it remains to optimise the proportion of FS in the matrix. This is what next section deals with. 

III.4. Proportion of FS base

In order to choose a proper FS/PDMS ratio, several blends, with different ratios were prepared and their properties investigated. Materials were blended as described in previous section with 0.5 wt% dicumyl peroxide (unless specified otherwise), heat cured at 180°C in a press and post-cured. Their solvent resistance, thermal and mechanical properties are presented in this section.

III.4.1. Solvent resistance

Pure FS and PDMS, as well as their 70/30, 30/70 and 20/80 weight ratios were tested. Their swelling ratios in acetone and methylcyclohexane are shown in Figure III.11. The relationship between swelling and FS content is linear with no particular positive or negative synergy. None of the blends meet both requirements, but the 30/70 blend appears to be the best compromise. It can be further improved by optimising compounding and crosslinking.

Figure III.11: Swelling ratio of FS, PDMS and their blends in acetone and methylcyclohexane;

dash lines represent the specifications required for the final material in each solvent.

III.4.2. Thermal properties

Bases and their blends were thermally tested and their TGA curves are displayed in Figure III.12. The content of FS corresponds to the brightness of the line, low contents corresponds to light colours and high contents to dark colours. What is strinking here is that both blends containing few FS, i.e. 30 and 20 wt%, show worsen thermal properties compared to pure FS. The blend containing 70% FS behaves almost identically to pure FS, without any amelioration provided by the addition of PDMS. As seen in previous chapter, thermal properties can be substantially improved by compounding. 

III.4.3. Mechanical properties

Regarding mechanical properties, both bases were tested as well as their 70/30 and 30/70 blends. In this section, samples were cured with 1 wt% dicumyl peroxide. Tensile and multi-cycle tests are displayed in Figure III.13 A and B. The particularly poor mechanical properties of the 70/30 blend are striking. Indeed, one would expect a mechanical behaviour close to that of FS, but it is substantially below. As seen in previous chapter, the collapse of mechanical properties could be due to an important incompatibility between FS and PDMS, exacerbated at this specific ratio. The 30/70 blend on the other hand shows a more ordinary in-between behaviour. The blend containing 30 wt% FS is the best compromise even if thermal properties are limited. Both solvent resistance and thermal properties can be improved thanks to compounding and crosslinking optimisation. Mechanical properties reveal that the compatibility between FS and PDMS is better in this blend than in the 70/30 blend. Besides, reducing the FS quantity reduces finals costs.

III.5. Conclusion

Basic information on the PDMS and FS bases, as well as the blend selected for this work has been given in this chapter. They are set out in Table III.11 hereafter. The process chosen involves a two-roll mill heated at 40°C. As said previously, the quality and the density of the crosslinking network impacts mechanical and swelling properties. The solvent resistance, in particular, needs to be improved in order to meet specifications. This is why crosslinking and parameters that influence crosslinking are studied in next chapter. Values taken from the results of the "Mechanical properties" section of "Proportion of FS base". 

IV. Crosslinking of PDMS blended with FS

IV.1. Introduction

Poly(methyltrifluoropropyl)siloxanes (PMTFPS) elastomers are often found in the automotive and aeronautical fields as hoses, seals, gaskets and fuel tank parts. [1][2][3] Indeed, PMTFPS demonstrates outstanding solvent resistance to almost all fluids, from fuels and oils to solvents, except highly polar ones. 4 Its siloxane backbone imparts flexibility and wide service temperature range to the cured PMTFPS. 5 Its main drawback being its high price 6 , some alternatives have been explored, such as other fluoroelastomers 7 , PDMS/fluororubber blends 8 , PDMS/PMTFPS copolymers [9][10][11][12] and PDMS/PMTFPS blends 3,13 .

Blending PDMS and PMTFPS is a simple and cheap way to combine properties of both compounds with lower cost of PDMS. 3 PDMS provides heat and chemical resistance to the final material, together with low temperature flexibility, good electrical insulation 14 and great hydrophobicity [15][16][17][18][19] . This kind of blends has been studied by different authors. 3,9,13 They have investigated the effect of the quantity of fluorosilicone in the blends on mechanical and thermal properties, and on fuels, oils and solvent resistance. But none of them have studied the impact of curing conditions of such blends on these properties. In this paper, the impact of curing temperature and nature and quantity of peroxide on network growth and final properties of a 30/70 PMTFPS/PDMS blend, is studied. Properties investigated are thermal degradation, mechanical properties and solvent resistance.

General literature reports a variety of available possible peroxides 5 for fluorosilicone and PDMS crosslinking, such as dibenzoyl peroxide, bis (2,4 dichloro benzoyl) peroxide, 2,5-dimethyl-2,5-di-(t-butylperoxy) hexane, dicumyl peroxide or 1,1-di-(t-butylperoxy)-3,3,5-trimethyl-cyclohexane. Yet, only a few seem to be actually used in fluorosilicone elastomer formulation. In most cases, the peroxide used is 2,5-dimethyl-2,5-bis-(tert-butylperoxy)hexane 13,[20][21][22][23] (DBPH), but dicumyl peroxide 1,3,24 (DCP) is also relatively common. Their structures are given in Scheme IV.1. Therefore, both of them are studied hereafter, at 1 and 0.5 wt%. Regarding recommended curing temperature, they vary from 160 to 177°C, for that reason, both 160 and 180°C temperatures are investigated. 
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IV.2. Experimental section IV.2.1. Materials

Polydimethylsiloxane (PDMS) masterbatch Bluesil MF 160 USP (Bluestar Silicones) and poly(methyltrifluoropropyl)siloxane (PMTFPS) masterbatch FE261U (Shin Estu) were selected for this study. Dicumyl peroxide (99%, Aldrich) and 2,5-dimethyl-2,5-bis-(tert-butylperoxy)hexane (90%, Aldrich) were used as curing agents.

IV.2.2. Blend Preparation

Pure samples of PDMS and PMTFPS as well as blends, containing 30% by weight of PMTFPS, were prepared on a two-roll mill. The samples were added either with 1 wt% part of dicumyl peroxide (DCP), or of 2,5-dimethyl-2,5-bis-(tert-butylperoxy)hexane (DBPH), and then cured (except for the kinetic study) in a press at 160 or 180°C for 10 min. A kinetic study of the crosslinking reaction, as well as an evaluation of mechanical, chemical and thermal properties of these samples, were conducted in this work. Some bases and blends containing only 0.5 wt% of peroxides were also prepared and cured as described previously, in order to investigate the impact of the quantity of peroxide on final properties. For the sake of clarity, the kinetic study was only conducted on samples cured with 1 wt% peroxide. Formulations and curing conditions are given in the following table (Table IV.1). 

IV.2.3. Analyses

IV.2.3.a. Morphology

Scanning Electron Microscopy (SEM) was carried out on a Philips XL-SEM. This system provides both secondary electron and backscattered electron imaging. The method of preparation of the sample consisted in cutting the surface of the elastomer with a diamond knife in liquid nitrogen, thanks to a Leica Ultracut S Microtome. The surface thus obtained was very plane. The sample was observed without any further coating. Pictures were processed with ImageJ in order to determine domains dimensions, areas and ratios.

IV.2.3.b. Kinetic study

Crosslinking kinetics were followed by rheological measurements. They were performed on uncured samples, using a TA Instrument ARES-G2 rheometer. Parallel plate geometries were used with plate diameters of 25 mm. The gap between plates was set at about 1 to 2 mm. A constant deformation frequency of 6 rad/s was applied to the samples. Due to the fastness of the crosslinking reactions, and to the time needed to set the samples in the rheometer, it was not possible to work directly at 160 or 180°C without losing data. This is why the temperature was first increased at a heating rate of 20°C/min until 160 or 180°C. Once the chosen temperature was reached, either 160 or 180°C, the isotherm was hold until the end of the crosslinking.

From rheological parameters, reaction rate (k), activation energy (E) and cure rate can be assessed. Reaction rate is calculated thanks to the following equation 13,[25][26][27] (Equation IV.1):

where M max and M min are respectively the torque at the end and at the beginning of the cure, M t is the torque at a time t and k the rate constant of vulcanisation. Values of k were obtained by plotting ln -) -) ⁄ ) as a function of time. If obtained graphs are straight lines, it indicates that the cure reaction follows first order kinetics. k is thus determined thanks to the slope of the graphs.

Thanks to k values, calculated for 160 and 180°C for each system, it is possible to determine an activation energy 13,26,28 (E), from Arrhenius equation (Equation IV.2):

where A is the pre-exponential constant, R the universal gaz constant and T the absolute temperature. As A is independent of temperature, it is removed from the product of k 1 and k 2 , reaction rates at 160 and 180°C respectively. Equation IV.3 is thus obtained:

= ln - - = Equation IV.1 = Equation IV.2 = - !" + !" = ! ln ⁄ ) 1 " ⁄ -1 " ⁄ Equation IV.3
with T 1 and T 2 respectively equal to 434 and 454 K.

Finally, cure rate 13,25 is calculated as shown in Equation IV.4:

IV.2.3.c. Mechanical properties

Mechanical tests of vulcanisates were performed on an MTS 2/M tensile testing machine fitted with an extensometer and a 100 N load cell on H3 samples. The rate used for tensile tests up to failure was 200 mm/min. Some samples were also submitted to a load-unload cycle up to 100% nominal strain at a rate of 20 mm/min.

IV.2.3.d. Solvent resistance

Fluids chosen in order to perform solvent resistance tests were acetone and methylcyclohexane, because they are respectively good solvents of FS and PDMS. Swelling tests were performed as described hereafter. Samples were first weighted and then immersed in solvents. After one week immersion at ambient temperature, they were gently wiped and weighted again.

IV.2.3.e. Thermal properties

Thermogravimetric analysis (TGA) was performed on a TA Instrument Q500 thermobalance. Samples (about 10 mg) were heated from 25 to 850°C at a heating rate of 20°C/min under nitrogen atmosphere (10 mL/min) in platinum pans.

IV.3. Results and Discussion

IV.3.1. Morphology of the blend

Most silicones are non-conductive, which is why a thin layer of conductive metal, such as gold or carbon, can be added on the specimen's surface prior to SEM characterisation. In fact, nonconductive materials are susceptible to charging, which makes observations more difficult, reduces resolution and eventually damages the sample. 29 Unfortunately, coatings would screen the topology of the surface and only display plain surfaces. Fast handling permitted to obtain the picture of the blend BLENDB15, displayed on The kinetic study was performed on uncured samples, using a parallel plate rheometer. Due to the fastness of the crosslinking reactions, the temperature of the system was first increased at a heating rate of 20°C/min until 160 or 180°C. Once the wanted temperature was reached, the isotherm was held until the end of the crosslinking. Storage modulus (G') was thus recorded and its derivative in function of time calculated. They are displayed in 

Temperature

Obviously, temperature affects both crosslinking rate and time reaction. As expected, a higher temperature gives a higher k, as well as a higher curing rate and a shorter reaction time, but it does not impact final moduli. This means that, in the case of pure bases, a higher temperature will accelerate crosslinking but will not change the density of the final network.

All in all, crosslinking conditions have only a little influence on the final modulus of PDMS.

They only have an impact on the time and rate of the crosslinking. Regarding PMTFPS, crosslinking conditions have a great impact on final modulus and time and rate of the crosslinking reaction. Conditions giving both the fastest reaction and the highest modulus are DCP at 180°C. However, it is interesting to note that at 160°C with DBPH, final moduli of PDMS and PMTFPS are similar, as well as activation energies and curing rates.

IV.3.2.c. Behaviour of the blends

The storage modulus of the blends, at various curing conditions is displayed on Figure IV.3. The modulus increase of the blend is coherent with the beginning of the crosslinking of the PMTFPS phase. Surprisingly, unlike for separated bases, time reaction is longer for DCP than DBPH. This phenomenon is supported by the values of activation energy, particularly high for DCP systems. On the contrary, E needed for DBPH systems is especially low. It is not only lower than for DCP, it is also lower than both E needed to crosslink separated bases. This could be due to a better and similar solubility of DBPH between both bases. Blends containing DBPH always give inferior final moduli, but increasing curing temperature provides a higher final modulus. Regarding DCP, final moduli are not impacted by temperature. To put it in short, considering the blend as a whole, DCP generates, more rapidly and at an early stage, a more reticulated network than DBPH, but eventually needs more time and more energy. DBPH systems, on the other hand, benefit from a synergy of both phases towards DBPH and generate a more homogeneous network.

IV.3.3. Impact on properties of the crosslinked blends

Curing conditions have an influence on network growth. Yet, the quality and density of the network is the key to final properties of the material. Therefore, thermal, mechanical and swelling properties of the final blended elastomers are investigated in the section hereafter.

