Marie-Laure Michon 
  
Claude Billaud 
  
Fabrice Millet 
  
Olivier Bronchart 
  
Vincent Curtil 
  
Olivier Andres 
  
Olivier Gilbain 
  
Sonia Perosino 
  
Michel Sorin 
  
Elisabeth Chaland 
  
René Rossin 
  
Lise Trouillet-Fonti 
  
Anthony Bocahut 
  
Pierre-Yves Lahary 
  
; Mathieu 
  
Rabih Al 
  
Rahal Al Orabi 
  
Olivier Sanseau 
  
Jérôme Bikard 
  
Merci 
  
Pauline Grau 
  
Clémence Abadie 
  
Baptiste 
  
  
  

Je tiens tout d'abord à remercier les nombreuses personnes qui ont grandement contribué à ce travail de thèse, une aventure marquante et enrichissante, de son commencement à la soutenance.

Je remercie Florence Clément et Didier Long, directrice et directeur adjoint

ii A huge thank you to the Wilton team: Peter Mills, Mark Harriman, Dominic Wadkin-Snaith, Paul Cross, all the students and again Claude, to their warm welcome and everything I've learned with all of you: the main preparations and characterizations of epoxy resins, amazing Fish&Chips, windy Saltburn Pier, … Merci aux thésards, stagiaires, intérimaires, qui ont illuminé mes journées et soirées. Merci Agathe de m'avoir fait découvrir la via ferrata, aussi pour les sorties esca, rando, d'être toujours motivée et motivante ! Et pour les fou-rires et discussions plus sérieuses. Merci Stéphanie d'avoir participé à cette aventure du début à la (presque) fin pour se motiver mutuellement en passant par la Crête et quelques Rakis, aussi pour les bons plans dans Lyon et alentours. Merci Rita pour ta gentillesse, tes blagues et aussi tes nombreuses aides (que ce soit pour la rhéo ou les chats, ou la rhéo des chats) et tes macarons. Merci Nicolas pour ta main verte et ton pied marin ainsi que pour ta motivation sans faille à parcourir bars et festivals. Merci Julien pour ton humour, tes talents de présentateur et ton côté crooner. Merci Francesco pour ta bonne humeur et tes chemises à fleurs, dans la « compagniiiie ! ». Merci Thomas pour ta capacité convaincante à dire des conneries et pour la folle aventure MT180s, je te remercie pour tes aides (et un peu seulement pour Python). Merci Pauline pour ton sourire (et tes yeux BN) et ton rire qui donnent la pêche ! On fait un concours de nouvelles ? Merci Héloïse pour nos partages et d'avoir participé activement à la fin d'écriture de ma thèse en dédramatisant mes gros doutes et en encourageant mes petites victoires, tu es tombée à PEEK ! Merci Mélissa d'avoir rejoint la team avec ton enthousiasme, vivement les prochaines escapades dans la nature ! Merci Aurélien pour la coloc et les spécialités lyonnaises. Un grand merci à Océane pour ton travail acharné, tu ne baisses jamais les bras ! J'ai beaucoup aimé travailler avec toi, et ensuite boire des mojitos. Merci aussi à Jessica pour entre autre les nombreuses soirées, Ludovic pour faire semblant de courir à mon rythme, Thibaut et ses intrépides chats, Agathe V. de Rennes à Lyon, Alexandre, Carolina, Ilan, Emmanuelle, Anne-Charlotte, Tiffany, Mingxing, Léa, … Courage Anne pour la suite dans le monde merveilleux et surprenant des époxy, ils en deviennent attachants ! Et au plaisir de gravir des montagnes avec toi (la thèse n'est qu'une toute petite colline finalement).

Et un coup de projecteur à ces petites choses qui ont aussi fait que cette thèse est un souvenir incroyable. Je ne cite pas tout, car à un moment il va falloir commencer à entrer dans le vif du sujet de ce manuscrit, c'est le but de ces 3 ans, c'est sur les époxy modifiés thermoplastique pour rappel (mais ça fait si plaisiiir d'en être aux remerciements !). Merci au Magic'Bus de m'avoir permis de gagner de précieuses minutes de sommeil ainsi que des découvertes musicales. Je ne remercie pas Khéops de m'avoir, au contraire, fait perdre quelques heures de sommeil. Merci à Bob Ross. Merci Monique et Arthur. Merci la boulangerie Margotin, l'Evasion, Flapiakis, les chocolats chauds, Juliette (ohlala!), les cpi, les rennais, d'être vachée, les galettes des thésards, le théâtre, le marché, la maison surtout quand elle est bleue, l'eau surtout quand elle est maltée, merci le 7 ème .

Je remercie très fort mes parents pour tout ce qu'ils m'ont apporté. Merci notamment de votre soutien, de vos écoutes et mots justes tout au long de cette aventure jusqu'au jour J, d'avoir appris le titre de ma thèse par coeur (ou presque) et de cette fameuse question sans réponse « tu as une date de soutenance ? ». Merci aussi de m'avoir fait changer les idées car il n'y a pas que la thèse dans la vie quand même, il y a aussi les balades de nuit, le yoga, le jardin, le flipper, bouquiner... Merci pour ces magnifiques vacances nature et petits restos, un rythme à garder ! Merci pour les Kougelhopfs, tartes flambées, oeufs frais des poulettes et autres victuailles absolument indispensables à la réussite d'une thèse. Merci à mes grands-parents, à mes oncles, un remerciement particulier à Pascal pour ta présence et les balades en forêts. Merci à Véronique et à Dominique pour le jour de la soutenance.

Et enfin, je remercie énormément Théo. Merci de ton soutien quotidien, de ton écoute patiente et attentive, mais aussi de ton réconfort dans les moments plus compliqués, pour ton sourire apaisant et tes attentions. Merci pour les à côté de la thèse, importants pour garder l'esprit (plus ou moins) clair ! Pour l'escalade, les burgers et les cornichons, nos expériences culinaires et maraîchères, merci pour l'aspi aussi. Merci pour nos escapades vivifiantes et dépaysantes dans les contrées voisines. Et que l'on s'émerveille de ce qui nous entoure ! Merci, et bonne lecture ! iii

Résumé

Les matériaux thermodurcissables et leurs composites renforcés avec des fibres de carbone sont d'un très grand intérêt pour les applications hautes performances comme l'aéronautique. Les résines thermodurcissables époxy sont les plus souvent utilisées. Elles peuvent être modifiées avec un thermoplastique (TP) pour atteindre de hautes propriétés mécaniques et une haute résistance à l'impact.

Initialement miscible dans les précurseurs époxy, le thermoplastique se sépare de phase au cours de la réticulation époxy. Ainsi le contrôle de la morphologie finale de mélanges thermoplastique/thermodurcissable est clé dans la maîtrise des propriétés mécaniques, pour la compréhension de ces matériaux et leurs applications.

Dans cette étude, des résines époxy multifonctionnelles modifiées par un polyethersulfone de haute T g sont considérées, l'agent réticulant est une diamine aromatique.

Une étude approfondie du processus de séparation de phase, de son initiation à son état final est effectuée sur deux systèmes contenant des monomères époxy de différentes structures modifiés par un polyethersulfone. Après réticulation à haute température, des morphologies très différentes en taille (de quelques dizaines de nanomètre à quelques centaines de nanomètre) sont obtenues. Elles sont caractérisées par microscopie électronique (MEB ou MET), par diffusion de neutrons aux petits angles (SANS) et par analyse thermomécanique (DMTA). La cinétique de réticulation époxy est suivie in situ par analyse calorimétrique différentielle (DSC) et le point de gel est déterminé in situ par rhéologie dynamique. La construction d'un diagramme de phase à partir du calcul des paramètres d'interaction de Flory a permis de prédire l'initiation de la séparation de phase par décomposition spinodale et les compositions des phases obtenues: une phase riche en TP et une phase riche en époxy. La durée de séparation de phase est bornée par son initiation et par le point de gel de la phase riche en époxy. La cinétique de séparation de phase est contrôlée par la diffusion des espèces. Ainsi la croissance des morphologies dépend de la mobilité des phases (caractérisée par leur T g ) qui est reliée à la fois à l'avancement de la réaction et à la composition des phases. Selon les morphologies obtenues, les mécanismes de séparation de phase sont discutés. Les très fines morphologies obtenues sont expliquées en termes de réaction des bouts de chaînes du thermoplastique.

Des systèmes contenant un mélange de monomère époxy ont aussi été étudiés. La combinaison des différentes techniques d'analyse et de considérations thermodynamiques a permis de comprendre les paramètres de la formulation initiale qui contrôlent les morphologies finales (de quelques dizaines de nanomètres à plusieurs microns) de systèmes complexes époxy/polyethersulfone de hautes T g . Volume fraction of TP-rich phase ∅ 2

List of Symbols and Abbreviations

Volume fraction of epoxy-rich phase ∅2in1

Volume fraction of sub-inclusions (epoxy-rich phase in TP-rich phase) ξ Characteristic size φ 1TP

Volume fraction of TP in epoxy-rich phase φ 1Epoxy

Volume fraction of epoxy in epoxy-rich phase φ 2TP

Volume fraction of TP in TP-rich phase φ 2Epoxy

Volume fraction of epoxy in TP-rich phase φ 2in1Epoxy

Volume fraction of epoxy in secondary morphology (epoxy-rich phase in TP-rich phase) φ 2in1TP

Volume fraction of TP in secondary morphology (epoxy-rich phase in TP-rich phase) 
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Introduction

This PhD thesis was carried out in the Laboratoire Polymères et Matériaux Avancés (LPMA) UMR5368, a joint research laboratory between CNRS and Solvay. The work was done in collaboration with the GBU Composite Materials of Solvay in Wilton, Redcar, UK. It was the first PhD subject based in the LPMA which concerned the problematic of thermoset materials. This work was in the framework of Solvay projects on polyethersulfone-modified thermoset for high performance Composites applications.

The epoxy thermoset systems are modified with polyethersulfone to enhance their mechanical properties, such as impact resistance. Thermoplastic/thermoset blends undergo phase separation during the epoxy curing. Understanding and controlling the final resin morphology still remains a challenge for the Composite Industries today. The objectives of this PhD work were to understand the phase separation mechanism and the influential parameters that control the morphology. The cure reaction and the phase separation from its beginning to the gel point were characterized.

The final morphology is obtained by spinodal decomposition. In most systems of interest, morphologies of a few hundred nanometres are obtained. They cannot be described by standard spinodal decomposition that would give coarse morphology of some microns. We show that the glass transition temperature (T g ) influences the spinodal decomposition. We determine that the morphology is significantly controlled by the onset of phase separation (temperature and epoxy conversion) and the T g of the blend all along phase separation.

If phase separation occurs early in the curing process, the system has a low T g . Thus the mobility of the components is fast and the final morphologies are coarse. In this case, phase separation is described by the standard spinodal decomposition. On the contrary, if phase separation occurs in a late stage, the T g is high enough to induce a slow components mobility. The final morphologies are smaller and the phase separation is here described by the spinodal decomposition coupled with the T g .

We propose a methodology to control the onset of phase separation by the affinity between the components and to characterize and control the T g along the curing process. It contributes to the understanding of complex phase separation mechanisms in epoxy/thermoplastic systems.

The first chapter presents a state of art of epoxy-modified thermoplastic blends. Their mechanical properties related to specific morphologies as well as the control of these final morphology have been discussed in literature. It put forward some parameters to investigate in order to understand the thermodynamic and kinetic behaviour of the blends. The second chapter specifies the different systems and formulations studied. It also describes the different experimental techniques chosen to study the kinetics of epoxy curing, the phase separation process and the gel point, as well as the final morphology obtained.