IV.3.3.a. Thermal properties

Curing conditions have a minor influence on thermal properties. As seen in Figure IV.4, at 1 wt%, the nature of the peroxide has no influence at all on thermal degradation. Crosslinking temperature, however, has a slight influence with a 15°C improvement of the onset degradation between 160 and 180°C. Figure IV.7 A shows the stress curves of blends cured with 0.5 wt% peroxide. For this quantity of peroxide, the most important parameter is temperature. A higher temperature impairs mechanical properties. Also, DBPH gives cured elastomers with better elongations than DCP. 32 This parameter reflects reversible modifications of the matrix such as filler-filler and matrix-filler interactions, also called Payne effect. [32][33][34] On the other hand, the hysteresis is representative of irreversible modifications involving bond and filler rupture, chain disentanglement and network rearrangement, also related as Mullins effect. 32,[35][36][37] This is a simplistic view, as in fact Mullins effect could be partly reversible. 35 Detailed values of strain at zero stress of the blends and the pure bases are displayed in supporting information. One has to notice that most blends have superior strain at zero stress than separated bases. Indeed, harder fluorinated domains might hinder the stretching of the network of the matrix and eventually cause more irreversible damages than if the matrix is pure. BLENDA15, however, shows an inferior strain at zero stress compared to both corresponding PDMS and FS. BLENDB1 and BLENDB2, for their part, have properties similar to that of pure PDMS. It means that for 0.5% DCP at 160°C and for 1% DBPH at both temperatures, the formed network behaves like a homogeneous matrix or at least that the network is more regular.

Figure IV.8 displays the permanent set and the area of the hysteresis of the elastomers over successive cyclic loads, as well as the mechanical loss between two consecutive pulls of BLENDA1. Permanent set is stable after only one cycle, as seen supporting information (Table A 1, Appendix 6), and the hysteresis observed during the cycles, is stable after two. In order to compare the samples with each other, the permanent set and hysteresis of the last cycle are thus chosen. Loss during consecutive pulls is interesting, especially regarding the two first pulls. It shows what is lost after the first pull without distinction between reversible and irreversible modifications. Figure IV.9 shows the permanent set and the hysteresis during the 4 th cycle and the loss during the second pull of the blends. A significant hysteresis is indicative of a more viscoelastic material, meaning a fair content of dandling chains and non-crosslinked chains.

On the contrary, a small hysteresis suggests a more hyperelastic material with an efficiently crosslinked network and few dandling chains. Hystereses of the samples are all small but the blend showing the smallest one, as well as the smallest loss during second pull is BLENDA25. The smallest permanent set however is observed for BLENDA15. A way to assess the co-vulcanisation of PDMS and PMTFPS domains, is to look at tensile strength as a function of composition. 9,13 Xu et al. 9 reported, for a blend of same composition and cured with 0.8 wt% DBPH at 170°C, a significant loss of tensile strength, seen in Figure IV.10 A and C in grey, caused by the absence of co-vulcanisation, according to them. Liu et al. 13 also worked on this problematic and showed that the loss of properties, caused by phase separation, can be limited by co-vulcanisation.

As seen in Figure IV.10, mechanical properties of the blends are indeed not strictly an average of that of bases because of phase separation. However, as seen in Figure IV.10 A and B for 1 wt% DCP, tensile strength is slightly superior to PMTFPS, but inferior to PDMS, and for 1 wt% DBPH, it is only a little inferior to both. In the case of 0.5 wt% of peroxide, only DCP at 160°C shows relatively average properties. Other curing conditions give tensile strengths comparable to that of Xu et al., that is to say, no co-vulcanisation occurs in these cases. Regarding 0.5 wt% DCP at 180°C, it seems that PMTFPS FSA25 does not crosslink correctly, which could explain the poor properties of the corresponding blend BLENDA25. It has to be noted that 0.5 wt% DBPH at 160°C, gives similar properties as 1 wt% DCP at 180°C. Figure IV.12 displays swellings of blends cured at 1 and 0.5 wt%. What is striking here is that with DBPH, swelling is reduced when the quantity of peroxide is reduced. Especially at 160°C, swelling resistance is considerably enhanced. This could be the result of milder crosslinking conditions, resulting in a more regular network. 

IV.4. Conclusion

In this study, we have studied the influence of crosslinking conditions on the growth of the network and the resulting final properties of a PDMS/FS blend. It has been shown that the growth of the elastomeric network of PDMS, PMTFPS and their blend depends on temperature, quantity and nature of the peroxide. Properties of separated bases do not necessarily predict the optimal curing conditions of the blend. Indeed, even if DCP gives higher final moduli and faster curing reactions, an interesting synergy is observed with DBPH, particularly at 160°C. In these conditions, the blend displays better kinetic parameters than the pure bases and a final modulus equal to that of both PDMS and PMTFPS for the same curing conditions.

Regarding final properties of the blend, the quantity of peroxide is as important as its nature.

Best thermal and swelling properties, are obtained with 0.5 wt% DBPH at 160°C. Co-vulcanisation occurs only with 1 wt% of both peroxides or 0.5 wt% DBPH at 160°C. Concerning mechanical properties, the highest modulus is obtained with 1 wt% DCP. The same modulus is reached with both 1 wt% DBPH and 0.5 wt% DBPH at 160°C. Lastly, the lowest modulus is obtained with all the other blends with 0.5 wt% peroxide, high temperatures being particularly detrimental to PMTFPS when the content of peroxide is low.

See supporting information at the end of the manuscript, in Appendices and Supporting information section.

V.1. Introduction

The formulation of silicone elastomers enhances their mechanical properties, notably in the case of reinforcing fillers such as silica, as well as their already remarkable thermal properties and fire resistancy. Formulation also aims at more specific purposes such as colouring, reducing costs by reducing the proportion of matrix or tuning of hardness.

The major concern of this work is thermal and fire resistance. Overall, thermal resistance is improved by trapping HF as well as catalytic residues present in the matrix. Flame resistance, for its part, is slightly more delicate and relies on several strategic routes. The polymer matrix can simply be diluted with non-reactive fillers in order to reduce the concentration of volatiles fuelling the flames. 1 In addition to that, reactive flame retardant fillers can operate in the vapour or condensed phase to hinder the combustion. 2 They function rather simply and have basically three ways to slow the progress of fire. Either they decompose in an endothermic way, release water or form an oxide residue or both. 3 Solvent resistance is predominantly governed by the matrix composition [4][5][6] , in our case the ratio between PDMS and FS, and in a lesser extent by the quality of crosslinking, studied in previous chapter. Nonetheless, swelling in acetone and methylcyclohexane is also studied in this chapter, in order to ensure that added fillers do not impair solvent resistance.

V.2. Materials

Bases and peroxide used have been already described in previous chapters. Several fillers are used in this chapter. Two grades of pigment were tested, the first one, CF4/401, was supplied by SCF Colorificio and the second one, Pigment Brown 39 (C.I. 77312), by BOC Science. TiO 2 rutile powder (≥99.98%) from Sigma-Aldrich and anatase Aeroxide P 25 (≥99.5%) from Evonik were used, as well as quartz sand C600 (≥98.5% SiO 2 ) from Sibelco, two grades of calcium carbonate, Socal 312 (≥98%) and Socal 31 (≥98%), from Solvay and two grades of glass frits, XFT372 and XF105 from Johnson Matthey. Iron oxides, FeO and Fe 2 O 3 , as well as Karstedt's catalyst, Platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution in xylene (∼2% Pt), were supplied by Sigma-Aldrich. Finally, Silastic HT-1 cerium oxide from Dow Corning, already incorporated inside a PDMS matrix (50% CeO), was chosen.

V.3. Composition and properties of other commercial elastomeric products

The atomic composition of some commercial samples evoked before is presented in Figure V.1. Their corresponding thermal properties are displayed in Figure V.2. Obviously, filled silicone elastomers are mostly composed of silicon, as it is present both as filler and in the backbone of the silicone matrix. The signal being extremely strong, it would disturb the observation of other atoms. For this reason, silicon is not represented on Figure V.1. Silica, quartz as well as iron, titanium, calcium, phosphorus, aluminium, cerium, magnesium, zinc, antimony and chromium containing fillers are investigated hereafter. Thermal degradation is dependant of both the matrix and the fillers. As a reminder, matrices of samples 11 to 14 are only composed of PDMS, while 5 to 9 are composed of PDMS/FS blends. 7 and 8 contain less than 8.4 wt% fluorine, corresponding approximately to 23 wt% PMTFPS, and the others contain more than 8.4 wt% but less than 14 wt%, corresponding approximately to 36 wt% of PMTFPS. This explains why, beyond compounding, samples 11 to 14 show shifted onset degradations, on Figure V.2, compared to samples containing FS. The remarkably high residue of sample 7, compared to the critical content of filler, suggests the presence of a platinum compound 7 , discussed hereafter. 

V.3.1. Silica

Fillers containing silicon are classically silica and quartz. Silica does not only reinforce the polysiloxane matrix, it is also useful regarding thermal stability, flame retardancy and cohesion of the residue. The key to efficient flame retardant silica lays in physical interactions, both amongst filler particles themselves and with the silicone chains. High surface area particles form a physical three-dimensional network throughout the polymer volume that behaves as an insulation barrier. It blocks the migration of degradation products to the surface and reduces heat release and weight loss rates. 8,9 Classical fumed silica is strongly hydrophilic with a large content of hydroxyl groups on its surface. These groups not only make difficult the dispersion of silica, but they also correspond to 5 up to 8 wt% of potentially released water molecules. 9 Water is responsible for depolymerisation of siloxane chains. Thus it is also partly for this reason that silica is usually treated, in order to reduce surface hydroxyl content, before incorporation in polysiloxanes.

V.3.2. Metal oxides

Two kinds of formulations emerge, amongst samples seen in Figure V.1, those based on iron, such as 5, 6, 9, 11, 12 and 13, and the others based on titanium. Indeed, for samples 7, 8 and 14, the most abundant atom after silicon is titanium and for all others, it is iron. Iron oxides are commonly used fillers in the art of silicone formulation. They improve thermal resistance. 3,[10][11][12][13][14] The iron oxides FeO and Fe 2 O 3 can be used independently or mixed together. 3,10,11,15 Fe 2 O 3 reduces heat release rate and delays the onset of the degradation, but on the other hand, it accelerates the time to ignition and reduces the residue produced by the silicone. 16 Titanium dioxide can naturally be found as two main crystalline forms, the most abundant being rutile, and the other one anatase. It is known to be a good fire retardant in various patents composition. 11,14,17,18 It is often used in association with other components in a synergistic way. Associated with platinum and silica and optionally sulfur free carbon black, fumed titanium dioxide confers flame resistance to silicone elastomers. 14 The same formulation added with a triazole compound, such as benzotriazoles, gives a selfextinguishing elastomer. Triazole alone does not improve the self-extinguishing properties, only the synergy with silica, platinum and titanium dioxide allows it. 17 In 1972, Rhone Poulenc patented a flame resistant formulation containing crushed quartz, iron oxide, titanium oxide, calcium carbonate, platinum and cerium oxide. 19 Other metal oxides, such as zinc oxide, aluminium oxide 3,12,[20][21][22][23][24] , magnesium oxide or barium oxide are found in patents, most of the time in addition to titanium oxide, calcium oxide and platinum complexes. 11,21,25 V.

Metal hydrates

Other compounds, containing metallic atoms, are typically found in silicone elastomer formulations. They are called metal hydrates, and as their name suggests, they have the particularity to produce water when decomposing. This specific feature is appreciated in the field of fire resistance. The emission of vapour increases the enthalpy of decomposition and dilutes the gaseous phase. 9,26 On the other hand, vapour can weaken the residue by opening cracks on its surface and creating interior porosity. 26,27 Aluminium trihydrate (Al(OH) 3 ) is cheap and safe and is a well-known flame retardant and smoke suppressor, provided that it is introduced at high loading 3,9,15,28 , around 60 wt%, which can be a problem notably vis-à-vis mechanical properties. 3 It decomposes endothermically from 180 to 200°C and can lose up to 35% of its mass as water. 29 It is also capable of absorbing smoke and volatile decomposition products, making it a powerful smoke suppressant. 3 Magnesium hydroxide (Mg(OH) 2 ) works the same way as Al(OH) 3 , but at a higher temperature range (250 to 300°C). 3 Cerium hydroxide (Ce(OH) 4 xH 2 O), is known to improve thermal stability of silicone elastomers under 200°C. In order to extend stability above 200°C, Chorvath et al. 11 used a mix of carbon black, calcium carbonate, iron oxide and optionally zinc oxide.

V.3.4. Calcium carbonate

Another atom, found in relatively high quantity in Figure V.1, is calcium. Calcium carbonate is a semi-reinforcing filler, typically used to reduce costs 3 and improve thermal stability and flame retardancy of silicones. 3,26,30 Different crystalline structures and particle size can be found. These parameters are driven by the temperature, the pH, the concentration of reacting species and impurities present in the reaction environment. 31,32 Basically, there show up as three common crystalline phases, i.e. rhombic calcite, needle-like aragonite and spherical vaterite, and an amorphous phase. [32][33][34] Calcite is the most commonly found calcium carbonate morphology, indeed it is the most thermodynamically stable at ambient conditions. 32,35 Hermansson et al. 36 and Hamdani et al. 26,27 studied its effect during the burning of a PDMS matrix. At 600°C, all the PDMS has degraded to small siloxane cycles and silicon oxide that reacts endothermically with CaO, formed from the decomposition of calcium carbonate. 36 Gas CO 2 is also released, diluting volatiles is the gas phase, thus reducing fuels in case of fire. Ca 2 SiO 4 (larnite) and CaSiO 3 (wollastonite) 26 , are formed by "co-crystallisation", as seen in Scheme V.1. 36 These new crystals form a barrier layer on the surface of the matrix which, similarly to silica in the previous paragraph, limits both heat and mass transfers. 26 Scheme V.1: Co-crystallisation of degradation products of PDMS matrix and of calcium carbonate at high temperature.

26,36

The effect of macro-sized calcite particles, such as natural calcium carbonate, also called chalk, and nano-sized precipitated calcium carbonate (PCC) were also compared. On Figure V.3, it appears that chalk stabilises the silicone almost up to 400°C. On the contrary, PCC does not have any influence on thermal stability (not shown). This is probably due to impurities present in natural calcite or maybe it is a question of particle size, the largest particles being potentially more efficient as a barrier. 26 

36

As calcium carbonate is anhydrous, it does not release any water during degradation and thus maintains a cohesive residue. PCC gives a tougher and denser residue than calcite, because it produces more CaO. As a matter of fact, its residue is more resistant to compression compared to calcite residue. 27

V.3.5. Glass frits

Glass frits are mainly composed of silica. Atoms like titanium, potassium, calcium, aluminium or phosphorus, can also be found in the composition of glass frits. Glass frits are generally used in polymers for electrical power cables, or high temperature applications requiring a strong and cohesive residue. Indeed, for some applications, the weak silica residue of silicone elastomers does not exhibit sufficient mechanical properties and needs to be reinforced.

There are essentially two ways to improve its strength. One way is to add inorganic fillers that will densify the weak silica ash. But for a substantial ceramisation, high loading of filler might be needed, prejudicing processability. 37 Another way is to add glass frits. It is possible to design them in order to choose at which temperature they will melt and combine with other fillers and degradation products of the silicone rubber. Indeed, glass frits are able to react with them and thus form a liquid phase bridging fillers and silica particles. The down side of glass frits is that they are conductive at high temperature, and that they decrease time of ignition and lower thermal stability of the elastomer. 16,37 V.3.6. Platinum

Platinum is not seen in Figure V.1, but as only few ppm are sufficient to impact properties of silicones, it may not be detected. Moreover, sample 7 shows a substantially high residue compared to the actual quantity of fillers detected. Indeed, platinum catalysts, generally used to catalyse crosslinking, in particular in LSR elastomers, also play a role in thermal resistance and char production of silicones. This process unfolds in three steps, described in Figure V.4. First the platinum compound crosslinks the silicone adsorbed on the silica, preventing any cyclisation to occur. 38 Some methane is also formed during this step. The platinum compound extracts a methyl radical, itself reacting with a hydrogen atom from another radical to form methane on one side, and on the other side, a methylene radical capable of creating a new bond with a silicon atom. 39 Then, at higher temperature, adsorbed chains are crosslinked by platinum and eventually ceramised, while mobile chains depolymerise. 7 It has to be noted that silica plays a central role in this process by promoting hydrogen bonding with the silicone chains. If the adsorption, i.e. immobilisation, of chains was not occurring, platinum would have little to no effect on flame retardancy. 7 The shiny black ceramic formed at the end of the degradation is probably of SiOC 7,39 composition. The presence of platinum increases the final quantity of residue 38,39 . This confirms the synergy effect between platinum and the filled silicone. Once again, flame retardancy is allowed by the barrier effect of the char.

As seen in this section, platinum flame retardant are always associated with silica, but it is also used, in combination with triallylisocyanurate 13,40 or other metal oxides, those of which are further discussed in the next section.

V.3.7. Others

Other fillers are used in the art of silicone formulation. Lamellar or plate-like phyllosilicate, for instance, are rather popular. They comprise mica 16,41 , talc 3 , kaolinites 42 , montmorillonites 43 and wollastonites 3 . They delay ignition and onset of degradation, improve thermal stability and increase final residue. 3,16,42 Kaolin (Al 2 Si 2 O 5 (OH) 4 ), after calcination at 600°C or more, improves fire retardancy of PDMS. 3,42 Montmorillonite platelets also have a reinforcing effect on PDMS matrix 43 and can enhance mechanical, thermal and fuel resistance properties of fluorosilicones 44 .

Overall, depending on properties needed, any non-acidic filler suits silicone formulations, including zinc borates, barium sulfate, barium silicate, glass microballoons, organic fillers, resins or crushed quartz. 18,21,25 V.3.8. Conclusion of section V.3

Samples 7 and 8 seem to have the best thermal properties, and possess a matrix similar to the one that was selected in chapter II. The main atoms detected in these samples are titanium, iron, cerium, antimony, calcium, potassium, phosphorus and aluminium. Fillers thus selected for our next study are TiO 2 (rutile and anatase), iron oxides (FeO and Fe 2 O 3 ), cerium oxide CeO, and two grades of calcium carbonate CaCO 3 (Socal 312 and Socal 31), of a pigment containing antimony (CF4/401 and C.I. 77312) and of glass frits containing potassium and aluminium oxides (XFT372 and XF105). A platinum compound was also selected.

V.4. Influence of fillers on elastomers' final properties V.4.1. Influence of fillers on thermal properties

The influence on thermal properties, of some of these additives, is investigated hereafter. Blended PDMS and FS are compounded with various fillers (TiO 2 , CaCO 3 , Quartz sand, and CeO), except glass frits which are added to the FS base alone, and their properties assessed with TGA.

V.4.1.a. TiO 2

It was first decided to add around 0.5 wt% TiO 2 .in order to assess its effect on the matrix. Figure V.5 displays the TGA curves of the blends compounded with anatase and rutile, compared to the non-compounded blend. 0.7% anatase clearly improves thermal properties, whereas 0.5% rutile deteriorates them. Another quantity of rutile was tested in order to confirm this negative effect, but the quantity of rutile does not seem to have a great importance regarding this deterioration. Naturally, anatase was preferred compared to rutile. As expected, both grades give less good thermal properties. However, XFT372 has less impact, so it will be kept for further investigations. Some fillers have been selected, such as anatase TiO 2 , Socal 312 CaCO 3 , quartz, XFT372 glass frit, and CeO. Yet, this systematic way of investigating the influence of fillers is quite tedious and long-winded. It would be technically difficult to test each filler on its own. This is why it was decided to use experimental plans. 

V.4.2. Experimental plans

An experimental plan, or design of experiments, is a series of statistically planned tests, set out in order to determine, with a minimal number of experiments and with a maximum precision, the influence of multiple factors on one or many responses. 45,46 The responses are the results evaluated from the experiments, for example a yield or a particular final property of the system, the factors are the sources that affect the experiments, for example nature and quantity of ingredients, temperature or methodology, and the levels are the values of the factors, for example 1, 10 and 20 g are levels of the quantity factor. 45 An experimental plan highlights and quantifies the influence of previously chosen factors at a minimum cost. The particularity of such plans is that variables are changed at the same time, rather than one factor at a time (OFAT), allowing a subsequent reduction of runs. For example, 16 runs with OFAT can be reduced to only 8 with a two-level factorial plan, described hereafter. Its efficiency advantage becomes more pronounced as the number of factors increases. 46 The aims of such plans are, firstly, to maximise the robustness of a formulation despite the variability of raw materials, thanks to the identification of factors that are significant together with their impact on the responses and secondly, to optimise a process through the determination of significant factors. 45,46 Several variables can and must be identified, in order to set an experimental plan. First of all, the primary variables are easily spotted because they usually are the factors that are directly evaluated. They can be quantitative, such as concentration, temperature or pressure, or qualitative, such as methodology or product type. Then, background variables, or "noise variables", differ from primary variables in the sense that they are not of primary interest, but are nonetheless present and can influence the response. It can be for instance, day-to-day, operator-to-operator, machine-to-machine or batch-to-batch variability. Finally, uncontrolled variables, stand for all variables that are identified or even unidentified, affecting the response without being controlled, such as ambient conditions. 46 Many tools have been developed in order to plan and analyse experimental plans. Some of them are presented hereafter. However, one must keep in mind that the statistical observations drawn from these experiments only apply to the range of conditions under which the experiments were conducted. 46

V.4.2.a. Types of experimental plans

Blocking designs and randomisation

Blocking designs aim at removing the effect of background and uncontrolled variables. Experimental blocks consist in a reasonably homogeneous set of conditions, within which different levels of the primary variables are compared. For example, in order to suppress dayto-day variation in the response, a day might be taken as an experimental block over which different conditions of the primary variables are compared. Randomisation removes, or at least smoothens, the influence of uncontrolled variables. Both blocking and randomization can be used to avoid background variables contamination of the evaluation of primary variables. 46 

Factorial and fractional factorial designs

Factorial and fractional factorial designs are the most popular designs because they allow the identification of a small set of conditions that seem to present especially favourable responses. Naturally, these conditions must be further explored before drawing any conclusion. Complete factorial plans display all the combinations of the condition set, whereas fractional factorial plans only run a specially selected fraction of the combinations.

Fractional factorial plans are convenient when the number of variables or levels is high, leading to a number of experiments too high as well. Indeed, for example, for six variables with two levels each, 64 combinations of conditions are possible; however, the number of experiments can be divided by, 2, 4, 8,… 2 n , provided that the experiments are chosen properly. 46,47 In order to preserve accurate information from the reduced experiments, they must be at the centre of the experimental domain. 47 The key to such processing lies in the use of Hadamard matrices. The experimenter needs to make sure that the runs observe the particular repartition encoded by Hadamard matrices. That is how the 64 combinations of the 2 6 complete factorial plan can be reduced to half, that is to say, 2 6-1 (36) runs, to quarter, with 2 6-2 ( 16) experiments or even to the eighth, with only 2 6-3 (8) experiments. The notation used for factorial fractional plans, indicates the number of levels for each factors, here 2, the number of factors, here 6, and the modification regarding the complete fractional plan, 1, 2 or 3, depending of the wanted reduction of combinations. 47 However, the effects calculated with fractional factorial plans suffer from a more or less important bias. In the case of the last one for example, three interactions distort the value of principal effects. 47

Response surface designs

Response surface designs are used to produce a map of the response within which conditions are optimal. It relates quantitative independent variables, such as temperature or pressure, to the response thanks to some statistical model. If no specific model is known, an approximation by polynomial model can be used to fit to the response. 46 

Taguchi approach

Genichi Taguchi developed some design methods derived from fractional factorial plans. Their principal objective is to produce robust and repeatable products, despite uncontrollable variation due to noise variables. These plans allow the identification of the conditions minimising variability in noise variables. However, the main shortcoming of these plans is that they only provide limited information about interactions among primary variables. 46

V.4.2.b. Statistical Tools

Analysis of variance (ANOVA)

ANOVA is the most commonly used statistical method. It shows the effects of each factors and their interactions and measures the ''statistical significance'' of each of these sources of variation. However, results of ANOVA should not be over-interpreted because ''statistical significance'' does not necessarily imply practical importance. Indeed, statistically significant result means that the effect is unlikely to have occurred due to chance alone. It is not necessary proportional to the magnitude of the impact of the associated effect. 45,46 

Regression analysis

This method of analysis is considered as "the workhorse of statistical data analysis" 45,46 and it consists in fitting the response to a model, most of the time a polynomial one, based on Taylor series. First order linear models (Equation V.1) are used for independent variables, with Y the response, b 0 the response at the central point of the experimental domain, b i the unknown coefficients, x i the levels of the factors, k the number of variables and ε the model error.

= + +

Equation V.1

Second order models (Equation V.2) are used for more complicated behaviours, with b ij interactions terms, and b ii curvature terms. 47

= + + + + Equation V.2
The b coefficients are then estimated, together with their statistical confidence bounds. They are representative of the relative influence between factors, either in reducing or increasing the response. 46 

Graphical analyses

Graphical analysis supplements ANOVA and regression analysis. For regression analysis, after the model is fitted, b coefficients are plotted, showing visually if the influence is significant or not, thus helping the experimenter to take a decision. Indeed, the set of conditions that minimizes or maximizes the response is thus easy to spot. Regarding ANOVA, scatter plots can be drawn to visualise the effect of a factor on the response, or two-way graphs to detect interactions between factors.

V.4.2.c. First study

The first study is a screening study involving numerous factors, its precision thus sacrificed in favour of time. A fractional factorial plan comprising 6 factors with 2 levels was built, thanks to NemrodW software, using a 2 6-3 Hadamard's matrix, seen in Table V.1. No interactions 47 can be investigated in this configuration, so the model chosen is a first order linear one. 
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The factors and their levels are described in Table V.2. They are all quantitative, except the last one, involving the nature of the iron oxide, which is qualitative. 