The third chapter consists of characterizing two model systems. The interest relies on the combination of different methods (determination of interaction parameters, in situ Dynamic Scanning Calorimetry, in situ dynamic rheology, microscopic observation, neutron scattering experiment, dynamic mechanical analysis) in order to control the final morphology. The fourth chapter discusses the major input of the work to the understanding of phase separation mechanism. It describes the spinodal decomposition which is coupled with the glass transition of the system. It allows characterizing the kinetics of morphology growth by diffusion of the TP. It makes also possible to determine the composition of the TP-rich phase, and then the composition of the entire system by combination with neutron scattering results.

Then a fifth chapter completes the study by investigating four formulated systems constituted of blends of multifunctional epoxy monomers for high-performance application. The systems are compared one to one, in term of epoxy curing, phase separation process and gel point, in order to explain the wide variety of morphology obtained. The different contributions of key parameters are discussed to understand their influences on the onset of phase separation and on the kinetics of morphology growth.

As a conclusion, a short comparison of the systems studied in Chapters III and IV (model systems) and in Chapter V (formulated systems) is first presented. It allows correlating the different results to put forward a global understanding of the wide variety of morphologies obtained. They are classified in three size-scale categories, according to the dependence of spinodal decomposition to the T g . Finally, generalizations and perspectives are proposed.

Introduction

Thermosets and their fibre-reinforced composites have replaced traditional materials such as concrete, glass, metals in different applications as construction, aerospace, automobile. Their key advantage is the strength-to-weight ratio which is more than 50 times higher when compared to steel [START_REF] Guo | Thermosets: Structure, Properties and Applications[END_REF]. Composite materials are high-strength and high-modulus fibres embedded in a polymer matrix. The fibres are the primary load-bearing elements and constitute up to 60 % of the total volume. The matrix protects the fibres and acts as a load transfer medium. Thus composites have low density and good dimensional stability; it has also long fatigue life and good corrosion resistance. For these attractive properties, fibrereinforced composites have been used for decades in aerospace industry. Prior mid-1980s composite materials were used in secondary parts (wind edges) but then their use has been extended to primary structure, where catastrophic failure is not an option, such as fuselage and wings. The commercial aircraft Boeing 787/77 is well known for containing 50 % carbon fibre-reinforced plastics (CRFP) composites by weight (and 80 % by volume) (Figure 1). A significant advantage of composites over metals is the reduction of aircraft mass which lower the amount of fuel required for a flight. The reduction in fuel consumption attains 0.75 % for each 1 % reduction in weight. It allows reducing considerably gas emission in a context where the sustainability of composites is today of major importance. In the late 1990s, the only market for composites was the Aerospace industry because of the oil price.

Composite materials have been then adopted also by the automotive industry. First it was used for highperformance and low volume cars in sports and racing, where cost is not a limiting factor. Today, car manufacturers are looking at composite materials, e.g. BMW, Peugeot. In order to meet the high volume and high frequency in automobile production, composites have to be optimised for fast and mass production. The automation in manufacturing is now necessary.

Of high cross-link density, thermosetting resins are inherently brittle so their ultimate properties have to be improved for high-performance composite applications. In terms of formulation and of processing, composites have been continuously improved to sustain impact so that they have been extensively adopted in the design of structural parts over years until reaching now a Boeing 787 Dreamliner or a A350 from Airbus group containing 50 % per weight of composite parts.

According to the applications, it is formulated to meet specific requirements in term of thermal and mechanical properties, processability and cost. The most common thermosetting resins used are polyester, vinyl esters, epoxies and polyurethane. Properties of the thermoset depend on the number of crosslinks per unit volume. Glass transition temperature and elastic modulus increase upon increasing the crosslink density while the opposite trend is observed for toughness and impact strength. High glass transition temperature resins are preferred for advanced applications. Ways of improving toughness have been a subject of research and development in Academia and Industry for many years.

This literature review focus on thermoset/thermoplastic blends as toughening approach.

Polyethersulfone-modified epoxy resins are particularly discussed.

Epoxy monomers cured with an amine are suitable for composite applications because of their high stiffness and good processability. Autoclave or compression mouldings are usually used for the production of composite materials. Epoxy resins are a convincing choice for composite applications as their chemistry does not release volatile, but lead to the formation of hydroxyl groups that provide a good adhesion between the matrix and the fibre reinforcement. Properties of epoxy resins can be changed by using different monomers of different functionality to influence the resin crosslink density. Furthermore, it is noticeable that the modulus can go from 2 GPa for neat resin to over 100 GPa with continuous fibre reinforcement.

To improve composites toughness and impact resistance without compromising their T g and modulus, a solution approach is to modify the epoxy thermoset resins with toughening agents. This study and the state of art associated concerns thermoplastics (TP) as reinforcing agents. It focuses on a soluble thermoplastic technology that relates on a homogeneous epoxy/thermoplastic system, initially. When soluble in the thermoset precursors, the thermoplastic phase separates during the resin cure cycle [2].

The mechanical properties of the final material are dependent on the morphology of epoxythermoplastic system. Different toughening mechanisms exist and often a combination of several mechanisms is responsible for the toughness increase: alteration of the crack propagation, shear yielding of the epoxy matrix, energy absorption by the TP-dispersed phase. The different classes of phenomena are not necessary activated during failure depending on various parameters such as nature of the TP, crosslinking density of the epoxy network, volume fraction, epoxy/TP interface [3]. This work does not concern the toughening mechanisms, still structure/properties relationships are investigated (i.e. mechanical properties). The control of the morphology requires thermodynamic and kinetic studies of the thermoset curing as well as of the thermoplastic/thermoset phase separation. The influence of the resin formulation on the final morphology of the epoxy/TP blends is studied and the phase separation mechanisms are discussed.

Literature review

Thermoset matrix: properties and curing 2.1

Polymers can be categorized in three different types: thermoplastics, thermosets and elastomers. Thermosets are amorphous polymers whose the polymerization is called curing process or cure reaction. Their polymerisation is often thermally activated hence the term thermoset. The obtained system is a macromolecule extending in a three dimensional network. Of high crosslink density, it is infusible and insoluble. Thermoset materials show good thermal stability, chemical resistance, electrical properties and adhesive properties (due to the presence of polar group and hydrogen bond) [3,4].

Epoxy resin precursors

Epoxy monomers will be used in the whole study. Epoxy resins are the most common thermoset material. They find applications as structural material, adhesive or coating material. To satisfy application requirements, they often required to be modified with other materials. In this study, we focus our interest on advanced application based on system composed of epoxy monomers and aromatic diamine without the use of a catalyst.

The historical and most commonly used one is the diglycidyl ether of bisphenol A (DGEBA) with functionality (f) of two (Figure 2): It is cured with a multifunctional curing agent (functionality superior or equal to three) to obtain a crosslinked network.

In order to achieve high-performance materials with higher modulus and glass transition temperature (T g ), epoxy monomers of higher functionality are used [5,6]. Two examples are shown in Figure 3 and Figure 4.

The trifunctional epoxy (f=3), triglycidyl p-aminophenol (TGAP) can be purchased from Huntsman as MY0500 or MY0510. MY0510 is a liquid epoxy with of low viscosity which is often used for its easing process. The tetra functional epoxy (f=4), tetra glycidyl diaminodiphenyl methane (TGDDM) can be purchased from Huntsman as MY720 or MY721. It is commonly used in structural composite application. On curing these multifunctional epoxy (f>2) with aromatic diamines, the obtained thermoset networks are highly crosslinked and display attractive thermal and mechanical properties. Their aromatic backbones provide interesting elevated temperature properties which make them excellent candidates for advanced composite applications.

Epoxy polymerizations can occur following step-growth or chain-growth processes. Lewis bases or acids such like ternary amines, imidazoles, ammonium salts can initiate ionic polymerizations of epoxy monomers (chain-growth) [7]. With the curing agent used in catalytic amount, epoxy homopolymers are produced. Polyaddition reactions that take place between epoxy monomers and a curing agent (also called hardener) produce copolymers. The hardeners can be an acid anhydride, a phenol or an amine. For epoxy resin, most of curing agents are polyamines (aliphatic, cycloaliphatic or aromatic) because of the high reactivity of their primary and secondary amines with epoxy. Comparing to aliphatic amines, aromatic amines have a less important electron density because of resonance with the adjacent aromatic ring. Thus, the nitrogen is a less reactive nucleophile. The reactivity order of amines is as following: aliphatic > cycloaliphatic > aromatic [4].

In applications of epoxy resins, aliphatic amines are often used for low-temperature curing processes such as adhesives. Otherwise aromatic diamines are used for composite materials. Indeed, epoxy networks are tough crosslinked and the final material needs to have a high T g (160 -250 °C) and good thermal stability. Furthermore using aromatic amine leads to slow down the kinetics of reaction which limits the reaction at low temperature and permits to avoid uncontrolled exothermic reaction during the curing of large scale epoxy structures. The choice of epoxy and amine, but also their equivalent ratio (or stoichiometry) is very much driven by the desired properties but also by the process involved in the manufacturing of composite part.

Epoxy polymerization through epoxy-amine reaction

Stepwise polymerization and epoxy network development 2.1.2.1

The cure reaction of epoxy monomers with diamine is a highly exothermic reaction. It can be described in four steps represented below in two-dimensions for di-functional and tri-functional co-reactive monomers (Figure 5) [START_REF] Prime | Chapter 6 "Thermosets[END_REF]. Epoxy resin reaction 2. 1.2.2 This work deals with the cure of epoxyamine resins. The mechanism of reaction is detailed in Figure 6. The formation of a three dimensional network starting from an epoxy (f ≥2) and polyamine (f > 2) is explained as following. First, the primary amines ring open epoxies (oxirane group) (Figure 6-a), forming secondary amines and hydroxyl. Primary amines have faster reaction kinetics than secondary amines because of its di-functionality thanks to its two active hydrogens, in particular for aromatic amines. So that this reaction is favoured but at a certain extent of reaction secondary amines react with epoxy ring to form tertiary amine (Figure 6-b). The system becomes branched. To summarize, three reactions are possible. Reaction (a) forms a secondary amine and an alcohol, reaction (b) forms a ternary amine and an alcohol. The alcohol group has different effect: participation to the curing (c) and catalytic effect (Figure 7).

Alcohol may indeed participate to the curing via etherification (Figure 6-c). In literature it is often describe as a reaction driven by stoichiometry [4,7,[START_REF] Gotro | Thermosets[END_REF] (epoxy excess) and curing temperature. Riccardi and Williams [START_REF]A kinetic scheme for an amine-epoxy reaction with simultaneous etherification[END_REF] described that the etherification reaction is significant in a DGEBA-system when temperature exceeded 150 °C and when primary amine was sufficiently consumed. Considering epoxy systems composed of TGAP (Figure 3) or TGDDM (Figure 4), etherification reaction is not negligible because of the presence of a ternary amine groups in the epoxy monomer backbone which acts as a catalyst for its neighbouring groups [START_REF] Lisheng | Etherification versus amine addition during epoxy resin/amine cure: An in situ study using near-infrared spectroscopy[END_REF][START_REF] Swanson | Investigation of network development and properties in multifunctional epoxy resins using 3,3'-diaminodiphenylsulfone[END_REF]. Thus even for a stoichiometric ratio, etherification may occur as shown by Swanson et al. using NIR (Near-Infrared) spectroscopy [START_REF] Swanson | Investigation of network development and properties in multifunctional epoxy resins using 3,3'-diaminodiphenylsulfone[END_REF]. Moreover the steric proximity in these multi-functional epoxy monomers may permit intramolecular etherification reactions

(a) (b) (c)
and so that the formation of cycle. The structure and the properties (glass transition temperature, viscoelastic modulus) may so be affected with the modification of the network crosslink density due to etherification.