Thermal properties

Thermal degradation was measured three times for each sample by TGA. The average temperatures for 10% weight loss (T 10% ), as well as the corresponding standard deviations are presented in Table V.3. The graphical analysis of b coefficients is presented in The pigment, the quartz and the TiO 2 have the most important effects on T 10% . The quartz, as well as the TiO 2 , increases the response, whereas the pigment reduces it. Since, we want the temperature for 10% weight loss to be as high as possible, the pigment has a negative influence on the thermal resistance of the material, while quartz and TiO 2 improve its thermal properties. Other fillers seem to have little to no influence on thermal properties. Yet, it has been shown both by TGA in previous section and in literature 13,35 , that glass frits have a detrimental effect on degradation temperature. The b coefficient of glass frit might be flawed by some interactions, not investigated here. On Figure V.10 B, temperatures for 5, 10 and 15% weight loss are compared. One can see that the negative contribution of the pigment increases throughout the degradation process, when quartz stays constant and that the positive contribution of TiO 2 decreases as the degradation goes on.

In order to maximise the response, the quantity of pigment should be minimal and the quantities of quartz and TiO 2 should be maximal. The quantity of CaCO 3 and the nature of iron oxide do not have a great influence. Concerning glass frit, it is considered by the model as non-influent but according to previous investigations, it would be more judicious to minimise its quantity, or even remove it completely from the formulation.

Swelling

Swelling tests are performed as described in method chapter. Swelling ratios in acetone and methylcyclohexane of the compounds 1 to 8 are displayed in Table V.4. These responses were entered in the software and a first-order linear model was fitted (Equation V.4 and Equation V.5, for acetone and methylcyclohexane respectively) similarly to previous section. The only difference is that in the case of swelling, the objective is to reduce the response, contrary to degradation temperature, where the response needs to be increased. As seen in Figure V.12, only two factors hold the major contribution regarding swelling in methylcyclohexane. The glass frit and the pigment show respectively a contribution of 47% and 39% and they both minimise the response. In other words, they are responsible of the reduction of swelling in methylcyclohexane. Quartz, TiO 2 , CaCO 3 and iron oxide on the other hand, are not significant. For this reason, in order to reduce swelling in methylcyclohexane, the quantities of glass frit and pigment should be maximal, while quartz, TiO 2 , CaCO 3 and iron oxide do not have a great influence. 

Verification

In order to validate the model fitted previously, a final, optimal, formulation was compounded and tested. As the conditions for an optimal thermal resistance and an optimal swelling resistance are contradictory, particularly concerning the pigment which reduces both T 10% and swelling in methylcyclohexane, it was decided to perform the verification only according to thermal resistance conditions. The corresponding levels of the verification run, referred as run 9, are presented in Table V.5. Basically, all quantities are maximised, except the one of the pigment and FeO is added rather than Fe 2 O 3 . However, as mentioned above, for an actually optimal thermal resistance, the quantity of glass frit might need to be reduced as well, thus corresponding to the formulation of run 2 (also described in Table V 
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As supposed, the thermal response is superior for run 2. However, the degradation profiles are very alike, suggesting that the error on b 5 is not so important as its influence is almost inexistent. 

V.4.2.d. Second study

The second study focuses on quartz, anatase and CaCO 3 , in order to spot hypothetical interactions. A fractional factorial plan, comprising these 3 factors with 3 levels is built using a 3 3-1 Hadamard's matrix, seen in Table V.7. The factors and their levels are displayed in Table V.8. Table V.9 displays the temperature of 10% degradation (T 10% ) of the samples, which are the responses of the system. Only thermal degradation is investigated and the analysis tool chosen is ANOVA. The graphical analyses are displayed in Appendix 6. The ANOVA and the corresponding graphs, suggest that there might be an interaction between quartz and CaCO 3 and that TiO 2 has a significant, positive effect on the response. The same for quartz, in a lesser extent, CaCO 3 on the other hand, seems to have no effect at all on the response, but might interact with the quartz.

ANOVA parameters were calculated for T 5% , T 10% and T 15% in order to investigate the evolution of the influences during thermal degradation. They are displayed in Figure V.15.

Once again, Anatase shows the highest contribution, decreasing while the degradation goes on. On the contrary, quartz seems to be progressively more influent as the degradation increases. 

V.4.3. Conclusion of section V.4

As a result of these studies, anatase, quartz, CeO, both Socal 31 and Socal 312, XFT372 and the pigment brown 39, are chosen for further investigations. For colouring aspects, Fe 2 O 3 is finally preferred rather than FeO. Platinum compounds were not tested before because they are known to improve the residue production, but not the early degradation. A karstedt Pt catalyst is now added in the formulations hereafter.

V.5. Final formulations

Six more samples were made, according to previous studies. Their compositions, A to F, are displayed in Table V.10. Their thermal, swelling and mechanical properties are also presented in this section. 

V.5.1.b. Swelling

Swelling rates in acetone and methylcyclohexane of the samples are displayed in Table V.11 and compared with BLENDB15, which is the uncompounded blend crosslinked in the same conditions as samples A to F. All swellings are inferior to that of the unfilled base. No bad influences are to be reported with those formulations. Sample A demonstrates the best solvent resistance, especially regarding acetone, in which the swelling is remarkably low. Sample F also shows relatively low swellings in both solvents. , reveal that the residual strain of sample E is particularly high. C and D, on the other hand, have a residual strain comparable to the BLENDB15 base (18% for the first cycle). Finally, samples A and B have a slightly superior residual strain compared to the unfiled base. Hystereses all have comparable areas, sample D having, however, the greatest, revealing a less good filler-matrix compatibility regarding other samples. Of all samples, C best retains its mechanical properties despite cyclic solicitations. Sample B shows both the smallest hysteresis of all samples, and the highest loss of mechanical properties after the first pull. This could be due to the high loading of fillers, whose interactions are broken during the first cycle, explaining the high residual strain, and which then have only a minor contribution in the following cycles, explaining the small hysteresis. 

V.5.2. Selected final formulation

Sample B shows the best thermal properties, whereas sample A shows the best solvent resistance towards both acetone and methylcyclohexane. Samples B, D and E have however also good swelling properties. Regarding mechanical properties, sample C seems to be the finest, revealing a good crosslinking and good filler-network compatibility. Samples A, B or C could be selected for further testing, such as fire resistance or ageing.

The microstructure of sample C was observed via SEM and Raman spectroscopy. Raman spectroscopy is a useful analytical technique however less frequently used than IR spectroscopy. 48,49 Generally speaking, strong absorptions observed in IR spectroscopy, correspond to weak Raman features, and vice versa. That is why those two techniques are often seen as complementary. 48 The way in which radiation is employed in infrared and Raman spectroscopies is different. In infrared spectroscopy, a multi-frequency beam irradiates the molecules and a loss of frequency is measured. In contrast, Raman spectroscopy uses a single frequency of radiation and it is the radiation scattered from the molecule that is detected. The scattered photons can be observed by collecting light at an angle to the incident light beam. 49 Choosing a particular frequency, it is possible to map its intensity, and thus obtain a representation of its repartition on the surface.

Raman bands of sample C are displayed in Figure V.20. Assignments 50,51 are as follows, CH 3 stretching at 2964 and 2907 cm -1 ; CH 3 bending at 1411 and 1264 cm -1 ; CH 3 asymmetric rocking and Si-C asymmetric stretching at 789 cm -1 ; Si-C stretching at 708 cm -1 ; Si-CH 3 rocking at 685 cm -1 ; Si-O-Si stretching at 489 cm -1 and C-Si-C vibration at 188 cm -1 . Similarly, other vibrations can be observed, particularly -CF 3 and CH 2 -CH 2 vibrations, at 1212 and 1318 cm -1 , respectively. In addition to silicone and trifluoropropyl characteristic bands, other vibration modes can be noted, principally at 621, 442, 196 and 145 cm -1 . 621 and 442 cm -1 correspond to the signal of the pigment, the band at 196 cm -1 is characteristic of quartz and finally, the band at 145 cm -1 is attributed to anatase. 

V.6. Conclusion

Based on commercial formulations and literature, some fillers were selected and their influence studied, notably thanks to elemental analysis and designs of experiments. It has been decided to orient the formulation on a titanium-based composition rather than an iron-based one because of the thermal advantage that it imparts. Anatase TiO 2 , calcium carbonate, quartz, cerium oxide, a pigment, Fe 2 O 3 and platinum enter in the formulation of the final material. The controversial glass frit deteriorates considerably thermal resistance but does reduce swelling in acetone and methylcyclohexane; it could also play a role in fire resistance (not studied here). Further studies could determine whether its presence is crucial or not in the final formulation, if not there is no interest in keeping it. Regarding only thermal and solvent resistance, maximising the quantity of fillers is a good strategy, however, this also impairs mechanical properties which are important in regard to the final application. Indeed, samples presenting an important loading showed an augmentation of the permanent set.

Finally, three formulations were selected, two for their especially good thermal and solvent resistance properties and the third one for the good compromise it offered between these properties and its mechanical behaviour. Further aging and fire tests should settle which formulation is the most optimal. The observation of the morphology of one the these samples revealed that domains are well dispersed and comparable to that of the non-additivated blend. Fillers, such as anatase, also appear well dispersed in the matrix. 

VI.5.2. X-ray fluorescence spectroscopy

Elemental analysis consists in a double X-ray fluorescence spectroscopy analysis with Brucker's Quant Express method in order to determine the concentration of heavy atoms (from B to U) in the sample. It was performed by Trevira's Lab Service (Bobingen, Germany).

X-Ray Fluorescence (XRF) spectrometry uses characteristic X-ray lines emitted by elements when they are bombarded with high energy radiation, such as X-rays from a heavy element. 1 It allows a rapid, non-destructive and accurate analysis of solid samples, determining the elemental composition and/or concentration in a sample. Up to 83 elements, from Bore to Uranium, can be investigated but no conclusion can be drawn about how the various elements are combined together. 1 Such mineralogical information is only available through X-ray diffraction.

Conventional XRF analyses work according to two different principles. The first one is best suited for routine work and requires that elements and their concentrations in the sample are precisely known. The second one is for unknown samples, and in this case standard samples are needed for calibration. The latter method is called fundamental parameters (FP) method. It uses calculated theoretical intensities compared to measured intensities to determine the composition of a sample. In order to use a conventional FP method, one needs to have one or more standards with a matrix similar to the unknown samples or at least a set of standards that contain the analysed elements. 2,3

VI.6. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was carried out on a Philips XL-SEM. The method of preparation of the sample consisted in cutting the surface of the elastomer with a diamond knife in liquid nitrogen, thanks to a Leica Ultracut S Microtome. The surface thus obtained was very plane. The sample was observed without any further coating. Pictures were processed with ImageJ in order to determine domains dimensions, areas and ratios.

VI.7. Rheology

Rheology was performed on uncured samples, using a TA Instrument ARES-G2 rheometer. Parallel plate geometries were used with plate diameters of 25 mm. The gap between plates was about 1 to 2 mm. A constant deformation frequency of 6 rad/s was applied to the samples. A temperature ramp with a rate of 20°C/min until 160 or 180°C was used. Once the chosen temperature was reached, the isotherm was hold until the end of the crosslinking.

VI.8. Swelling tests

Swelling tests were done in acetone and methylcyclohexane. Samples were first weighted and then immersed in solvents. After a one week immersion at ambient temperature, they were gently wiped and weighted again.

VI.9. Tensile test

Mechanical tests were performed on an MTS 2/M tensile testing machine fitted with an extensometer and a 100 N load cell on H3 samples. The rate used for tensile tests up to failure was 200 mm/min. Some samples were also submitted to a load-unload cycle up to 100% nominal strain at 20 mm/min.

VI.10. Raman spectroscopy

Raman spectroscopy was performed on a DXR Raman Imaging Microscope used with a 532 nm LASER. Maps were realized only with 1 mW output power and 20 scans for each point. Unfortunately, maps could not be done at 10 mW because such high power damaged the material during mapping. Some parts under the laser beam burnt and a lot of fluorescence was observed. Power was then lowered to 1 mW, sacrificing resolution of characteristic trifluoropropyl signals.

VII. General conclusion

This work was dedicated to the development of a silicone seal capable of withstanding both constraints of the aeronautic and the connector fields. Efforts were paid on the comprehension of its thermal properties, solvent resistance and mechanical behaviour, and on the parameters influencing them, such as matrix composition, crosslinking conditions and filler formulation.

Silicones commonly used in this industry are High Consistency Rubber (HCR), obtained by vulcanisation via organic peroxides. Preferred sealing silicone elastomers are polydimethylsiloxane (PDMS) and poly[methyl(3,3,3-trifluoropropyl)siloxane] (PMTFPS).

According to patents, and to industrial samples examined in this work, these seals can be composed of pure PDMS, pure PMTFPS, PDMS blended with PMTFPS, PDMS-co-PMTFPS copolymer or even of copolymer containing blends such as PDMS blended with PDMS-co-PMTFPS or PMTFPS blended with PDMS-co-PPMS. Each technology has its positive and negative sides. Pure PDMS shows outstanding thermal properties and fire resistance, whereas pure PMTFPS rather demonstrates good solvent and fuel resistance. Their blends display average swelling properties, but a careless crosslinking can lead to a serious deterioration of their mechanical properties. Random copolymers, on the other hand, are homogenous and thus present better mechanical properties than blends. They also exhibit better thermal resistance than blends, however their swelling in fuels is exacerbated. Blended copolymers were not considered in this work, because of a lack of information in open literature.