In addition, the alcohol has an effect on the curing kinetics (autocatalysation) [START_REF] Xu | In situ Near-Infrared Spectroscopic Investigation of Epoxy Resin-Aromatic Amine Cure Mechanisms[END_REF]. Indeed epoxyamine reaction is catalysed by hydrogen bonding [START_REF] Sellak | Elaboration et caractérisation d'une résine thermodurcissable conductrice[END_REF][START_REF] De Bakker | Simultaneous differential scanning calorimetry and near-infra-red analysis of the curing of tetraglycidyldiaminodiphenylmethane with diaminodiphenylsulphone[END_REF]. The formation of a complex with the epoxy ring (Figure 7) will decrease the electron density of the oxygen atom. So ring opening via amine addition is favoured and intermediate alcohol base is stabilized in the transition state. 

Cure kinetics of an epoxyamine reaction

Kinetics study of exothermic cure reactions is necessary to control the epoxy conversion and the rate of reaction. It may allow defining the optimal curing process and avoid uncontrolled exotherm. In our study, characterizing the kinetics of curing will permit tracking phase separation and gelation and comparing rate of curing between different systems.

In literature, kinetic equations are used [START_REF] Malkin | Rheokinetics of Oligomer Curing[END_REF][START_REF] Bryan Bilyeu | Epoxy thermosets and their applications III. Kinetic equations and models[END_REF][START_REF] Cascaval | Kinetics of the curing reaction of selected epoxy resin-amine systems[END_REF][START_REF] Roşu | Cure kinetics of epoxy resins studied by non-isothermal DSC data[END_REF]; it allows describing the rate of conversion of reactants (epoxy, amine, alcohol if etherification occurs) into products. The epoxy conversion is expressed as , also the degree of cure. The standard notation for the rate of order n is as follow (Equation 1):

dα dt = k (1 -α) n (1) 
Where t is time, k is the rate constant and n is the order parameter. In n-th order reaction, the rate only depends of the concentration of initial reactants, and the maximum rate occurs at the onset of reaction.

If the reaction is autocatalytic, the rate becomes (Equation 2) [START_REF] Bryan Bilyeu | Epoxy thermosets and their applications III. Kinetic equations and models[END_REF]:

dα dt = k (1 -α) n α 𝑚 (2) 
Where α 𝑚 captures the catalytic effect of the hydroxyl group explained earlier.

Also the rate of reaction has a dependence on temperature; usually the rate constant k follows an Arrhenius law (Equation 3):

k(T) = Ae -Ea/RT ( 3 
)
Where T is the temperature, A is the pre-exponential factor, 𝐸 𝑎 is the activation energy and R is the universal gas constant.

Experimentally, two common techniques allow studying the kinetics of epoxy curing: Differential Scanning Calorimetry (DSC) and Infrared spectroscopy (IR) [START_REF] Mezzenga | Evaluation of solubility parameters during polymerisation of amine-cured epoxy resins[END_REF]. DSC measures the heat flow released by the epoxy opening during the curing process. By comparing the partial heat flow released at a time t to the total heat flow released, it is possible to follow the degree of cure with the advancement of the reaction (as exemplified in Chapter II, Section 6.1.1).

Infrared spectroscopy gives complementary information on the individual reactions of epoxy with amines and hydroxyl. It permits to monitor the network development. Mid-IR spectroscopy covers the wavenumber area of 4000 to 400 cm -1 (2500 to 25000 nm in wavelength). It is not adapted for studying epoxy curing because the overlapping bands (epoxy, amines) in the mid-IR region make difficult the analysis of the spectra. Near-IR spectroscopy covers the wavenumber region of 13500 to 4000 cm -1 (780 to 2500 nm) and is often preferred, because the epoxy and amines band overlapping is limited. As example, near-IR spectra collected during the isothermal cure of DGEBA-based epoxy resins at the stoichiometry are plotted in Figure 8 [START_REF] Swanson | Investigation of network development and properties in multifunctional epoxy resins using 3,3'-diaminodiphenylsulfone[END_REF]. Using Beer-Lambert's law, epoxy and amine conversions as a function of time can be calculated using peak areas of normalised spectra: A = ε l c, with A the peak integration, ε the molar absorption coefficient, l the path length and c the concentration.

Gelation Definition

2.1.4.1

As for all addition reaction, during the epoxy-amine polymerization, high molecular weights are achieved only at high degree of conversion. If the monomer average functionality is greater than two, branching occurs. A crosslinked network is formed. It is called gelation; it is the event at which branched polymers connect to each other to give a crosslink giant macromolecule. The obtained chemical gel is irreversible. The term gel point was first introduced by Flory [START_REF] Flory | Principles of Polymer Chemistry[END_REF] which defined it as the condition at which a system has an infinite steady-shear viscosity and zero equilibrium modulus. During the network formation, it is reached at the time when the weight-average molecular weight diverges to infinite. Before the gel point there is only a phase called "sol" composed of finite branched polymers. After the gel point, there is also a "gel" phase (which is one insoluble macromolecule). The chemical reactions will continue so that the "gel" phase will increase and the "sol" phase decrease [START_REF] Gotro | Thermosets[END_REF].

Gel point can be determined by dynamic rheology. By convention, in the Composites Industry, the gel point is determined as the storage (G') and loss (G'') moduli crossover or in another word when tan δ=1 [START_REF] Sellak | Elaboration et caractérisation d'une résine thermodurcissable conductrice[END_REF][START_REF] Voleppe | Interdiffusion and phase separation upon curing in thermosetthermoplastic interphases unravelled by the characterization of partially cured systems[END_REF][START_REF] Saalbrink | The influence of processing parameters on interphase morphology in polymer composites based on phase-separating thermoplast/epoxy blends[END_REF]. Still, in 1986, Winter and Chambon [START_REF] Winter | Analysis of Linear Viscoelasticity of a Cross-Linking Polymer at the Gel Point[END_REF] have defined the gel point as the time for which the loss factor tan δ is independent of the frequency applied. The theory was developed for a crosslinking polydimethylsiloxane (PDMS) in isothermal conditions as shown in Figure 9. Based on these considerations, Hu et al. [START_REF] Hu | Rheological study of crosslinking and gelation in bismaleimide/cyanate ester interpenetrating polymer network[END_REF] showed indeed that the crossover point of G' and G'' of a resin system had a strong frequency dependence at each isothermal curing temperature. So that, they measured the tan δ evolution at different frequencies and the crossover allowed them determining the gel point. Figure 10 gives the results obtained for a curing at 130 °C. Another example based on Winter's criterion, is the study of Cicala et al. [6]. They performed isothermal in situ curing experiments at three different frequencies on an epoxy system. As shown in Figure 11, the event of the gel point is pointed out by the arrow as the tan δ crossover. A mean-field model of gelation corresponds to a bond percolation model on a Bethe lattice (or Cayley tree) as illustrated in Figure 12 [26]. Monomers are placed at all sites of the infinite Bethe lattice which generate functionality for the lattice directly linked with the functionality of monomers. In Figure 12 there is a functionality of three so that there are three possible bonds from each lattice points. The connections are modelled randomly between neighbouring monomers and it is assumed that the probability of forming each bond is independent of any other bonds in the whole system and it does not allow intramolecular crosslinking. p is the probability to form a bond and 1-p is the probability to let a site non-reacted. In a Bethe lattice for bond percolation, the gel point is defined as in Equation ( 4):

p c = 1 f -1 (4)
Where f is the functionality of the Bethe lattice. This model is a good description of the connectivity of monomers into tree-like branched molecules but it is not realistic for any finite dimension.

Critical percolation model was used to describe gelation in the 1970s. It focus the study near the gel point (critical region) where reacting structures are just at overlap and permit to work in twodimensional and three-dimensional spaces. First scaling models were applied to gelation by Stauffer and de Gennes [START_REF] De Gennes | Scaling Concepts in Polymer Physics[END_REF]. Rubinstein and Colby [26] mentioned that near the gel point, there is a high polydispersity. The number density of polymers near gel point has a power law dependence on the degree of polymerization, as for Bethe lattice, but here it has a more complicated cut-off function. It has a different form before and after the gel point. Gelation is then described by percolation exponents depending of the dimension of studied system. The size N of aggregates close to the gel point can be calculated as defined in Equation 5. This is what we are using in Chapter III and IV.

N ~| - gel  gel | -1/σ ( 5 
)
Where σ is a percolation exponent with the value of 0.45 for a system in dimension 3,  gel is the epoxy conversion at gel point and  is the epoxy conversion for the size N of aggregates.

Concerning epoxy gelation, some studies were based on classical Flory and Stockmayer theory of gelation and Bethe lattice model [START_REF] Corezzi | Glass transition of an epoxy resin induced by temperature, pressure and chemical conversion: a rationale based on configurational entropy[END_REF][START_REF] Corezzi | Clustering and Cooperative Dynamics in a Reactive System[END_REF], with assumptions of identical reactivity of all functional groups and no intramolecular reaction between functional groups in a same monomers. But differently, Serrano et al. [START_REF] Serrano | Application of the percolation model to gelation of an epoxy resin[END_REF] applied percolation theory for epoxy resin system and they took account of change in viscoelastic properties during curing. First rheological study showed that it is affected by the phenomenon of vitrification which follows gelation. Percolation law gave a good accuracy with the experimental viscosity curve in the region close to the gel point. It was shown that reactivity of the primary and secondary amines are very different so that it was not a random reaction. The most important point to consider here is that in all cases the position of the percolation threshold corresponded to the point determined by rheology as the gel point.

Vitrification

Vitrification phenomenon 2.1.5.1

Onset of vitrification is characterized by the T g (glass transition temperature) of the reacting resin being greater than the reaction temperature [START_REF] Pascault | Rubber-and thermoplastic-modified polymer networks. Phase separation process induced by polymerization and polycondensation[END_REF]. T g defines the temperature at which the transition from a rubbery state to a glass state is observed. There is a decrease of the system's mobility until no more cooperative movements of large fragment of the polymer is possible. During the epoxy curing process, the T g of the resin increases as the network is forming. The evolution of the T g of a DGEBA epoxy resin during an isothermal curing is shown in Figure 13 [START_REF] Hardis | Cure kinetics characterization and monitoring of an epoxy resin using DSC, Raman spectroscopy, and DEA[END_REF], through DSC experiment. T g values are indicated by the arrows; a decrease in epoxy curing heat flow is also observed. After vitrification (when T g is greater than reaction process temperature), the system being in the glass state, the curing reaction slows down. The reaction is then controlled by the diffusion of reactants (unreacted material) [4,7,[START_REF] Bernath | Accurate Cure Modeling for Isothermal Processing of Fast Curing Epoxy Resins[END_REF]. Vitrification is reversible by heating, so that the system is again chemically controlled [START_REF] Gotro | Thermosets[END_REF]. Thus a post-cure is often performed to achieve the reaction completion and to reach the resin properties in order to fulfil the applications.

The vitrification can occur at any stages (before or after the gel point). If it happens before gelation, it is the transition from a liquid into a glass and if it happens after gelation it is the transition from a gel into a glass.

A time-temperature transformation can also be plotted (Figure 14). Developed by Gillham [START_REF] Gillham | Formation and Properties of Thermosetting and High Tg Polymeric Materials[END_REF], it correlates gel point and vitrification to the cure time and temperature. It is a useful tool for studying the complete isothermal process of epoxy-based polymer systems. The "S"-shaped gelation and vitrification curves divide the TTT diagram into four distinct stages of the curing process, T g0 , gelT g and T g ∞ which are the T g of the uncured resin, the T g of the resin at its gel point, the T g of the fully cured resin respectively. The limitation of the TTT diagram, is that it refers to a one-phase system that does not undergo phase separation [START_REF] Malkin | Rheokinetics of Oligomer Curing[END_REF].