PDMS and PMTFPS blends were finally selected rather than copolymers. Commercial PDMS and PMTFPS bases, FE261U and MF160U respectively, were selected for their advantageous physical properties. Their optimal mass ratio regarding thermal and mechanical properties was found to be 30/70 FS/PDMS. Processing conditions were studied. It was found that using a two-roll mill heated at 40°C, produced a homogeneous blend and allowed a good incorporation of the peroxide inside the matrix.

Understanding crosslinking mechanisms of both bases and their blend, as well as parameters influencing them, is an important part of this work. The influence of temperature, quantity and nature of the peroxide on crosslinking kinetics and final properties has been investigated. This study highlighted that crosslinking the blend at 160°C with 0.5 wt% DBPH gives it the best thermal and swelling properties. Moreover, co-vulcanisation between PDMS and FS is likely to occur in these conditions, which is preferable regarding mechanical properties of the final elastomer.

Once the matrix and its crosslinking conditions were set, attention was paid to the filler formulation of the seal. Their prime purpose is to improve thermal and fire resistance to the final elastomer, but it has been shown that glass frits can also improve swelling resistance. Commercial formulations and patents were reviewed in order to orient the filler composition. The influence of several grades of titanium oxide, calcium carbonate, quartz, cerium oxide, a pigment, iron oxide, platinum and glass frits were measured. Two designs of experiments helped understand their influence on thermal resistance and swelling. Finally, three formulations stood out as the best compromises between all properties. All three contained anatase, quartz, cerium oxide, a pigment, iron(III) oxide and platinum, and only two of them calcium carbonate. SEM observations showed that fillers have no influence on the morphology of the elastomer.

Perspectives

This work focused on swelling, thermal and mechanical properties. However, other properties are also usually investigated before certifying a connector, such as ageing, fire resistance and vibration tests.

Preliminary ageing studies, not presented in this work, have shown that mechanical properties of one of the three final samples chosen at the end of previous chapter (sample A), were seriously reduced after only 72h at 260°C. This catastrophic collapse of mechanical properties could be attributed to the crosslinking conditions, that are not optimal regarding aging.

First results of another oven ageing study, done on unformulated blends (not presented in this work), has shown that crosslinking conditions are also substantial regarding the retention of mechanical properties. What emerges is that the blend crosslinked at 160°C with 1 wt% DBPH retains its original mechanical properties, even after 14 days at 250°C. Increasing the quantity of peroxide in our formulation is therefore another solution.

Other matrix alternatives, mentioned in the first chapter, could also be promising, such as PDMS and FS blends compatibilised with block PDMS-co-PMTFPS copolymer for instance, could give interesting results. The use of random PDMS-co-PMTFPS copolymers instead of a pure fluorosilicone base. Liquid Silicone Rubbers (LSR) could also have been a good alternative as a matrix material. This option has been briefly studied (not presented in this work) as a preliminary study to this work. It showed great thermal, swelling and mechanical properties. However, they are more delicate regarding formulation because of the platinum catalyst that is susceptible to complexation and poisoning. Indeed, additivated LSR elastomers showed less complete crosslinking than non-additivated ones, impairing their mechanical properties. Nevertheless, a careful formulation should give remarkable results. 
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 1 Figure I.1: Silicone units, with R as organic groups.
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 182 Figure II.1: Synthesis process of polysiloxanes, with R as organic or functional groups.8
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 2 Scheme II.2: Anionic Ring Opening polymerisation of siloxane cycles.

Scheme II. 3 :

 3 Scheme II.3: LSR crosslinking by hydrosilylation addition reaction, with R as a functional group.

  studied oil and fuel resistance of commercial PMTFPS rubbers. Results of their studies are summarised in Figure II.3.

Figure II. 3 :F

 3 Figure II.3: Volume change of commercial PMTFPS immersed in some selected fluids for 70h at 150°C (plain symbols)* and at room temperature (empty symbols): and Pierce's study 36 ; Bhuvaneswari's study 18 ; and Cornelius's study 10 *except Fuel C at 100°C.

Figure II. 4 :

 4 Figure II.4: Thermal transitions, T g (empty symbols) and T m (plain symbols) of cisand trans-CF 3 mixed monomers polymerized with different initiators; lithium trimethylsilanoate ( and ), dilithiumdiphenylsilanoate ( and ) and tetrahydrofuran + LiOH.H 2 O ( and ); all data taken from the work of Saam et al. 52,53

Scheme II. 5 :

 5 Scheme II.5: Fluorine migration 60 on trifluoropropyl side groups under vacuum. R groups represent the rest of the chain, i.e. either methyl or vinyl end groups or O-Si backbone with again groups on the Si atom.

Figure II. 5 :

 5 Figure II.5: Weight loss and HF yield during dynamic heating (TGA) of a fluorosilicone elastomer containing 25,1% fluorine; 2°C/min under air 61 .
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 67112 Figure II.6: Formula of the self-extinguishing polymer patented by Smith et al., with R a hydrogen atom, a monovalent hydrocarbon or a monovalent halohydrocarbon. 71
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 7 Figure II.7: Tensile strength ( ) and elongation at break ( ) of PMTFPS containing different quantities of chain extender.

Figure II. 8 :

 8 Figure II.8: Effect of silica loading on rubber properties, from the work of Cochrane et al.73

Figure II. 9 :

 9 Figure II.9: Solvent (A) and PDMS oil (B) resistance at room temperature of PDMS chains containing various content of fluorinated groups.12,13,44,45,84

Figure II. 10 :

 10 Figure II.10: Fuel (A) and oil (B) resistance of PMTFPS and PDMS blends; samples were soaked in fuels and oils for 70h. 18,84

  Mineral oil-based fluid First and most widely used hydraulic fluid for military and commercial aircraft DERD 2472 Non-polar mineral base Piston engine oil Xu et al. 84 compared swelling properties of blends and their corresponding copolymers in Fuel C, Jet fuel no. 3, IRM 903 and engine oil. Results of this study are gathered in Figure II.11. As the phases of the blends swell independently, they display a linear volume change. Swelling increases linearly as the content of FS decreases.

Figure II. 11 :

 11 Figure II.11: Compared fuel (A) and oil (B) resistance of PMTFPS and PDMS blends (plain symbols) with corresponding copolymers (empty symbols); 70h at 150°C for oils and 23°C for fuels.

Figure II. 12 :

 12 Figure II.12: Evolution of the (δ p -δ s )² expression (black squares ) versus FS content, compared to volume change in Fuel C (red circles ).

Figure II. 13 :

 13 Figure II.13: Mass change of copolymers ( 13 ) with a guide for the eyes (plain line) and blended copolymers (containing 30 mol% FS units) ( 45 and 12) in PDMS oil 9 days at room temperature.

Figure II. 14 :

 14 Figure II.14: Glass transition temperatures (plain) and melting temperatures (empty) according to the molar percentage of PMTFPS units in PDMS-co-PMTFPS random copolymers () or PDMS/PMTFPS compatibilised blends ( ); values taken from the work of Cui et al. 44 (black), Li et al. 13 (red), Kobayashi et al. 47 (blue), Xu et al. 84 (green) and Liu et al. 86 (orange); copolymers containing less than 15 mol% FS (before the dash line) can crystallise, otherwise they are noncrystalline (after the dash line).

Figure II. 15 : 44 (

 1544 Figure II.15: Collection of temperatures for 10% weight loss, as given by TGA under nitrogen atmosphere, for 20°C/min ( ) and 10°C/min (all other symbols) heating rates, in function of fluorosilicone content; Cui 44 ( and ) formulated the elastomers with silica and 2,5-bis(tertbutylperoxy)-2,5-dimethylhexane (DBPMH); and Li 12 ( ) with silica and a platinum catalyst at room temperature.
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 1684 Figure II.16: Tensile strength of blends (plain symbols), compatibilised blends (semi plain symbols) and copolymers (empty symbols) taken from the studies of Bhuvaneswari 18 (circles ) cured with dicumyl peroxide at 170°C; Liu 86 (triangles ) cured with DBPH at 160°C; and Xu 84

Figure II. 18 :

 18 Figure II.18: Changes in tensile strength (A) and in elongation at break (B) of blends (plain symbols) and compatibilised blends (half plain symbols) after heat aging 70h at 200°C 18 (circles) or oil aging 70h at 150°C 86 in IRM901 (red), IRM 902 (brown) and IRM 903 (black).
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Figure II. 19 : Solid 19 F

 1919 Figure II.19: Solid 19 F NMR spectra (A) and corresponding infrared spectra standardised on the siloxane band (B) of some commercial materials.

  Figure II.20: Solid 29 Si NMR spectra of some commercial materials showing D/F signals (A) and D Phenyl signals (B); signals are translated for an easier observation.
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 1921 Figure II.21: Second heating cycle of DSC of compounds containing phenyl groups.

  Figure II.22. The PDMS and FS bases were used as references for fluorine content. The fluorine content of the FS base and of one of the commercial samples was determined thanks to ion chromatography and is displayed on Figure II.22.

Figure II. 22

 22 Figure II.22: -CF 3 infrared vibration absorbance of some commercial materials, seen in conjunction with fluorine content obtained with elemental analysis of FE261U (green), PDMS (light blue) and another randomly picked material.

  order to check the linearity of the signal, fluorine content of fluorinated references was plotted versus their absorbance, in Figure II.23. As one can see, a straight line is obtained, confirming linearity between fluorine content and absorbance.
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 23 Figure II.23: Fluorine content versus infrared absorbance

Figure III. 1 and

 1 Figure III.1 and Figure III.2 respectively display the solid state29 Si NMR spectra of the PDMS and the FS bases. They indeed show the characteristic shifts of D and F units, without, however, showing a significant difference between them. Indeed, although Solid NMR is a very powerful technique, it has less resolution than solution NMR since molecules cannot move freely.

Figure III. 1 :

 1 Figure III.1: Solid state 29 Si NMR of the PDMS base. The peak seen at -122 ppm is a sideband rotation of the peak seen at -22 ppm, for a rotating rate of 10 kHz.

Figure III. 2 : Solid state 29 Si

 229 Figure III.2: Solid state 29 Si NMR of the FE241U (a) and FE261U (b) fluorinated bases. Peaks seen at -122 ppm are sideband rotation of the peaks seen at -22 ppm, for a rotating rate of 10 kHz.
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Figure III. 5 :

 5 Figure III.5: Infrared spectrum of the PDMS elastomer (A) and zoom on the C-H stretching region (B).

Figure III. 6 :

 6 Figure III.6: Infrared spectrum of the FE241U elastomer (A) and zoom on the C-H stretching region (B)

Figure III. 7 :

 7 Figure III.7: TGA traces (A) and their derivatives (B) of PDMS (black), FE241U (red) and FE261U(blue) elastomers in nitrogen; heating rate 20°C/min.

Figure III. 8 :

 8 Figure III.8: Multi-cycle tests of MF 160U (A), FE241U (B) and FE261U (C).

. 10 .

 10 Only tensile and cyclic tension tests are displayed, in Figure III.10 A and B, because all other properties were identical.

Figure III. 9 :

 9 Figure III.9: Surfaces of samples containing 30 wt% FS, blended at room temperature (A) and at 40°C (B). As seen in Figure III.10 A, samples made with the heated rolls show a higher modulus. This is probably due to a denser network, revealing a more efficient crosslinking with this method. Tensile curves of samples made with the internal mixer are disparate and elongation at break is lower than when mixed with the roll mill. This could be due to the mixing technology with rotors. Indeed it could locally damage and shorten siloxane chains of the uncured bases while mixing them together. Final mechanical properties are consequently affected by these modified chain lengths. Cyclic tests, seen in Figure III.10 B, reveal similar strain at zero stress of about 15%. Samples obtained with the internal mixer and the roll-mill at RT show equal hystereses.

Figure III. 10 :

 10 Figure III.10: Tensile test (A) and multi-cycle tests (B) of blends containing 30 wt% FS, mixedwith the internal mixer (black) or the roll-mill at room temperature (blue) and 40°C (red).
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Figure III. 12 :

 12 Figure III.12: TGA curves of the weight loss (A) in function of temperature and a zoomed section on early degradation (B).

Figure III. 13 :III. 4 . 4 .

 1344 Figure III.13: Tensile test (A) and multi-cycle tests (B) of FS (black), PDMS (light green) and their blends, 30/70 and 70/30 (from light to dark).

  calculated from PDMS and FS data.b

  Scheme IV.1: Chemical structures of 2,5-dimethyl-2,5-bis-(tert-butylperoxy)hexane and dicumyl peroxide.

Figure IV. 1 . 4 Figure IV. 1 :

 141 Figure IV.1: Morphology of the blend BLENDB15 cured with DBPH at 160°C. Surface areas were considered rather than the width or height of the domains, because they appear more significant regarding their irregular shapes. This is why the distribution of the domains, observed in Figure IV.1, is studied regarding their areas and not their other dimensions, of which average values are displayed in Table IV.2. Areas are calculated and counted with ImageJ software and are displayed in supporting information (Figure A 2, Appendix 4). Most of the domains have a surface area of less than 0.3 µm² and their average area is of 0.1 µm², which indicates that the dispersion of PMTFPS domains inside the PDMS matrix is very fine. The surface ratio between the PMTFPS and the PDMS is estimated at about 15/85.
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Figure IV. 2 :

 2 Figure IV.2: Kinetic curves of crosslinking at 160°C (A) and 180°C (B) and their derivatives as a function of time at 160°C (C) and 180°C (D) for the different crosslinking precursors considered here. On Figure IV.2 A and B, for a time prior to t i , modulus decreases, because the viscosity of the polymer chains decreases with temperature. Then temperature rises, allowing peroxides to decompose at t i , and thus crosslinking starts and modulus increases. Scorch time (t i ) and optimum cure time (t 90 ) are identified thanks to the derivatives of the storage modulus seen in Figure IV.2 C and D. Minimum torque (M min ) and Torque at t 90 (M max ) are taken from Figure IV.2 A and B. The values of t i , t 90 , M min and M max are displayed in

Figure IV. 3 :

 3 Figure IV.3: Storage modulus of the blend versus time, under various crosslinking conditions.

Figure IV. 4 :

 4 Figure IV.4: TGA curves of the different bases and blends cured with 1 wt% peroxide at 160°C (A) and 180°C (B). Only TGA curves of the elastomers cured with 0. 5 wt% DBPH at 160°C are presented in Figure IV.5, the other being similar to curves displayed in Figure IV.4 A and B, with blends showing deteriorated thermal properties regarding pure bases. Here, on the contrary, thermal properties are comparable to PMTFPS during early degradation, and then it switches progressively to a more PDMS-like degradation.

Figure IV. 5 :

 5 Figure IV.5: TGA curves of the elastomers cured with 0.5 wt% DBPH at 160°C.

Figure IV. 6 :

 6 Figure IV.6: Tensile (A) and cyclic tests (B) of the 1 wt% peroxide blends.

Figure IV. 7 :

 7 Figure IV.7: Tensile (A) and cyclic tests (B) of the 0.5 wt% peroxide blends.

Figure IV. 8 :

 8 Figure IV.8: Mechanical properties of BLENDA1 over successive cycles.

Figure IV. 9 :

 9 Figure IV.9: Permanent set (blue), loss during second pull (green) and the 4 th cycle hysteresis (dark cyan) of the different blends studied here.

Figure IV. 10 :Figure IV. 11 :

 1011 Figure IV.10: Tensile strength of samples cured at 160°C (in red) (A) and at 180°C (in black) (C); and their respective zooms (B) and (D) compared to Xu et al.'s samples (in grey).

Figure IV. 12 :

 12 Figure IV.12: Swelling ratios in acetone (dark blue) and methylcyclohexane (light blue) of blends cured with 0.5 wt%ts peroxide (hatched bars) and 1 wt% peroxide (plain bars).

Figure V. 1 :

 1 Figure V.1: Elemental analysis (of atoms from B to U, except Si) of some commercial seal elastomers; silicon is not presented because it represents more than 90 wt% of detected atoms; atoms with a quantity below 0.015% are not detected.

Figure V. 2 :

 2 Figure V.2: TGA curves of commercial samples, displayed in Figure V.1.

Figure V. 3 :

 3 Figure V.3: TGA curve of PDMS, chalk and a 30/70 mixture of chalk and PDMS (all cured with 0.2 wt% Irganox, no silica siller), taken from Hermansson's et al. study (10°C/min), under technical air).

Figure V. 4 :

 4 Figure V.4: Effect of platinum on silicones during degradation process, taken from the work of Delebecq et al.7

Figure V. 5 :

 5 Figure V.5: TGA curves of the neat blend (black) and the blend compounded with anatase (red) or rutile (blue).

Figure V. 6 :

 6 Figure V.6: TGA curves of the neat blend (black) and the blend compounded with calcium carbonate (red and blue).

Figure V. 7 :Figure V. 8

 78 Figure V.7: TGA curves of the neat blend (black) and the blend compounded with quartz (red).

Figure V. 8 :

 8 Figure V.8: TGA curves of the neat FS (black) and the blend compounded with glass frit (red and blue).

Figure V. 9 :

 9 Figure V.9: TGA curves of the neat blend (black) and the blend compounded with cerium oxide (red).

Figure V. 10 ,

 10 as is (A) or in a Pareto chart (B). In a Pareto chart, coefficients are shown in percentages, their sum being equal to 100. It makes the visualisation of the effects of each factor on the response easier.

Figure V. 10 :

 10 Figure V.10: Effects of different factors on the T 10% (A) and on a Pareto chart for the temperature at 5% (T 5% ), 10% (T 10% ) and 15% (T 15% ) weight loss (B).

Figure V. 11 :

 11 Figure V.11: Effects of the factors on swelling in acetone (A) and the corresponding Pareto chart (B).

Figure V. 12 :

 12 Figure V.12: Effects of the factors on swelling in methylcyclohexane (A) and the corresponding Pareto chart (B).

Figure V. 13 :

 13 Figure V.13: TGA curves of sample 9 (green) and sample 2 (blue).Following this study, another grade of pigment was tested. Another sample was compounded, following the formulation of sample 9, but with the new grade of pigment. As seen in Figure V.14 thermal properties are enhanced.

Figure V. 14 :

 14 Figure V.14: TGA curves of sample 9 (green) and the same formulation with Pigment brown 39 instead of the CF4/401.

Figure V. 15 :

 15 Figure V.15: Pareto chart of the parameters calculated thanks to ANOVA.

  TGA curves of A to F samples are displayed in Figure V.16. Sample F is the only one containing glass frit and obviously it shows the worst thermal stability of all samples. Samples D and E have exactly the same degradation profile, meaning that after all, the grade of CaCO 3 is not that important, when it is associated with all the other fillers. Samples A, C, D and E have the same onset degradation profile. At early degradation they all behave the same way. Differences are observed during a more advanced stage of the degradation, after 550°C, where A and C are more performant, and in the final residue, that is of 60% for A, 55% for C and 40% for D and E. Sample B shows the best onset degradation profile and a residue comparable to the residue of sample C.

Figure V. 16 :

 16 Figure V.16: TGA curves of the final formulations.

Figure V. 17 :

 17 Figure V.17: Tensile properties of the final formulations.

Figure V. 18 :Figure V. 19 :

 1819 Figure V.18: Cyclic tensile tests of the final samples.

Figure V. 20 :

 20 Figure V.20: Raman spectrum of sample C (A); zoom on the MTFPS bands (B); zoom on the 900-100 cm -1 zone.As seen in Figure V.20 B, characteristic MTFPS bands are very weak, rendering impossible to draw a map out of them. An alternative way to observe the distribution of fluorinated groups is to monitor the methyl groups. In theory, they are more present in the PDMS phase than the fluorinated one. Maps are drawn, according to the methyl bending vibration modes at 2907 cm -1 and 2964 cm -1 , taking SiOSi signal, at 489 cm -1 , as an internal reference. This signal should stay invariant but the peak 442 cm -1 is undeniably close and could have an influence on its intensity. One has to keep in mind this element while examining the maps, displayed in Figure V.21 A and B.

Figure V. 21 :

 21 Figure V.21: Raman map of the prepared surface of sample C for the 2907 cm -1 band (A) and the 2964 cm -1 band (B).

  B show coherent patterns. Low intensity domains are represented in sand colour, whereas domains rich in methyl groups are represented in blue. In comparison, the SEM picture of sample C, seen in Figure V.22, also shows lighter fluorinated domains dispersed in a darker PDMS matrix. In this case, domains appear with dispersed sizes going from 1 µm length to less than 0.1 µm, comparable to the morphology of the blended base studied in previous chapter. In the case of the Raman maps, some FS domains look merged, while other might not be detected, because of the 1 µm precision of the laser. Even if maps drawn with Raman are not as precise as SEM pictures, the advantage of this technique is that specific maps can be drawn according to the signal of a particular species. Indeed, on the SEM picture in Figure V.22, some 3 µm long and sharp particles are also observed. Because of its large size and sharp edges, it might be quartz. However, with Raman, it is possible to draw the map of the repartition of the fillers, provided a signal strong enough. The signal of anatase is sufficiently sharp and separated from other bands. Its map is displayed in Figure V.23. Sand colour domains show regions where the concentration of anatase is maximal. One can see that the dispersion is good. The quartz and the pigment having badly resolved or weak signals, no specific maps of their dispersion are drawn.

Figure V. 22 :

 22 Figure V.22: SEM picture of the prepared surface of sample C.

Figure V. 23 :

 23 Figure V.23: Raman map of the prepared surface of sample C for the 143 cm -1 band (anatase).

  followed by Ion Chromatography, gave the concentration in fluorine in the sample. Both methods were performed by Trevira's Lab Service (Bobingen, Germany).

Figure A 5 :Figure A 6 :Figure A 7 :Figure A 8 :Figure A 9 :Figure A 10 :

 5678910 Figure A 5: Tensile tests of the bases and corresponding blends cured with 1 wt% peroxide at 180°C.
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Table II .1: Smoke evolution data by National Bureau of Standards Smoke Chamber Test, from Cornelius et al.'s study. 10 Exposure Maximum gas concentration

 II 

			(ppm)	
			CO	HF
	Fluoropolymer	Flaming Non-flaming	480 20	80 90
	Silicone rubber	Flaming	60	-
		Non-flaming	10	-

Table II .2: Typical ranges of properties of PDMS and PMTFPS depending on compounding and fabrication method, gathered from Cornelius et al.'s study. 10 Hardness Shore A Tensile strength Elongation at break Tensile stress at 100% elongation

 II 

						Compression set
						22h at 177°C
			(MPa)	(%)	(MPa)	(%)
	PDMS	25-80	5.5-10.3	100-900	0.3-6.2	10-40
	PMTFPS	35-80	5.5-9.6	150-500	0.55-6.2	12-35
	Properties at 22°C if not specified otherwise.			

Table II.3: Mechanical properties of PMTFPS depending on filler nature and cure system. 72 Filler* Cure system Hardness Shore A** Tensile strength*** Elongation at break***

  

				(MPa)	(%)
	Fe 2 O 3	X Y	25 38	8.6 7.5	585 450
	TiO 2	X	24	7.3	570
		Y	26	5.5	370
	*7 parts of Fe2O3 or TiO2 and 25 parts of fumed silica for 100 parts of polymer; **Performed according to ASTM D-
	2240 ***Performed according to ASTM D-412		
	X: 92.5 parts of a 50/50 mixture of methyltriacetoxysilane and ethyltriacetoxysilane, 7 parts of a trimethoxysilane
	and 0.5 parts of tin catalyst (Formez UL-28)		
	Y: 100 parts of vinyltris(methylethylketoxime)silane		

  studied the effect of Fe 2 O 3 and TiO 2 on the mechanical properties of PMTFPS. Results are gathered in Table II.3. It appears that iron oxide gives both enhanced tensile strength and elongation at break in comparison with titanium oxide.

  Crystalline silica, quartz, for its part, is non-reinforcing. It is an extending filler, only used to reduce costs or increase hardness. As seen in Figure II.8, adding silica outstandingly increases the mechanical properties of the elastomer. A yield point is observable at around 25% strain, indicating the presence of a network of interacting silica aggregates.[START_REF] Cochrane | The influence of fumed silica properties on the processing, curing, and reinforcement properties of silicone rubber[END_REF] 

Table II .4: Mechanical properties of PMTFPS depending on the surface treatment of reinforcing silica. 72 Silica treatment Hardness Shore A a Tensile strength b Elongation b

 II 

				(MPa)	(%)
	di(trifluoropropyl)tetramethyldisilazane	36	5.5	340
	trimethylsilyl		35	2.1	175
	a Performed according to ASTM D-2240	b Performed according to ASTM D-412	

Table II .5: Impact of aging on mechanical properties of PMTFPS elastomers. 10,36 Aging conditions Hardness Shore A change Tensile strength change

 II 

				Elongation
				change
		(pts.)	(%)	(%)
	70h at 100°C 36	+1	+1	-6
	70h at 150°C 36	+1	+1	-10
	70h at 200°C 36	+2	-12	-20
	17d at RT in sour gasoline 10	-12	-26	-17
	28d at 120°C in JP4 36	-10	-10	-16
	28d at 230°C in JP4 36	-4	+9	-47
	56d at 120°C in JP4 36	-9	-4	-38
	56d at 230°C in JP4 36	-9	-2	-46

Table II .6: Ranges of properties of poly(butadiene-co-acrylonitrile) aging in sour gasoline.