Diffusion-controlled curing reaction 2.1.5.2

Diffusion is a mass transport due to random molecular motion; it is proportional to the gradient of concentration but opposite in sign. The diffusion tends to dilute concentration and so that to reduce gradients of concentration: it distributes species to become more uniform in space. Fick's law can describe this phenomenon, it shows that the molar flux is proportional to the gradient of concentration; the rate of change of concentration at a point is proportional to the second derivative of concentration with space [START_REF] Pethrick | Diffusion[END_REF].

Thermoset curing is initially chemically controlled but after vitrification has occurred it can be diffusion controlled. The reaction rate will then decrease dramatically [START_REF] Gotro | Thermosets[END_REF] [START_REF] Voleppe | Interdiffusion and phase separation upon curing in thermosetthermoplastic interphases unravelled by the characterization of partially cured systems[END_REF].

Thermoset / thermoplastic blend 2.2

General description

Thermoset resins are used in a wide range of applications for their mechanical properties and their thermal and chemical stability. They allow protecting and stabilizing the fibres but the stiffness and strength of the matrix are considerably below those of the fibre reinforcement. Because they are highly crosslinked, they are very brittle and have a poor impact and crack growth resistance. So a solution to enhance their properties is to introduce a second phase in the thermoset matrix. The modifier can be an elastomer, an oil or a thermoplastic. For aerospace composites, additives as rubbers are not good toughener because they decrease the capability of the resins to be plastically deformed [START_REF] Siddhamalli | Toughening of epoxy/polycaprolactone composites via reaction induced phase separation[END_REF]. Other modifiers such as elastomers have been studied and were good toughener for epoxy resins but they may also reduce the resin modulus and the epoxy end-use temperature [START_REF] Drake | Elastomer-Modified Epoxy Resins in Coatings Applications[END_REF][START_REF] Pham | Epoxy Resins, in Ullmann's Encyclopedia of Industrial Chemistry[END_REF]. Thus, highperformance thermoplastics have been selected and are used since the 1980s for advanced composites. As they improve the impact resistance and the fracture toughness without scarifying other properties like T g , elastic modulus, chemical resistance and processability [START_REF] Wang | Introduction to Epoxy/Thermoplastic Blends[END_REF]. It was observed that the improved mechanical properties are correlated to the final morphologies of the TP/epoxy blends after phase separation (discussion in Section 2.3).

A method widely adopted by the Composites Industry to toughen epoxy resin is the use of a thermoplastic; initially soluble in epoxy monomers, this polymer will phase separate during the curing process (soluble thermoplastic technology) [2,4,[START_REF] Pascault | Rubber-and thermoplastic-modified polymer networks. Phase separation process induced by polymerization and polycondensation[END_REF][START_REF] Girard-Reydet | Reaction-induced phase separation mechanisms in modified thermosets[END_REF]. High-performance engineering TP of choice should have high T g and excellent mechanical properties, they have to be soluble in epoxy precursors [START_REF] Wang | Introduction to Epoxy/Thermoplastic Blends[END_REF].

Polyethersulfone modifier

Polyethersulfone polymers are commonly used as epoxy modifiers. These amorphous thermoplastics characterised by at least one ether sulfone repeat unit, display high thermal, oxidative and hydrolytic stability. Some examples are shown in Figure 15 (-a, -b, -c). Solvay has developed a polyethersulfone with high molecular weight: Virantage® PESU which acts as a toughener in epoxy composite applications while retaining high modulus, high temperature capability and resistance to aggressive environment. The functionalized grade (r-PESU) is also interesting because of its reactive end-groups that permit enhancing compatibility of the thermoplastic in the epoxy resin. It also gives better interfacial properties (Figure 16). The polyethersulfone PES-5003P (Sumitomo) is a TP also used for epoxy toughening, it has a high T g of 230 °C and it contains alcohol end-groups that may react with epoxy. Its molecular weight is 24 000 g.mol -1 .

The incorporation of a diphenylene sulfone group into the epoxy resin provides a better thermal stability. It also yields to a high resistance to oxidation, a high strength and good flame retardancy properties. Ether linkages give flexibility in this rigid backbone and also play a role in the thermal stability. Furthermore, polysulfones are resistant to different non-polar solvents. In this study, the focus will be on polyethersulfone (PES).

Phase separation 2.3

Soluble thermoplastic technology [2,4,[START_REF] Pascault | Rubber-and thermoplastic-modified polymer networks. Phase separation process induced by polymerization and polycondensation[END_REF][START_REF] Girard-Reydet | Reaction-induced phase separation mechanisms in modified thermosets[END_REF][START_REF] Inoue | Reaction-induced phase decomposition in polymer blends[END_REF] relies on a polymer initially soluble in the epoxy precursors (epoxy monomers and diamines). Upon curing, network grows and the polymer miscibility may change, resulting in a reaction-induced phase separation (RIPS). The morphology of the cured system depends on both the mechanism and the kinetics of phase separation. Indeed, it results of a competition between phase separation and curing process, including gelation and possible vitrification events. These phenomena are dependent on the initial resin composition and the process parameters. In order to obtain a modified epoxy, tougher than the pure epoxy itself, it is recommended to get phase separation through cure and achieve a two-phase morphology (as discussed in Section 2.8).

Theory of blend

Equilibrium state of a given blend can be either homogeneous or heterogeneous. The study of polymer blend miscibility permits to design a formulation and a process to achieve a specific morphology and deliver properties of choice. The Gibbs free energy (also called free enthalpy) is the overall driving force for phase separation. It considers both entropic and enthalpic terms as described in the following Equation 6 [26]:

G = H -TS ( 6 
)
Where G is the free enthalpy, H and S are the enthalpy and entropy respectively, T is the temperature. S is related to the possibilities of arrangements between components. When the molar mass of constituents increases, the entropy is reduced. H is linked to the exothermic or endothermic nature of the blend.

A blend (Component 1 and Component 2) is stable for any components proportion (∅ i ) when the second derivative of the free enthalpy is positive (Equation 7).

( 𝜕²G 𝜕∅² 𝑖 ) 𝑇,𝑃 > 0 (7) 
If the derivative of the free enthalpy is negative, there is phase separation between Component 1 and Component 2. According to the phase diagram, the mixture separates into a phase rich in Component 1 and a phase rich in Component 2.

The Flory-Huggins theory is the first and most used thermodynamic description of a binary polymer mixture. It permits to establish a phase diagram to estimate the state of the free enthalpy (without consideration of certain parameters and conditions of the process such as pressure) [7,[START_REF] Pascault | Rubber-and thermoplastic-modified polymer networks. Phase separation process induced by polymerization and polycondensation[END_REF]. In this theory a regular solution is discussed, with H ≠ 0 and S ≥ 0. It is mainly adapted to non-polar blends and the phase separation is discussed when the temperature decreases. G the free enthalpy per monomer is calculated using Equation 8, with the Flory interaction parameter defined in Equation 9.

G = kT( ∅ 1 𝑁 1 ln∅ 1 + ∅ 2 𝑁 2 ln∅ 2 +  12 ∅ 1 ∅ 2 ) (8) 
 12 = 1 𝑘𝑇 (𝜀 12 - 1 2 (𝜀 11 + 𝜀 22 )) (9) 
Where ∅ 1 and ∅ 2 are the volume fraction of each polymer, 𝑁 1 and 𝑁 2 are the polymerization degree of each polymer or number of lattice sites occupied by each molecule,  12 is the Flory-Huggins interaction parameter, 𝜀 12 , 𝜀 11 and 𝜀 22 are the interaction energies between corresponding monomer units. It can promote or inhibit mixing. Thus the second derivative of the free enthalpy and then the miscibility are highly dependent on the Flory interaction parameter and on degrees of polymerization of both species (𝑁 1 and 𝑁 2 ).

For any binary mixture, the bimodal curve of its phase diagram is the line separating mixed and phaseseparated stable states; the spinodal is the line separating stable and metastable mixed states. The spinodal and bimodal curves meet at the critical point. It gives the composition for which the system does not have metastable region but goes directly in the unstable region [START_REF] Clarke | Phase Behavior of Linear/Branched Polymer Blends[END_REF]. For interaction parameters below the critical interaction parameter, the homogeneous mixture is stable at any composition. Whereas for high values of interaction parameters, there is a large zone of immiscibility.

For any composition in this zone of immiscibility, the equilibrium state corresponds to two phases with composition ∅′ and ∅′′ located on the branches of the coexistence curve. The common tangent rule permits to determine the stable composition in the phase-separated region.

The critical composition (∅ 𝑐 ) can be calculated as well as a critical interaction parameter ( 𝑐 ) (Equations 10 and 11):

∅ 𝑐 = √𝑁 2 √𝑁 1 + √𝑁 2 (10) 
 𝑐 = 1 2 ( 1 √𝑁 1 + 1 √𝑁 2 ) 2 (11) 
Let's take the example of a symmetric polymer blend with 𝑁 1 = 𝑁 2 = 𝑁. In this case, ∅ 𝑐 = .

The phase diagram of such system is represented in Figure 17 [26]. Concerning epoxy/thermoplastic blends, the system evolves during the epoxy polymerization. In the initial state it is described as polymer solutions [26] (𝑁 1 = 𝑁 which corresponds to a mix of macromolecules, here the TP, and 𝑁 2 = 1 corresponds to the solvent, here epoxy). The phase diagram is asymmetric (𝑁 1  𝑁 2 ) with low critical composition:

∅ 𝑐 = 1 √𝑁 and  𝑐 = 1 2 + 1 √𝑁
. And then, the increase of epoxy molecular weight decreases the entropy of the epoxy component (𝑁 2 increases) which will result in a phase separation phenomenon [START_REF] Clarke | Phase Behavior of Linear/Branched Polymer Blends[END_REF]. The free enthalpy can be written as in Equation 12, as function of the component 1:

G = kT [ ∅ 1 𝑁 1 𝑙𝑛∅ 1 + (1 -∅ 1 ) 𝑁 2 𝑙𝑛(1 -∅ 1 ) +  12 ∅ 1 (1 -∅ 1 )] (12) 

Mechanism of phase separation

Depending on the thermodynamic state of the system, phase separation may occur through spinodal decomposition (SD) or through nucleation and growth (NG) demixion. After the determination of the limit of miscibility in the blend with the calculus of free energy curves as a function of temperature or composition, a phase diagram is obtained (Figure 17). It defines the bimodal and spinodal curves [7].

Below bimodal curve, it is a miscible blend in a stable mixed phase.

The zone between bimodal and spinodal curves is the metastable phase, it means that a potential barrier needs to be overcome in order to lower the total free energy of the blend. The metastable homogeneous state is stable against small composition fluctuations. The process of phase separation is called nucleation and growth. There will be an initial development of nuclei of critical size and then a concentration gradient around the nuclei which will grow through diffusion. This is a slow process.

In spinodal region (above spinodal curve), the phase is unstable so that there is no free energy barrier to overcome, the decomposition is only defined by diffusion and the demixing will be fast. According IUPAC definition, spinodal decomposition is a "clustering reaction in a homogeneous, supersaturated solution which is unstable against infinitesimal fluctuations in density or composition. The solution therefore separates spontaneously into two phases, starting with small fluctuations and proceeding with a decrease in the Gibbs energy without a nucleation barrier". Cahn-Hilliard [START_REF] Cahn | Free Energy of a Nonuniform System. I. Interfacial Free Energy[END_REF] theory described the early stage of spinodal decomposition first for metals study, then extended to early stage of polymer blends by de Gennes [START_REF] De Gennes | Dynamics of fluctuations and spinodal decomposition in polymer blends[END_REF]. The fluctuations in concentration during the three stages of the phase separation, for SD compared to NG are schematized in Figure 18. The diffusion is the important gradient; it proceeds from the low chemical potential zone to the high chemical potential one.