 II 

			80
	Aging conditions	Tensile strength change	Elongation change
		(%)	(%)
	3d at 40°C in sour gasoline	-23 to -49	-29 to -48
	7d at 40°C in sour gasoline	-23 to -56	-21 to -57

Table II .7: Fuels and oils used for swelling tests. 87-90 Fluid reference Composition Use

 II 

		Fuels
	Jet A1	Kerosene-based jet fuel	Most used civil aircraft turbine engine jet fuel
	Jet fuel no. 3	Similar to Jet A1	Main Chinese grade, identical to Jet A1
	Jet B (Fuel B)	isooctane/toluene 70/30 mix Alternative to Jet A1 in very cold climates
	Fuel C	isooctane/toluene 50/50 mix Testing fuel
		Oils
	IRM 903 oil (ASTM#3)	Distillates (petroleum), hydrotreated heavy naphthenic	Standard testing oil for ASTMD 471
	Engine oil	Mineral oil with additives	Low-swelling aviation lubricating oil
	DEF STAN 91-98 (DERD 2487)	Polar ester base	Previous British military aviation oil
	Jet oil II (MIL PRF 23699)	Polar ester base	US Navy helicopter gearbox and civil turbine lubricating oil
	MIL H 5606		

Table II .8: Characteristics of copolymer interfacial agents.

 II 

				47			
	Structure	F/D ratio	w *10	-5	n *10	-5	w / n
		(mol%)	(g/mol)	(g/mol).	
	Random	50/50	4.23		2.16		1.7
	Block	50/50	10.4		3.95		2.6

Table II .9 : 19 F NMR shift ranges of various fluorinated organic groups

 II All spectra, displayed in Figure II.19 A, show a single peak at -66 ppm, confirming the presence of the -CH 2 CH 2 CF 3 group and no other fluorinated species. Infrared spectroscopy, seen in Figure II.19 B, was also performed on these samples. All characteristic TFP absorption bands are observable, corroborating that the fluorosilicone used is effectively PMTFPS.

	Formula	Chemical shift range*
		(ppm)
	CF 3	-60 to -80
	-CH 2 CH 2 CF 3	-60 to -70 52,96,97
	-SiCH 2 CF 2 CF 2 CF 2 CF 3	-80.9 to -81.5 35,37,81
	CF 2	-80 to -140
	-SiCH 2 CF 2 CF 2 CF 2 CF 3	-116 to -116.8 35,37
	-SiCH 2 CF 2 CF 2 CF 2 CF 3	-124.2 to -124.7 35,37
	-SiCH 2 CF 2 CF 2 CF 2 CF 3	-125.8 to -126.5 35,37
	*downfield from CFCl3	

Table II .10 : Relative intensities and attribution of the peaks seen in Figure II.20.

 II 

	Compound	Position	Relative area	Attribution
		(ppm)	(%)	
	1	-22 -35	94 6	D/F D Phenyl
	2	-22 -35	98 2	D/F D Phenyl
	3	-22 -35	98 2	D/F D Phenyl
	4	-22 -35	99 1	D/F D Phenyl

Table II .12: Summary of the advantages and drawbacks of copolymers and blends. Technology Process flexibility over FS content Swelling resistance Thermal properties Mechanical properties

 II 

	Random copolymer	poor	Fuels: poor ; Oils: very good	good	very good
	PMTFPS/PDMS blend	very good	good	poor	poor or good *
	Random copo/PDMS blend	good	not well documented	not well d documente	good
	PMTFPS/PDMS blend +interfacial agent	very good	not well documented	not well d documente	good

*depending if co-vulcanisation occurs or not

Table III .1: Types of fluorinated elastomers usually employed for connectors as reported in patents.

 III 

	Year	Company	Type of fluorinated elastomer
	1984	Koford 1 /Allied Corporation	20/80 FS/PDMS blend
	1985	Bush 2 /General Electric Company	Copolymer containing 45 to 65 wt% FS units
	1992	Evans 3 /General Electric Company	Copolymer containing ∼37 wt% FS units
	1994	Evans 4 /General Electric Company	Copolymer containing ∼37 wt% FS units
	2008	Chorvath 5 /Dow Corning Corporation	Pure FS to 10/90 FS/PDMS blend
	2008	Wright 6 /Deutsch UK	Pure fluorosilicone
	2010	Hayashida 7 /Shin Etsu	Pure fluorosilicone

Table III .2: Chemical shift ranges of polysiloxanes and fluorinated polysiloxanes building units 8-14 Unit Chemical shift range*

 III 

		(ppm)
	M	12 to 9
	D	-17 to -23
	F	-22 to -25
	T	-55 to -23
	Q	-105 to -115

*relative to TMS

Table III .3: Relative intensities and attribution of the peaks seen in Figure III.3 and Figure III.4

 III 

	Compound	Position	Relative area	Proportion in weight	Attribution
		(ppm)	(%)	(wt%)	
	PDMS	-22 -108	83 17	86 14	D Q
	FE241U	-22 -108	87 13	95 5	F Q
	FE261U	-22 -109	83 17	93 7	F Q

Table III .4: IR absorption bands for organosilicon compounds

 III Finally, most characteristic absorption bands of PMTFPS, all observed in Figure III.6, are -CH 2waging at 1369 cm -1 , CH 2 -CH 2 vibration at 1315 cm -1 , SiCH 2 CH 2 -CF 3 at 1208 cm -1 and C-CF 3 at 896 cm -1 .

	H-CH 2 3000 2950 2900 2850 H-CH 2 B A Absorbance Wavenumber (cm -1 ) Compound Absorbance		Si-CH 3 1258	Si-CH 3 Si-CH 3 786 Absorption SiOSi 1064 1007 (cm-1)
		2963	2905				Si-CH 3 1412		864
	3000	1900 1700 1500 1300 1100	900	700
					Wavenumber (cm -1 )	
	Absorbance	H-CH 2 2905 1260 Si-CH 3 2963 1314 A B Absorbance 1369 -CH 2 CH 2 -CH 2 1207 CF 3 3000 2950 2900 2850 Wavelength (cm -1 )	1007 SiOSi 1061	895 C-CF 3	837 C-F	798 Si-CH 3 766
	1400	1300	1200	1100	1000	900	800	700
					Wavelength (cm -1 )	
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Table III .5: Fluorine content in FE241U and FE261U

 III IC has revealed 24.03 and 14.31 wt% of fluorine in FE241U and FE261U. This amount of fluorine corresponds to 66 and 39 wt% of fluorosilicone units in the total material. Calculations are detailed in Appendix 3. As a comparison, a MTFPS unit has a fluorine content of 36.5 wt%. The difference between those values lies in the presence of chain ends, potential vinyl groups, potential dimethylsiloxane units and additives such as fillers and eventual processing aids in FE241U and FE261U.TGA measures the loss of weight of a sample as a function of temperature, usually as a percentage of the initial sample mass.29 It characterises irreversible changes in the elastomer, unlike DSC, which deals with reversible thermal changes.TableIII.6 displays the thermal transitions of the cured PDMS and FS, observed during the second heating cycle. The two fluorosilicone bases show the same low temperature flexibility, with T g in the range of pure fluorosilicone glass transition temperature. No melting temperature is observed, indicating no particular tacticity.

	PMTFP reference	Fluorine content	MTFPS units
		(wt%)	(wt%)
	FE241U	24.03	66
	FE261U	14.31	39
	III.2.2. Properties	

III.2.2.a. Thermal properties

Table III .6: Thermal transitions of the elastomeric bases.

 III 

	Reference	T g	T m (max pic)
		(°C)	(°C)
	MF 160U	-121	-45
	FE241U	-68	-
	FE261U	-67	-

Table III .7: Swelling ratios of PDMS, FE241U and FE261U in acetone and methylcyclohexane at room temperature.

 III 

	Reference	τ %
		(wt%)
	Acetone	
	MF 160U	20
	FE241U	117
	FE261U	106
	Methylcyclohexane	
	MF 160U	123
	FE241U	5
	FE261U	6

  .8 are taken from the manufacturers' datasheets. Tensile strength and the elongation at break of MF 160U and FE261U were also measured by tensile test. Values are displayed in Table III.8 and are consistent with datasheets values.

Table III .8: Typical mechanical properties taken from information data sheets (vales between brackets are from our tensile tests). 33-35 Reference Hardness Tensile Strength Elongation at break Compression set

 III 

		(Shore A)	(MPa)	(%)	(%)
	MF 160U a	60	12 (11.5)	580 (550)	44 b
	FE241U c	42	9	480	17 d
	FE261U c	54	10 (9.5)	430 (350)	8 d
	a 0.6% dimethyl-2,5 bis (tertiobutylperoxy)-2,5 hexane 75% 10 min at 170°C; post cured 4h at 200°C b 22h at 177°C c 0.8% dimethyl-2,5 bis (tertiobutylperoxy)-2,5 hexane 80% 10 min at 165°C; post cured 4h at 200°C d 22h at 180°C	

Table III .9: Summary of properties of the PDMS and FS bases.

 III 

	Property	Method	MF 160U	FE241U	FE261U
		Composition		
	D/Q molar ratio	29 Si NMR	83/17	87/13	83/17
	Silica proportion (wt%)	29 Si NMR	14	5	7
	FS units content (wt%)	IC	0	66	39
	Residue (wt%)	TGA (under N2)	32	17	26
		Physical properties		
	T g (°C)	DSC	-121	-68	-67
	T m (°C)	DSC	-45	-	-
	T 5% residue (°C)	TGA	500	420	450
		Swelling properties		
	Swelling in acetone (%)	Swelling test	20	117	106
	Swelling in methylcyclohex. (%) Swelling test	123	5	6
		Mechanical properties		
	Hardness (Shore A)		60	42	54
	Tensile strength (MPa)	Datasheets	12 (11.5)	9	10 (9.5)
	Elongation at break (%)	(tensile test)	580 (550)	480	430 (350)
	Compression set		44	17	8

Table III .10: Roll mill and internal mixer comparison.

 III 

	Feature	Roll mill		Internal mixer
		room temperature	40°C	room temperature
		Process	
	Procedure simplicity	difficult	easy	very easy
	Cleaning	easy	easy	difficult
	Temperature control	very good	very good	poor
		Material final properties	
	Thermal degradation	equal	equal	equal
	Solvent resistance	equal	equal	equal
	Mechanical properties	poor	good	poor

Table III .11: Summary: PDMS, FS and their blend

 III 

		PDMS	FS	30FS/70PDMS
	Reference	MF 160U (Bluestar) FE261U (Shin Etsu)	30/70
	Silica proportion (wt%)	14	7	12 a
	FS units content (wt%)	0	39	12 a
	Residue (wt%)	32	17	30
	T 5% residue (°C)	500	450	437
	Swelling in acetone (%)	20	106	40
	Swelling in methylcyclohexane (%)			

Table IV .1: Formulations and curing conditions of the elastomers.

 IV 

	Sample Name PMTFPS PDMS	Curing agent	Peroxide quantity	Curing temperature
		(wt%)	(wt%)		(wt%)	(°C)
	PDMSA1	0	100	DCP	1
	PDMSA2	0	100	DCP	1
	PDMSB1	0	100	DBPH	1
	PDMSB2	0	100	DBPH	1
	PDMSA15	0	100	DCP	0.5
	PDMSA25	0	100	DCP	0.5
	PDMSB15	0	100	DBPH	0.5
	PDMSB25	0	100	DBPH	0.5
	BLENDA1	30	70	DCP	1
	BLENDA2	30	70	DCP	1
	BLENDB1	30	70	DBPH	1
	BLENDB2	30	70	DBPH	1
	BLENDA15	30	70	DCP	0.5
	BLENDA25	30	70	DCP	0.5
	BLENDB15	30	70	DBPH	0.5
	BLENDB25	30	70	DBPH	0.5
	FSA1	100	0	DCP	1
	FSA2	100	0	DCP	1
	FSB1	100	0	DBPH	1
	FSB2	100	0	DBPH	1
	FSA15	100	0	DCP	0.5
	FSA25	100	0	DCP	0.5
	FSB15	100	0	DBPH	0.5
	FSB25	100	0	DBPH	0.5

Table IV .2: Summary of the characteristics of the domains observed in Figure IV.1.

 IV 

	Average area	Average width	Average height	Average ratio
	(µm²)	(µm)	(µm)	domains/matrix*
	0.1	0.3	0.4	15/85
	*calculated thanks to surface areas		
	IV.3.2. Kinetic study		
	IV.3.2.a. Results		

Table IV .

 IV 3. These values are useful in order to calculate some principal kinetic parameters, such as reaction rate (k), activation energy (E) and cure rate, seen in TableIV.4, together with modulus increase.

Table IV .3: Scorch time, optimum cure time, minimum torque and torque at optimum cure time of the samples depending on curing conditions.

 IV 

	Sample	Scorch time	Optimum cure time	Minimum torque	Torque at t 90
	Name	(t i )	(t 90 )	(M min )	(M max )
		(s)	(s)	(g.cm)	(g.cm)
	PDMSA1 PDMSA2	251	531 422	102 98	614 583
	PDMSB1 PDMSB2	263	600 438	109 110	587 615
	BLENDA1 BLENDA2	235	595 486	117 121	709 677
	BLENDB1 BLENDB2	237	566 430	123 116	596 579
	FSA1 FSA2	221	698 528	156 140	720 757
	FSB1 FSB2	238	715 560	151 140	623 538

Table IV .4: Curing rate, reaction rate constant, activation energy and modulus increase of the samples depending on curing conditions.

 IV 

		IV.3.2.b.			
	Sample	Curing rate	Reaction rate	Activation energy	Modulus increase
	Name		constant (k)	(E)
		(g.cm.s -1 )	(x10	3 s -1 )	(kJ.mol -1 )	(MPa)
	PDMSA1 PDMSA2	1,80 2,89	29 45	38	0,90 0,89
	PDMSB1 PDMSB2	1,41 2,90	23 53	70	0,86 0,86
	BLENDA1 BLENDA2	1,64 2,22	16 64	117	1,07 1,09
	BLENDB1 BLENDB2	1,42 2,45	24 41	45	0,83 0,93
	FSA1 FSA2	1,19 1,99	11 27	78	1,02 1,06
	FSB1 FSB2	0,98 1,26	10 21	61	0,84 0,68

Interpretation on pristine bases PDMS vs. PMTFPS

  Regardless of the crosslinking agent, PMTFPS starts crosslinking before PDMS. This could be due to an easier attack of vinyl radicals, bared by the fluorosilicone, or maybe to some better stabilisation of the peroxides by PDMS. In contrast, according to t 90 values, it takes 160s more to PMTFPS to reach its final modulus, regardless of temperatures and crosslinking agents. It means PMTFPS networks start crosslinking earlier, but need nearly twice the time to fully form, compared to PDMS networks. Indeed, k values of PDMS systems are more than two times superior to those of PMTFPS systems. The same applies to curing rate, indicating that PMTFPS has an inferior reactivity than PDMS. At the end of the reaction, the increase of modulus of PMTFPS is higher than that of PDMS, with respectively an average increase of 0.88 MPa for PDMS and 0.90 MPa for PMTFPS. However, with DBPH as a curing agent, final torques of PDMS and PMTFPS are similar, meaning that their final moduli are close as well.

DCP vs. DBPH

Scorch time is longer for DBPH than DCP, which is not surprising because DBPH needs more energy than DCP to dissociate.

30,31 

Regardless of temperature or matrix, curing time, k and curing rate are similar for both peroxides. However, for PMTFPS at 180°C, k is somewhat lower for DBPH than DCP. It means that the network growth is faster with DCP, for the same amount of time as DBPH, resulting in a superior modulus increase. Indeed, in this case, the modulus increase is of 1.06 MPa with DCP, whereas it is of only 0.68 MPa with DBPH. E values also show that DCP needs less energy to crosslink PDMS than PMTFPS, whereas DBPH shows relatively equivalent reactivity in both bases. In addition, DCP needs less energy than DBPH to crosslink PDMS, whereas it is the contrary for FS.

Table V .1: Matrix of experiments with 6 factors and 2 levels.

 V 

	Run	x 1	x 2	x 3	x 4	x 5	x 6

Table V .2: Description of the factors and their levels.

 V 

	Corresponding	Filler	Level	
	factor		1	-1
	x 1	Pigment CF4/401	6 g	3 g
	x 2	Quartz	6 g	3 g
	x 3	Anatase TiO 2	0.8 g	0.2 g
	x 4	CaCO 3	0.8 g	0.2 g
	x 5	GF XFT372	10 g	5 g
	x 6	Iron Oxide	FeO (0.1 g)	Fe 2 O 3 (0.1 g)
			For 100 g of blend
	Samples 1 to 8 were prepared, cured, post-cured and their thermal and swelling properties
	were investigated. The analysis of the responses, that is to say regression and graphical
	analyses, is performed by NemrodW.		

Table V .3: Thermal responses and their standard deviation.

 V 

	Run	T 10%	Standard deviation
		(°C)	
	1	446	1
	2	457	2
	3	442	1
	4	434	1
	5	439	2
	6	431	4
	7	434	3
	8	434	3
	The responses were input in the software and b coefficients, of the first-order linear model,
	were calculated. The model thus found is displayed in Equation V.3:
	= 439.6 -3.4 + 4.5 + 4.4 + 2.2 + 0.6 + 0.6	Equation V.3

Table V .4: Swelling responses in acetone and methylcyclohexane.

 V What is striking at first glance is the absence of b 2 x 2 and b 6 x 6 terms in the expression of Y A (swelling in acetone). This means that quartz and iron oxide have strictly no influence on the swelling of the material in acetone. As seen in Figure V.11, glass frit seems to have both the greater contribution, and to reduce swelling in acetone. Pigment, CaCO 3 and TiO 2 , on the other hand, are not really significant. The fact that fillers have, overall, only a small significance is not surprising as the PDMS present in the matrix is already resistant to acetone.

	Run	Swelling ratio in
		Acetone	Methylcyclohexane
			(wt%)
	1	37	72
	2	40	84
	3	37	80
	4	36	75
	5	37	78
	6	39	82
	7	38	77
	8	40	85
	= 38 -0.5 + 0.2 -0.2 -1.2		Equation V.4
	= 79.1 -2.6 -1.4 + 0.4 -0.1 -2.9 + 0.6	Equation V.5

  .5). That is why responses and degradation profiles of run 9 and run 2 are compared hereafter, respectively in Table V.6 and in Figure V.13.

Table V .5: Encoding of the optimal formulation according to the model (run 9) and according to both the model and previous observations (run 2).

 V 

	Run	x 1	x 2	x 3	x 4	x 5	x 6

Table V .6: Thermal responses of sample 9 and sample 2.

 V 

	Run	T 10%	Standard deviation
		(°C)	
	9	450	1
	2	457	2

Table V .7: Matrix of experiments with 3 factors and 3 levels.

 V 

	Run	x 1	x 2	x 3
	1	1	1	1
	2	1	2	2
	3	1	3	3
	4	2	1	2
	5	2	2	3
	6	2	3	1
	7	3	1	3
	8	3	2	1
	9	3	3	2

Table V .8: Description of the factors and their levels.

 V 

	Corresponding	Filler		Level	
	factor		1	2	3
	x 1	Quartz	1.5 g	3 g	4.5 g
	x 2	Anatase TiO 2	0.1 g	0.4 g	0.7 g
	x 3	CaCO 3	0.1 g	0.4 g	0.7 g
				For 100 g of blend	

Table V .9: Thermal responses and their standard deviation.

 V 

	Run	Temperature at 10%	Standard deviation
		weight loss	(2 measurements)
		(°C)	
	1	453	1
	2	463	1
	3	472	1
	4	459	1
	5	469	1
	6	475	1
	7	462	1
	8	471	1
	9	478	1

Table V .10: Formulations of the final compositions. Sample Fillers Pigment Anatase Quartz Fe 2 O 3

 V 

					Socal 31	Socal 312 CeO	GF	Pt
					(%wt)				(ppm)
	A	1.6	0.9	4.9	0.08		2.5	2.9	24
	B	1.7	0.7	5.1	0.06			2.3	13
	C	1.8	0.7	5.1	0.12	2.7		3.0	39
	D	1.8	0.6	5.2		0.9			9
	E	1.8	0.6	5.2			0.9		22
	F	1.8	0.6	3.8	0.03	0.9			4.7	21

Table V .11: Swelling properties of the final formulations.

 V Figure V.17 displays the tensile properties of the formulations A to E together with the corresponding blended base, BLENDB15, and a dicumyl-cured base, BLENDA1. F has been set aside due to its poor thermal properties. BLENDB15's strain at beak is clearly superior because it contains less filler than A to E samples. Samples can be separated into two different groups, the ones that mechanically behave more like BLENDB15, and those which have a higher modulus. A and B, having a higher modulus, can be classified in the latter and C, D and E, having an inferior one, in the former. This means that, depending on the formulation, fillers can enhance the network of the elastomer, rendering it mechanically equivalent to a material cured in different conditions. Sample C shows the greatest elongation at break whereas sample A shows the greatest tensile strength.

	Sample	Swelling in
		Acetone	Methylcyclohexane
		(%)	
	A	26	86
	B	36	89
	C	35	94
	D	37	89
	E	37	90
	F	36	87
	BLENDB15*	40	99
	*crosslinked with 0.5 wt% DBPH at 160°C	
	V.5.1.c. Mechanical properties

Table A 1: Stress at zero strain of the bases and their blends during four load-unload cycles.

 A Ces travaux de thèse portent sur le développement d'un joint silicone pour la connectique dans l'aéronautique. Ce joint silicone doit être résistant aux solvants ainsi qu'aux huiles susceptibles de rentrer en contact avec celui-ci, et posséder de bonnes propriétés thermiques et mécaniques. Pour ce faire, les paramètres influençant ces propriétés ont été étudiés, comme la composition de la matrice, les conditions de sa réticulation et la formulation via différentes charges. Des matériaux silicones tels que le polydiméthylsiloxane (PDMS) et le polytrifluoropropylméthylsiloxane (PTFPMS) ont été sélectionnés pour composer la matrice. Leur flexibilité, leur large plage de température d'utilisation ainsi que leur excellente résistance aux attaques chimiques en font des matériaux de choix pour ce genre d'application. L'étude des mélanges de PDMS et de PTFPMS a démontré que les proportions idéales sont de 70/30 PDMS/PTFPMS. Le type de mélangeur sélectionné est une calandre birouleaux, dont les rouleaux sont chauffés à 40°C. La réticulation de la matrice a été le sujet d'une étude approfondie. La cinétique de réticulation a été étudiée et l'influence des paramètres de réticulation tels que la température de réticulation, la nature et la quantité de peroxyde sur les propriétés finales ont été discutées. Finalement, l'influence de l'ajout de différentes charges sur le gonflement, la résistance thermique et les propriétés mécaniques de l'élastomère a été étudiée afin d'élaborer la formulation du joint silicone. MOTS-CLÉS : Elastomères silicones, fluorosilicones, mélanges, réticulation, formulation, gonflement, propriétés thermiques, propriétés mécaniques Laboratoire de recherche : Ingénierie des Matériaux Polymères (IMP UMR-5223) à l'INSA de Lyon
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VI. Methods

VI.1. Nuclear Magnetic Resonance Spectroscopy

Silicon ( 29 Si), fluorine ( 19 F) and carbon ( 13 C) solid state Nuclear Magnetic Resonance (NMR) analyses were carried out with a Brucker Avance III 500 MHz Wilde Bore spectrometer. MAS technique was used for silicon and fluorine and CP-MAS for carbon, with spinning rate of the probes, together with the samples, of 10 kHz for 29 Si NMR and 13 C NMR, and 25 kHz for 19 F NMR. For 29 Si NMR analysis, the spectrometer was equipped with a 4 mm double H/X probe, 456 scans were programed and chemical shifts were taken downfield from TMS (set at δ=0 ppm). For 19 F NMR analysis, it was equipped with a 2.5 mm double H-F/X probe, 200 scans were programed and chemical shifts were reported relatively to NaF (set at δ=-221 ppm). Finally, for 13 C NMR analysis, the spectrometer was equipped with a 4 mm double H/X probe, 3700 scans were programed and chemical shifts were downfield from TMS.

VI.2. Differential Scanning Calorimetry

The thermal properties of the silicones have been measured on a TA Instrument Q23 differential scanning calorimeter (DSC). Aluminium standard capsules were used. The polymer sample (about 3 or 4 mg) was first cooled to -150°C under helium atmosphere (25 mL/min). Temperature was held for 2 minutes before the sample was heated from -150 to 50°C (10°C/min). Then it was cooled to -150°C again (10°C/min). A second heating, in the same conditions as in the first one, was then performed. The glass transitions of the polymer were taken at midpoint during the second heating. The melting temperature was taken at peak minimum during the second heating scan. The melting enthalpy was calculated from the integration of that last peak and by taking as a baseline reference the heat flow curve after 30°C.

VI.3. Infrared spectroscopy

Infrared spectroscopy was performed on a Thermo Scientific Nicolet iS10 FT-IR spectrometer. Attenuated total reflection sampling technique was used with a carbon diamond and 32 scans.

VI.4. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed on a TA Instrument Q500 thermobalance. Samples (about 10 mg) were heated from 25 to 850°C at a heating rate of 20°C/min under nitrogen atmosphere (10 mL/min) in platinum pans. 

Appendices and Supporting information

Appendix 2 SiO 2 proportion calculations

In Si 29 NMR were detected 17% in number of SiO 2 in PDMS. That is to say, for 83 mol of D units, there is 17 mol of SiO 2 . Equation A 1 expresses the same percentage in weight. These calculations do not take in account other potential compounds not containing silicon atoms, therefore they are an approximation. Moreover we neglect vinyl groups. • M D = 74g/mol (PDMS)

Appendix 3 Proportion calculations with TGA IC analysis has given 24.03 and 14.31 wt% fluorine respectively in FE241U and FE261U.

For 100 g of product the amount of substance of fluorine n F is: with m F the mass in g of fluorine obtained in IC and M F the molar mass of fluorine in g/mol.

The amount of FS repeat unit, n FS , is three times the amount of fluorine, n F , as there are three fluorine atoms on each unit. It is calculated as follows:

Finally, the mass of FS unit, m FS , corresponding is: with M FS the molar mass of the FS unit in g/mol. 

Appendix 7 ANOVA graphical analysis

Figure A 11 displays the graphical representation of the graphical representation of the influence of the factors on the response. If a clear vertical shift is observed between the levels, the chances that this factor is significant are high. This is the case for anatase and quartz, but not for CaCO 3 .