The phase separation can be an upper critical solution temperature (UCST) meaning that separation occurs when cooling or a lower critical solution temperature (LCST) meaning that phase separation occurs when heating [START_REF] Clarke | Phase Behavior of Linear/Branched Polymer Blends[END_REF] (Figure 19). The Gibbs free energy of compressible polymer was particularly calculated by Masnada et al. [START_REF] Masnada | Miscibility maps for polymer blends: Effects of temperature, pressure, and molecular weight[END_REF][START_REF] Masnada | Mélange de polymère ou polymère-solvant. Thermodynamique et dynamique à l'approche de la transition vitreuse[END_REF] and permitted to describe the LCST behaviour of polymer blend. In literature, phase separation was measured by cloud-point measurement through optical microscope equipment or by light-scattering. Considering epoxy/thermoplastic blends, different behaviours can be observed according to the system studied. Often epoxy-PES presented LCST behaviour [START_REF] Giannotti | Reaction-induced phase separation in epoxy/polysulfone/poly(ether imide) systems[END_REF][START_REF] Kim | Phase separation and apparent phase dissolution during cure process of thermoset/thermoplastic blend[END_REF][START_REF] Yoon | Structure development via reaction-induced phase separation in tetrafunctional epoxy/polysulfone blends[END_REF]. Bucknall et al. [START_REF] Bucknall | Phase separation from solutions of poly(ether sulfone) in epoxy resins[END_REF] measured cloud-point for DGEBA-system modified with PES. Regardless the molecular weight of the DGEBA or of the PES, all binary systems (DGEBA/PES) exhibited a LCST-type phase diagram (Figure 20). Although Zhang et al. [START_REF] Zhang | Dynamically Asymmetric Phase Separation and Morphological Structure Formation in the Epoxy/Polysulfone Blends[END_REF] showed that a UCST-type phase diagram was exhibited by a DGEBA/polysulfone system. On the other hand, epoxy-PEI systems [START_REF] Girard-Reydet | Reaction-induced phase separation mechanisms in modified thermosets[END_REF][START_REF] Bucknall | Phase separation from solutions of poly(ether sulfone) in epoxy resins[END_REF] exhibited UCST behaviour as shown in the point curves measurement in Figure 21 for DGEBA/Polyetherimide systems cured either with DDS or MCDEA. In any case, epoxy/thermoplastic systems show a reaction-induced phase separation. So that it is not the temperature which is relevant but the epoxy conversion and the diminution of entropy which provokes the phase separation. Two simultaneous phenomena occur during epoxy curing and phase separation: the epoxy-rich phase has an increase molecular mass because of polymerization process and the thermoplastic-rich phase contains more and more thermoplastic amount along phase separation [START_REF] López | Dynamic mechanical analysis of an epoxy/thermoplastic blend: polymerizationinduced phase separation[END_REF]. Of which results a phase diagram shift (Figure 22). For a fixed curing temperature, the phase diagram shifts and the system becomes described by a metastable or an unstable state. 

Resulting morphology and growth

The final morphology obtained in cured epoxy/thermoplastic resin depends on the phase separation mechanism. If phase separation occurs by nucleation and growth, the resulting structure will be of a seaisland structure (thermoplastic droplets dispersed in the continuous thermoset phase) or inverted-phase (thermoset droplets dispersed in the continuous thermoplastic phase) [START_REF] Clarke | Phase Behavior of Linear/Branched Polymer Blends[END_REF] (Figure 23 -a).

If phase separation occurs by spinodal decomposition, the resulting morphology will be of a cocontinuous structure [START_REF] Oyanguren | Development of bicontinuous morphologies in polysulfone-epoxy blends[END_REF] (Figure 23 -b). Moreover in the late stage of spinodal decomposition, there is a reduction in interfacial energy of the system which may be the driving force for a transformation from percolation path (b1, b2) to nodules (b3, b4) [7,[START_REF] Cahn | Free Energy of a Nonuniform System. I. Interfacial Free Energy[END_REF]. In thermoplastic/thermoset blends, spinodal decomposition is mainly considered because of the nature of the components. The nucleation and growth mode is not expected to take place because it is a very slow process as compared to spinodal decomposition [START_REF] Wang | Introduction to Epoxy/Thermoplastic Blends[END_REF][START_REF] Kim | Phase separation and apparent phase dissolution during cure process of thermoset/thermoplastic blend[END_REF]. Co-continuous morphology as well as sea-island morphology is often the result of SD as indicated by scattering experiment.

Whether is the mechanism through spinodal decomposition or nucleation and growth mechanism, the morphology growth is explained through diffusion mechanism of both phase-separated species. Different mechanisms are possible, such as coalescence and Ostwald ripening (Figure 24). Ostwald ripening mechanism was developed by Lifshitz and Slyozov [START_REF] Lifshitz | The kinetics of precipitation from supersaturated solid solutions[END_REF] for explaining the growth of droplets. Droplets of small diameter and with a large interfacial energy are dissolved in the matrix to grow droplets of larger diameter. Coalescence process implies that droplets domains are directly in contact while in Ostwald ripening process the continuous phase is a transfer medium.

For both mechanisms, the time of growth is directly related to the nodule radius.

Kinetics of phase separation

The tendency of a thermoplastic/thermoset system to phase separate either by NG or by SD is thermodynamically driven. The mechanism was described in the previous section. To further the understanding of phase separation, the kinetics of morphology growth can be studied. As discussed earlier, the SD is more likely to occur comparing to NG process. Thus the kinetics of phase separation will be described according to the SD.

Scattering techniques (light-scattering, X-ray scattering) are interesting methods to follow the phase separation. Objects dispersed in the homogeneous phase scatter a part of the intensity (I) that comes to the sample according different scattering angle (q). The size of the objects can be read on the q-axis (size is calculated as 2π/q). It is often measured at different time of the phase separation process so that the growth of the objects can be follow. [START_REF] Girard-Reydet | Reaction-induced phase separation mechanisms in modified thermosets[END_REF][START_REF] Zhang | Effect of Hydroxyl-Terminated Polyethersulfone on the Phase Separation of Polyetherimide-Modified Epoxy Resin[END_REF][START_REF] Jyotishkumar | Complex Phase Separation in Poly(acrylonitrile-butadienestyrene)-Modified Epoxy/ 4,4′-Diaminodiphenyl Sulfone Blends: Generation of New Micro-and Nanosubstructures[END_REF][START_REF] Gan | Viscoelastic Effects on the Phase Separation in Thermoplastics-Modified Epoxy Resin[END_REF][START_REF] Gan | Effects of the molecular weight of poly(ether imide) on the viscoelastic phase separation of poly(ether imide)/epoxy blends[END_REF]. At early stage of phase separation via spinodal decomposition, there is a preferred size for phase separation and then a significant growth occurs. It is seen on scattering results that at the beginning of phase separation the intensity increases for a relatively constant q, then the intensity increases considerably and the q shifts to smaller values, that is to say coarser size. Cahn-Hilliard theory [START_REF] Cahn | Free Energy of a Nonuniform System. I. Interfacial Free Energy[END_REF] has been applied on thermoplastic/thermoset blend for the description of the early stage of spinodal decompositions but not for their late stages [7,[START_REF] Jyotishkumar | Dynamics of Phase Separation in Poly(acrylonitrile-butadiene-styrene)-Modified Epoxy/DDS System: Kinetics and Viscoelastic Effects[END_REF]. It is based on the principle that the interface of the phases (the composition gradient at interface) contributes to the free enthalpy and Cahn-Hilliard equation describes the diffusion.

Emmerson [7] applied Cahn-Hilliard theory to the early stage of spinodal decomposition in epoxycopolyethersulfone blends from light scattering results. The growth rate R(q) of morphology was calculated and plotted in function of q (Figure 25 -a). q max is the dominant length scale of the formed morphology and q crit is the minimum length scale allowed to develop during the phase separation. Then by plotting R(q) over q² in function of q², the diffusion coefficient D app can be determined as the yintercept (Figure 25 -b). When phase separation progresses, the spinodal peak moves to lower q and the kinetics of growth is defined by Lifshitz-Slyozov [START_REF] Lifshitz | The kinetics of precipitation from supersaturated solid solutions[END_REF]. It demonstrated that the size of morphology evolves by Ostwald ripening and proportionally to t 1/3 , t being the time [START_REF] De Gennes | Dynamics of fluctuations and spinodal decomposition in polymer blends[END_REF][START_REF] Lifshitz | The kinetics of precipitation from supersaturated solid solutions[END_REF].
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To illustrate the monitoring of phase separation through the scattering method, the study of Zhang et al. [START_REF] Zhang | Effect of Hydroxyl-Terminated Polyethersulfone on the Phase Separation of Polyetherimide-Modified Epoxy Resin[END_REF] is discussed here. They investigated epoxy-based system cured with the curing agent 4, 4'-DDS and modified with a polyetherimide. They applied different isothermal cure processes at high temperature.

At 180 °C the formation of micron-sized co-continuous domains is favoured. They measured the intensity scattered by the objects by time-resolved light scattering method (Figure 26). The observation of the position and of the intensity of the scattering peak permitted to describe the phase separation. After 11 min of reaction, a scattering peak appeared which indicated the onset of phase separation. Then the position of the peak moved from high-q region to the low-q region with the enhancement of the cure reaction. This indicated an increase of the characteristic size of the nodules. After 30 min, the intensity of scattering peak remained unchanged which indicated that the morphology stopped growing. In thermoset/thermoplastic systems, primary phase separation is often considered to be arrested at gel point [START_REF] Pascault | Formulation and characterization of thermoset-thermoplastic blends[END_REF][START_REF] Blanco | Influence of a selected hardener on the phase separation in epoxy/thermoplastic polymer blends[END_REF], so is the morphology size.

Gan et al. [START_REF] Gan | Effects of the molecular weight of poly(ether imide) on the viscoelastic phase separation of poly(ether imide)/epoxy blends[END_REF] used the same scattering technique to plot the intensity of the scattering peak as function of q along the isothermal curing process of a DGEBA-system modified with 25 weight percent (wt%) PEI (Figure 27). Scattering Electron Microscopy (SEM) images of the cured sample indicated co-continuous morphology up to 12 μm which correlates to the q-position of the q at 0.52 μm -1 (2π/q). In the early process, a scattering peak appeared. Then the intensity increased continuously and the maximum of the spinodal peak (q m ) shifted to low q, corresponding to the growth of the object. They fitted q m relation with time according to the Maxwell-type viscoelastic relaxation proposed by Tanaka [START_REF] Tanaka | Viscoelastic phase separation[END_REF]. As in similar results [START_REF] Zhang | Dynamically Asymmetric Phase Separation and Morphological Structure Formation in the Epoxy/Polysulfone Blends[END_REF][START_REF] Jyotishkumar | Complex Phase Separation in Poly(acrylonitrile-butadienestyrene)-Modified Epoxy/ 4,4′-Diaminodiphenyl Sulfone Blends: Generation of New Micro-and Nanosubstructures[END_REF][START_REF] Gan | Viscoelastic Effects on the Phase Separation in Thermoplastics-Modified Epoxy Resin[END_REF][START_REF] Jyotishkumar | Dynamics of Phase Separation in Poly(acrylonitrile-butadiene-styrene)-Modified Epoxy/DDS System: Kinetics and Viscoelastic Effects[END_REF], that traduces asymmetric molecular dynamics between the phases that participates to the phase separation, because of the T g differences between epoxy and TP. If the curing temperature is below the T g of the TP, the TP acts as a slow dynamic component (high T g ) whereas epoxy acts as fast dynamic (low T g ). The study discusses qualitatively the dynamics difference between TP and epoxy phase. It allows highlighting the importance to consider the viscoelastic behaviours of the phases which are linked with the kinetics of growth of nodules.

Structure/property study for high-performance thermoplastic-modified epoxy 2.4

For structural and long-term applications, thermoset materials require high-temperature and high mechanical properties performance. Concerning the epoxy matrix, monomer resins of high functionalities are preferred. An increase in functionality (from 2 to 4) in epoxy resins increases the crosslink density and thus the T g of the final cured resin. The resins strength and stiffness are then improved as well as their thermal resistance [5,7,[START_REF] Swanson | Investigation of network development and properties in multifunctional epoxy resins using 3,3'-diaminodiphenylsulfone[END_REF]. In addition, the vitrification in multifunctional resins is likely to happen. In any case, the high crosslink density that is achieved confers its brittleness to the matrix that reflects by poor mechanical properties. Technical requirements such as damage and impact resistance are possible by the toughening of the epoxy resins. The choice of high T gthermoplastics is interesting as it allows improving toughness and impact resistance with little loss of thermal properties. The use of multifunctional monomers of low T g (e.g. TGAP) as solvent for a thermoplastic of high T g is interesting to lower the process temperature of the material. This review mainly focuses on the fracture toughness property of multifunctional epoxy cured with aromatic diamine and modified with polyethersulfone.

Mechanical testing 2.5

Impact tests allow determining the ability of the material to absorb energy during an impact. The toughness, the impact strength, the fracture or impact resistance of the material can be determined according to the test performed. Materials are selected for aerospace or automobile applications to undergo rapid loading processes. For a single impact test the three most popular tests are the Charpy Vnotch test, the Izod test and the Tensile Impact test. These tests essentially determine the impact resistance value. Besides widely used for different polymer materials, they are not always chosen for composite materials because it is not well adapted to complexity of the mechanism of failure.

Study of fracture toughness of composites is made by single-edge notched 3-point bending test (SENB) or compact tension. In various literature, thermoset/thermoplastic blends or thermoset/thermoplastic/carbon fibres composites were studied by SENB [START_REF] Jiang | Enhanced mechanical and thermal properties of monocomponent high performance epoxy resin by blending with hydroxyl terminated polyethersulfone[END_REF] or by tensile testing with cantilever [START_REF] Yun | Toughening of carbon fiber/epoxy composite by inserting polysulfone film to form morphology spectrum[END_REF]. The impact strength was also studied by Izod pendulum [START_REF] Jiang | Enhanced mechanical and thermal properties of monocomponent high performance epoxy resin by blending with hydroxyl terminated polyethersulfone[END_REF]. The resistance of the material to crack propagation is characterized by the critical stress intensity factor (K IC ) and the critical strain energy release (G IC ) [4].

Improvement of mechanical and thermal properties of the resin with the 2.6 incorporation of thermoplastic

To study the impact of thermoplastic on the resin properties, the evolution of K IC with TP content is often investigated. The resulting morphologies of the epoxy process with phase separation of the thermoplastic will bring to the material specific mechanical properties. The interest is to define a structure/property relationship in order to control the final morphologies to obtain required properties. In literature, different studies have been done and here are proposed some examples of considerations.

Most improvements of mechanical properties are linked with the thermoplastic nature and content. According to the morphology generated, it has been experimented that at high thermoplastic content in the resin there is an increase of the toughness of the final material and of its fatigue life [7].

In 1983, Bucknall and Partridge published a first study on the use of polyethersulfone as toughener in epoxy resins [START_REF] Bucknall | Addition of polyethersulphone to epoxy resins[END_REF]. By varying the amount of PES (with low molecular weight), the curing agent (DDS or DDM) but also the proportion between a tri-(TGAP) and a tetra-functional (TGDDM) epoxy, they obtained a wide variety of morphology. Nevertheless no clear dependence of the modulus and the fracture toughness upon composition was concluded, except that a poor fracture toughness value was measured for a formulation exclusively constituted of tetra-functional epoxy cured with DDS which did not show phase separation. In this study, phase separation was shown to be necessary to increase the fracture toughness. Most of all we can retain that phase separation is a main factor to study on evaluating resin/TP blend toughness.

Martinez et al. [START_REF] Martinez | Phase separation in polysulfone-modified epoxy mixtures. Relationships between curing conditions, morphology and ultimate behavior[END_REF] studied DGEBA/DDM systems modified with a polysulfone. K IC and G IC as a function of the polysulfone content show that the best improvement of fracture was achieved for 20 wt% of TP (Figure 28). Such composition does correspond to a co-continuous morphology with 200 to 300 nm scale. Recently, Jiang et al. [START_REF] Bauer | Composite Materials, Thermoset Polymer-Matrix[END_REF] studied systems composed of tetra-and tri-functional epoxy cured with an amine and modified with a polyethersulfone with -OH end-group. The K IC increased up to 32% and the Impact strength showed a 9% increase with a formulation with a high content of TP, when compared to the neat resin. The corresponding morphology was co-continuous.

Rosetti et al. [START_REF] Rosetti | Polyether Sulfone-Based Epoxy Toughening: From Micro-to Nano-Phase Separation via PES End-Chain Modification and Process Engineering[END_REF] studied a matrix composed of di-and tetra-functional epoxy cured with an aromatic diamine at different temperature. They compared the fracture toughness of this neat resin with the same resin modified with 13 wt% functionalized polyethersulfone or non-functionalized one (Figure 29). The better fracture toughness (85% of increase comparing to the neat resin) was obtained for the resin cured at 150 °C modified with the non-functionalized TP. The final structure showed vermicular morphology of around 400 nm (Figure 29). Another interesting example in the literature is the study of Cheng et al [START_REF] Cheng | Morphologies and mechanical properties of polyethersulfone modified epoxy blends through multifunctional epoxy composition[END_REF]. They investigated tri-(TGAP) and tetra-functional (TGDDM) blends (in different ratio) cured with an aromatic diamine and modified with 15 wt% hydroxyl terminated PES (PES-OH). From 100% of tetra-functional to 100% of trifunctional, nanoscale morphologies were obtained. With the increase of the TGAP/TGDDM ratio, the PES-rich phase grew as well as the fracture toughness. The largest mechanical improvement was exhibited for the system with 100% TGAP. It presented the largest PES-rich domain (89 nm) and so that the longer path length which could be plastically deformed at the crack and prevent the crack propagation.

Conversely, no improvement of the fracture toughness was observed in a tetra-functional epoxy matrix modified with different amount of non-reactive PES by Fernandez et al. [START_REF] Fernández | Influence of polyethersulfone modification of a tetrafunctional epoxy matrix on the fracture behavior of composite laminates based on woven carbon fibers[END_REF]. A phase separation was confirmed for all systems but the nanoscopic scale of the morphology did not permit to stabilize the fracture toughness and improve the inherent brittleness of the tetra-functional epoxy. The conflicting results with the previous mentioned Cheng's work highlight the complexity of the control of the morphology and its relationship with mechanical properties. Thus there is still work to further, especially in the study of TP/epoxy blends that provide nanoscale morphology.

Min et al. [START_REF] Min | Reaction mechanisms, microstructure, and fracture properties of thermoplastic polysulfone-modified epoxy resin[END_REF] studied the fracture toughness dependence on the molecular weight of a polysulfone (PSF) in DGEBA/DDS systems. The morphology obtained was related to the amount of TP introduced regardless the molecular weight of the TP. The fracture toughness of the resin modified with high molecular weight PSF increased consequently when increasing PSF amount. The optimum was obtained for 20 wt% of TP which resulted in phase-inverted structure (both for low and high molecular weight TP). It is interesting to note that both the molecular weight of the TP and the morphology of the resin (related to the TP amount exclusively) influenced the fracture toughness (Figure 30). Formulation for epoxy/thermoplastic blends has to be chosen to match the desired properties specific of the applications of interest. When carbon fibres are added, their interactions with the matrix are most of importance. Mechanical properties and other criterion of selection of a specific formulation are nonexhaustively exposed here.

Mechanical properties

The fracture toughness and the impact resistance are critical mechanical properties to control for highperformance composites applications. As discussed in the previous section, in epoxy/polyethersulfone material the fracture toughness is controlled by the morphology of cured system. This relationship is to consider for epoxy/polyethersulfone blends when carbon fibres are incorporated, as exemplified in the work from Yun et al. [START_REF] Yun | Toughening of carbon fiber/epoxy composite by inserting polysulfone film to form morphology spectrum[END_REF]. They studied bifunctional epoxy resins cured with an aromatic diamine and modified with a polysulfone. A woven carbon fabric was used to reinforce the material. They compared the fracture toughness of the carbon fibre/epoxy composite modified with different amount of thermoplastic (Figure 31). The better improvement (2.7 times as compared to the unmodified composite) was shown for 21 wt% of TP exhibiting a micron scale co-continuous morphology. 

Thermal properties

An important property for thermoset composites is the use temperature. If an automotive process requires elastomeric properties from -40 to 100 °C, so it requires a thermoset with a T g below -40 °C. As the functionality increases, the crosslink density increases as does the T g . Also epoxy concentration (inverse of epoxy equivalent weight) is important; if it is low it can lead to a lower T g because less reaction will occur on the epoxy groups. T g value of modified epoxy resin has to be higher than 180 °C to be suitable as a matrix for advanced fibre-reinforced polymers. The glass transition temperature is an important parameter because matrix-dominated properties (interlaminar and compressive strength) are reduced above the T g and so that it limits the high-temperature applications.

Fibre-matrix interface

In most cases, the fibres have a surface treatment in order to improve their adhesion with the polymer matrix [START_REF] Carrillo-Escalante | Effect of Fiber-Matrix Adhesion on the Fracture Behavior of a Carbon Fiber Reinforced Thermoplastic-Modified Epoxy Matrix[END_REF]. It is important to note that both the fibre surface treatment and the presence of the modifier are needed to improve consequently and in a synergic manner the fracture toughness. The surface is treated by chemical etching in order to become irregular and rough and to define the chemistry at the surface. It is then coated to favour the bonding with the matrix. The tensile strength in composites is mainly depending of fibre property but the matrix has to be also chosen with attention. The load has to be transferred from the matrix to the reinforcement through the interface. Also the fracture behaviour is also dependent on the strength of the interface, if the interface is too strong a high stiffness will be produced but it will reduce the fracture resistance and the material will be more brittle [START_REF] Soutis | 1 -Introduction: Engineering requirements for aerospace composite materials[END_REF].

Besides the influence of carbon fibre on mechanical property is essential, it has to be studied once the TP/epoxy morphology is controlled and linked with toughening mechanism to fulfil an application.

Through different studies described in this section, the influence of morphology on the resulting mechanical properties has been showed mainly in epoxy/polyethersulfone blends. The co-continuous morphology of some few hundreds of nanometre showed the most significant improvement in fracture toughness. Note that too small morphology (a few tens of nanometre) offers a too small TP-path length for the crack and do not permit to improve the resin toughness.

Control of the final morphology of epoxy/thermoplastic 2.8

The morphology has to be controlled in order to achieve the desired properties. Several aspects of the initial resin compositions may influence the phase separation: thermoplastic amount, thermoplastic molecular mass, thermoplastic nature, miscibility of thermoplastic with resin monomers, epoxy and curing agent viscosity and amount, curing agent reactivity. The formulation but also the process may indeed influence the onset of phase separation, the kinetics of phase separation or/and the kinetics of epoxy curing, and thus the gelation. Most of the primary morphology development is arrested at gelation of the epoxy-rich phase [START_REF] Pascault | Formulation and characterization of thermoset-thermoplastic blends[END_REF][START_REF] Blanco | Influence of a selected hardener on the phase separation in epoxy/thermoplastic polymer blends[END_REF]. Note that some TP remaining soluble in the epoxy-rich phase may exhibit a secondary phase separation. Conversely a secondary phase separation of epoxy in the thermoplastic-rich phase may occur after gelation.

Influence of the thermoplastic

Thermoplastic amount 2.8.1.1

The influence of the amount of thermoplastic on final morphology is one of the most studied and controlled parameter [START_REF] Sellak | Elaboration et caractérisation d'une résine thermodurcissable conductrice[END_REF][START_REF] Zhang | Dynamically Asymmetric Phase Separation and Morphological Structure Formation in the Epoxy/Polysulfone Blends[END_REF][START_REF] López | Dynamic mechanical analysis of an epoxy/thermoplastic blend: polymerizationinduced phase separation[END_REF][START_REF] Bucknall | Addition of polyethersulphone to epoxy resins[END_REF][START_REF] Zhang | Layered structure formation in the reaction-induced phase separation of epoxy/polysulfone blends[END_REF][START_REF] Rico | Phase Diagram for a System of Polydisperse Components Consisting of the Precursor of an Epoxy/Diamine Thermoset and a Thermoplastic: Analysis Based on a Lattice Theory Model[END_REF][START_REF] Rico | Phase separation and morphology development in a thermoplastic-modified toughened epoxy[END_REF] and it has a primary effect on morphology. When the amount of thermoplastic is below a critical concentration, phase separation may lead to morphology of thermoset matrix with thermoplastic nodules. If it is above a critical concentration, phase separation leads in thermoplastic matrix with thermoset nodules (phase inversion). And around critical concentration, a co-continuous or interpenetrated final structure can be obtained. Already in 1983, Bucknall et al. [START_REF] Bucknall | Addition of polyethersulphone to epoxy resins[END_REF] mentioned that the size of these obtained nodules was only dependent of the polyethersulfone proportion (0 to 40 wt%) in a multifunctional epoxy resin. The size of nodules increased with PES amount (0.2 to 6 μm). Note that the polyethersulfone used in this study was of low molecular mass.

An increase in TP amount may delay the polymerization because of a dilution effect and a viscosity increase [START_REF] Zhang | Dynamically Asymmetric Phase Separation and Morphological Structure Formation in the Epoxy/Polysulfone Blends[END_REF][START_REF] Martinez | Phase separation in polysulfone-modified epoxy mixtures. Relationships between curing conditions, morphology and ultimate behavior[END_REF]. It may in some cases affect the gel point [START_REF] Zhang | Dynamically Asymmetric Phase Separation and Morphological Structure Formation in the Epoxy/Polysulfone Blends[END_REF] whereas in other the gel point occurred for a same degree of conversion with or without TP [START_REF] López | Dynamic mechanical analysis of an epoxy/thermoplastic blend: polymerizationinduced phase separation[END_REF].

A very complete study over a wide range of morphologies resulting of phase separation was purchased by Rico et al. [START_REF] Rico | Phase separation and morphology development in a thermoplastic-modified toughened epoxy[END_REF]. They studied a DGEBA/PS system cured with MDEA (N-methyldiethanolamine) at the stoichiometry, at different curing temperature and with different amount of thermoplastic (Figure 32). At low proportion of thermoplastic (up to 9 %) sea-island morphology was observed with TP spherical nodules with fine sizes between 1 and 4 microns. At high content of thermoplastic (15 to 25 %) a phaseinverted morphology was observed with polydisperse sizes of epoxy particles (5 to 100 micrometres). And between 9 and 12 % TP dual-phase morphology was observed; it is a mix of the sea-island and phase-inverted morphologies. It corresponds to a region close to the critical point of a phase diagram. Within a morphology type, the size was also dependent on the TP amount. In sea-island morphology, the average size of particle increased with the TP content due to a decrease of the epoxy conversion at which phase separation begins. So the viscosity of the medium is lower and the growth of the particles favoured by an increase of the mobility. On the contrary in phase-inverted morphology, the average size of particle decreased with the TP content and their concentration increased. Viscosity was increased which hinders the diffusion of matter and increases their concentration in the continuous epoxy-matrix. Thermoplastics material may influence the phase separation depending on the nature of their endgroup: it may have an impact in term of end-group reactivity or blend viscosity. Blanco et al. [START_REF] Blanco | Influence of a selected hardener on the phase separation in epoxy/thermoplastic polymer blends[END_REF] modified their DGEBA-epoxy resin with a PES amine-terminated. They calculated the epoxy curing rate and gel point for system with and without PES. Contrary to other studies [START_REF] Bucknall | Addition of polyethersulphone to epoxy resins[END_REF] with non-reactive thermoplastic, no significant change was observed for system containing reactive PES compared to neat resin. It was explained by a high solubility of this reactive thermoplastic in the system and an amine endgroup reaction with the epoxy ring. The main influences of the presence of reactive end-group on final morphology are: a better compatibility between the thermoplastic and the epoxy which delays phase separation (even if their thermodynamic affinity is poor); and also possible increase of viscosity which reduces the molecular mobility and delays phase separation.

If the TP has -OH end-group, it may also react with the epoxy [START_REF] Cheng | Morphologies and mechanical properties of polyethersulfone modified epoxy blends through multifunctional epoxy composition[END_REF] but it is often less favourable than the curing agent-epoxy reactions. In some cases it may only act as a catalyser [START_REF] Pascault | Rubber-and thermoplastic-modified polymer networks. Phase separation process induced by polymerization and polycondensation[END_REF]. Thus it increases the kinetics of epoxy curing.

Thermoplastic molecular mass 2.8.1.3

When the thermoplastic molecular mass is increased, the entropy of the blend decreases so that the phase separation will occur earlier in the curing process, meaning at a lower epoxy conversion. It may lead to small particle size or possibly to a phase-inverted morphology [7,[START_REF] Sellak | Elaboration et caractérisation d'une résine thermodurcissable conductrice[END_REF][START_REF] Rico | Phase Diagram for a System of Polydisperse Components Consisting of the Precursor of an Epoxy/Diamine Thermoset and a Thermoplastic: Analysis Based on a Lattice Theory Model[END_REF][START_REF] Rico | Influence of the molecular weight of a modifier on the phase separation in an epoxy thermoset modified with a thermoplastic[END_REF].

Rico et al. [START_REF] Rico | Influence of the molecular weight of a modifier on the phase separation in an epoxy thermoset modified with a thermoplastic[END_REF] studied DGEBA system cured with diamine and a stoichiometry of 1 modified with a PS with low molecular weight and a PES with high molecular weight. For sea-island domains (< 6 %wt PES), the difference in morphology between low and high molecular mass of the modifier was not clear. But for phase-inverted morphology (> 15wt% TP), the size of epoxy nodules was smaller for the resin modified with TP with high molecular mass. The continuous TP-phase had an increased viscosity which prevented the diffusion of matter and so that slow down the growth of dispersed epoxy domains.

In their work, Zhang et al. [START_REF] Zhang | Dynamically Asymmetric Phase Separation and Morphological Structure Formation in the Epoxy/Polysulfone Blends[END_REF] suggested that the difference in viscoelastic properties between epoxy and polysulfone causes a phase separation. It is called a dynamical asymmetric phase separation in which the high molecular mass thermoplastic acts as a slow dynamic component [START_REF] Tanaka | Viscoelastic phase separation[END_REF].

Grishchuk et al. [START_REF] Grishchuk | Structure and toughness of polyethersulfone (PESU)-modified anhydridecured tetrafunctional epoxy resin: Effect of PESU molecular mass[END_REF] worked on the modification of a tetrafunctional epoxy resin with 10 wt% PES of different molecular weight. Low and medium molecular weight PES (8800 and 12 500 g.mol -1 ) formed submicron scale nodules. High molecular weight PES (16 000 g.mol -1 ) formed micron scale of complex sea-island structure with some co-continuity. The fracture toughness increased with the molecular weight.

Although the increase of TP molecular weight permits to control the morphology and also control the fracture toughness, it makes the blend very viscous. It may be a limitation for some composites process as resin transfer moulding which requires high resin flow [START_REF] Wang | Introduction to Epoxy/Thermoplastic Blends[END_REF].

Influence of the epoxy monomer

According to its structure, the epoxy monomer can have different miscibility with the TP but also a viscosity difference. The use of a monomer with high inherent viscosity may prevent or delay phase separation and so that affect the final morphology [START_REF] Bucknall | Addition of polyethersulphone to epoxy resins[END_REF]. The monomer may have sterically hindered epoxy group so that curing kinetics may be slower and vitrification occurs earlier [START_REF] Swanson | Investigation of network development and properties in multifunctional epoxy resins using 3,3'-diaminodiphenylsulfone[END_REF]. A consequence can be an early fixation of the morphology size.

Emmerson [7] studied blends of multifunctional epoxy. He observed that when a tri-functional epoxy was added to a di-functional/polyethersulfone system, the TP was more soluble in the total blend and so that phase separation occurred later. It resulted to finer morphology.

Influence of the curing agent

The choice of the curing agent can be made in term of reactivity and solubility with the thermoplastic. Different studies showed that the reactivity of the curing agent (higher nucleophilicity) influenced the final morphology because of a difference in kinetics of curing [START_REF] Bucknall | Addition of polyethersulphone to epoxy resins[END_REF][START_REF] Choudhary | Multifunctional epoxy resins[END_REF].

Blanco et al. [START_REF] Blanco | Influence of a selected hardener on the phase separation in epoxy/thermoplastic polymer blends[END_REF] studied DGEBA epoxy systems modified with a polyethersulfone and cured either by MDEA or 3, 3'-DDS (3, 3'diaminodiphenyl sulfone) aromatic diamines. Homogeneous morphology was obtained for 3, 3'-DDS systems whereas phase separation was detected for MDEA-systems. The curing rate was similar in the two systems but 3, 3'-DDS system was more viscous and a better solvent for the TP. The better affinity between the TP and the epoxy precursors, brought by 3, 3'-DDS, prevented the phase separation. In another study [START_REF] Pascault | Rubber-and thermoplastic-modified polymer networks. Phase separation process induced by polymerization and polycondensation[END_REF], the use of 3, 3'-DDS delayed phase separation whose the rate was slow because of a high viscosity.

Influence of the viscosity

The kinetics of phase separation may depend on the system viscosity. The viscosity is related to different parameter: the process temperature, the TP/TS amount, the epoxy and TP inherent viscosity (T g ) and the epoxy curing conversion.

The curing process temperature is a key parameter which affects the final morphology. It has been widely studied in literature [7,[START_REF] Sellak | Elaboration et caractérisation d'une résine thermodurcissable conductrice[END_REF][START_REF] Rico | Phase separation and morphology development in a thermoplastic-modified toughened epoxy[END_REF][START_REF] Martinez | Phase separation in polysulfone-modified epoxy mixtures. Relationships between curing conditions, morphology and ultimate behavior[END_REF]. Note that the gel time (related to the kinetics of curing) is also dependent on the curing temperature and will control at which point the morphology stops growing. The influence of the viscosity and the epoxy curing kinetics are difficult to study independently when varying the curing temperature. Rico et al. [START_REF] Rico | Phase separation and morphology development in a thermoplastic-modified toughened epoxy[END_REF] showed the influence of the viscosity on the morphology. For sea-island morphology the TP-nodules size decreased with the isothermal process temperature increase. Because of a better affinity with increasing temperature, phase separation occurs at higher epoxy conversion. Thus the epoxy-rich phase had a higher T g and viscosity at phase separation. This reduced mobility of the continuous epoxy-phase limited the mass transfer phase and smaller nodules were obtained. In phase-inverted morphology the epoxy-nodules size increased with the curing temperature increase. Indeed the viscosity of the continuous TP-phase decreased so that the mass transfer was favoured (Figure 32). Saalbrink et al. [START_REF] Saalbrink | The influence of processing parameters on interphase morphology in polymer composites based on phase-separating thermoplast/epoxy blends[END_REF] showed also an increase of phase-inverted morphology size in PS/DGEBA systems when temperature was increased of 20 °C. The reduction of the viscosity of the TP continuous phase had more influence than the increase of curing kinetics, the gel time was kept the same regardless the curing temperature.

The quantitative influence of the curing temperature on the kinetics of morphology growth and so that on the final morphology was studied by Gan et al. [START_REF] Gan | Effects of the molecular weight of poly(ether imide) on the viscoelastic phase separation of poly(ether imide)/epoxy blends[END_REF] by time-resolved light-scattering. Few tens of microns co-continuous morphology was obtained for DGEBA/PEI (polyetherimide) systems cured at different temperature. When the curing temperature increased, the onset of phase separation decreased (related to the kinetics of epoxy curing which attains faster a critical mass for phase separation). Also, the kinetics of phase separation increased because of the ease of components mobility.

Fibre-matrix interface in epoxy/TP blends

To end with, the work done on designing epoxy/TP blend allows studying the resin in the presence of carbon fibres by knowing the TP/TS morphology size and toughening mechanisms. In most cases, the fibres have a surface treatment in order to improve their adhesion with the polymer matrix [START_REF] Carrillo-Escalante | Effect of Fiber-Matrix Adhesion on the Fracture Behavior of a Carbon Fiber Reinforced Thermoplastic-Modified Epoxy Matrix[END_REF]. It is important to note that both the fibre surface treatment and the presence of the modifier are needed to improve in a synergic manner the fracture toughness. The surface is treated by chemical etching according the oxidation conditions. It also allows making the surface irregular and rough before being coated to favour the bonding with the matrix. The tensile strength in composites is mainly depending of fibre property but the matrix has to be also chosen with attention. The load has to be transferred from the matrix to the reinforcement through the interface. Also the fracture behaviour is dependent too on the strength of the interface, if the interface is too strong, a high stiffness will be produced but it will reduce the fracture resistance and the material will be more brittle [START_REF] Soutis | 1 -Introduction: Engineering requirements for aerospace composite materials[END_REF].

Also, the possible influence of the incorporation of carbon fibres has to be taken into account when studying epoxy/TP composites. Saalbrink et al. [START_REF] Saalbrink | The influence of processing parameters on interphase morphology in polymer composites based on phase-separating thermoplast/epoxy blends[END_REF] showed that the morphology of a DGEBA/TP system changed at the carbon fibre or glass fibre surface. Then it was controlled by the system viscosity that modified the wetting of the fibre.

Conclusion of literature review and objectives of the thesis 2.9

Epoxy toughened by thermoplastic technology has been developed and used in high-performance applications for decades. This literature review showed evidence of mechanical properties improvement, such as fracture toughness, when phase separation occurs between the thermoset and the thermoplastic. The target morphologies are of co-continuous (or sometimes specific sea-island) type with submicron size. The resulting morphology is strongly dependent on composition, kinetics of curing reaction and of phase separation, but also on thermodynamic properties of the blends along the processes. Thus the system formulation and the process characteristics have to be carefully designed. With so many influencing factors, the control of the final morphology can remain a challenge [START_REF] Wang | Introduction to Epoxy/Thermoplastic Blends[END_REF]. In literature, several of these parameters have been studied in great details.

The most studied influencing parameter was the thermoplastic and particularly its amount resulting in a large spectrum of morphology type and size; by increasing the TP amount it goes from sea-island to phase-inverted morphology. The curing temperature effect has also been widely studied because it influences the epoxy curing kinetics and the onset and kinetics of phase separation. It acts on the mobility of the phases. The curing agent and the epoxy monomers effects, in term of their structure, functionality but also proportion, were less studied in details. It appears that their miscibility with the thermoplastic is of major importance because it can promote or delay phase separation. Thus, the determination of Hansen solubility parameters of the initial system can be an interesting approach to select the different species (thermoplastic, epoxy monomers, curing agent) [START_REF] Hansen | Hansen solubility parameters: a user's handbook[END_REF].

This study focuses on multifunctional epoxy matrix modified with polyethersulfone. It aims to understand how to control the final resin morphology by understanding both kinetic and thermodynamic behaviour of the systems. The review has also permitted to choose different methods of characterization to fully understand our systems behaviour. Efforts will focus on the combination of these different methods, including in situ characterizations during constant heating ramp which corresponds to the industrial process. It is studied the reaction kinetics (the main and side reactions), the determination of the gel point, the determination of the phase separation. The mechanism of phase separation is discussed as well as the kinetics. The phase compositions are studied as well as the viscoelastic behaviour of the TP-rich phase. It is by a confrontation of both kinetic and thermodynamic results obtained by different methods, that a phase separation phenomenon is explained and so that morphology of epoxy/thermoplastic resins.

Different parameters of the chosen formulations which control the final morphology are chosen to be studied in this work, most of them have been only few studied in literature. The Flory interaction parameters between epoxy and thermoplastic, the compositions of TP-rich phase and epoxy-rich phase and so that their T g , the impact of initial epoxy/amine stoichiometric ratio, the thermoplastic end-group and amount, the curing agent reactivity.

Chapter II Materials and methods 1 Introduction

This chapter will present the different system formulations used in this work and the synthesis route chosen. Then the different techniques to characterize both the epoxy/polyethersulfone resin during the curing and the cured resin will be detailed.

Materials

The different chemicals considered in this study are used as received without further purification. Some are commercially available grades.

Epoxy monomer 2.1

Across the different studies, different epoxy monomers are used.

For model systems (Chapter III and IV), the two epoxy monomers compared are multifunctional and consist of (Figure 33): In term of comparisons, different intrinsic characteristics are provided by Huntsman and the noticeable ones are regrouped in Table 1. The Epoxy Equivalent Weight (EEW) is the mass of epoxy monomers that contains one mole of oxirane groups (epoxy ring). It is used to calculate the amine to epoxy ratios or resin stoichiometry. Also, it is noticeable that TGDDM is more viscous than TGAP. In the study of resin for high-performance material property (Chapter V), blends of two multifunctional resins are used. The three epoxy monomers used for the different formulations have different structures. They are designated by EpoxyLV, EpoxyMV and EpoxyHV referring to their respective viscosity (Table 2). 

Curing agent 2.2

Epoxy monomers for high-application materials are often cured with aromatic diamines to provide high T g and stiff matrix. Two curing agents are studied and compared across this study.

 The 4, 4'-diaminodiphenyl sulfone (4, 4' -DDS, Aradur 9664-1) from Huntsman Advanced Materials, Basel (Switzerland) (Figure 34). The DDS curing agents are white crystals at room temperature that can be dissolved in the epoxy monomers at temperature around 90-100 °C. Intrinsic characteristics given by the supplier are shown in Table 3. The Amine Equivalent Weight (AEW) is the mass of amine that contains one mole of aminohydrogen atoms. It is used to calculate the amine to epoxy ratios or resin stoichiometry. Aromatic amines are less reactive than aliphatic amines, so that it permits to control the dissolution of the diamine in epoxy prepolymers before starting epoxy-amine reaction.

The determination of the melting temperature of diamines is done by DSC analysis on the second scanning temperature (Figure 36). 

Thermoplastic modifier 2.3

For high performance application, epoxy matrices are toughened with high T g thermoplastics which are initially soluble in the epoxy precursors. The different polyethersulfone chosen for this study are described above.

 PES -5003P, from Sumitomo Co (Figure 37): The unit of repetition is similar to the structure of the curing agent (Figure 34), so that this PES is widely used in epoxy-DDS resins. Its number average molar mass is Mn=24000 g.mol -1 . Its T g is determined by DSC on the second temperature scanning and reach 231 °C. Half end-group of the PES is phenoxy group which can react with epoxy and form an ether link.

For the second part of the study (Chapter V), two other polyethersulfones, Solvay proprietary, were used. The polymers are of very similar molecular weights and display close T g values (Figure 38).They differ by the reactivity of their end-groups with the oxirane groups of the epoxy monomers.

 Polyethersulfone 1 (PES-reac), Solvay proprietary. It has a large majority of end-group which can react with epoxy monomers.  Polyethersulfone 2 (PES-nonreac), Solvay proprietary. With a large majority of chlorine endgroups, this thermoplastic is considered as non-reactive with epoxy monomers. 4. A stoichiometry of 0.9 is chosen mostly because it makes the blending easier than working with a stoichiometry of 1. Also, historically it is common to work with a default of amine in order to not expose workers to amine residues (allergenic) in the dust of cured resins. An excess of amine (1.15) was also chosen to study the influence of a plasticizing effect of the amine. For high-performance material application, blends of multifunctional epoxy are used (Chapter V). Thus the four systems investigated in this study are composed of two epoxy monomers cured with a DDS diamine and modified with a high T g polyethersulfone. The compositions of the different systems are described in Table 5 under confidential considerations. The curing agents are 4, 4'-DDS or 3, 3 '-DDS; the curing agent 3, 3'-DDS was found more reactive. The thermoplastic chosen is either "PES-reac", the reactive polyethersulfone, or "PES-nonreac", the non-reactive polyethersulfone. 

Determination of interaction parameters

In order to compare the miscibility behaviour of blends in their initial state, Flory interaction parameters [START_REF] Flory | Principles of Polymer Chemistry[END_REF] between two components are calculated. Polymer solubility parameters are estimated using the group contribution theory. Different approaches are available for tabulating the group contributions, such as Van Krevelen [START_REF] Van Krevelen | Chapter 7 -Cohesive Properties and Solubility[END_REF] and Hoy [START_REF] Hoy | The Hoy tables of solubility parameters[END_REF] methods. Still, they all assume a similarity between the solubility parameters of a polymer and the solubility parameters of its repeat unit(s). The Hansen solubility parameter δ [START_REF] Hansen | Hansen solubility parameters: a user's handbook[END_REF] of a component is determined by summing the different contributions of its chemical groups, i.e. the dispersive contribution (𝛿 𝑑 ), the polar contribution (𝛿 𝑝 ) and the hydrogen bonding contribution (𝛿 ℎ ). The differences between the methods are the way of summing the different contributions and the values of contributions found in each tables. In this paper, the solubility parameters are calculated using the corresponding values for each group provided in the Tables of the Hoy method [START_REF] Hoy | The Hoy tables of solubility parameters[END_REF].

The solubility parameter δ is defined as Equation 13:

δ² = 𝛿 𝑑 2 + 𝛿 𝑝 2 + 𝛿 ℎ 2 (13) 
With

𝛿 𝑑 =  𝑛 𝑖 𝐹 𝑑𝑖 𝑉 ( 14 
)
𝛿 𝑝 = √ 𝑛 𝑖 𝐹 𝑝𝑖 2 𝑉 ( 15 
)
𝛿 ℎ = √  𝑛 𝑖 𝐸 ℎ𝑖 𝑉 (16) 
𝐹 𝑑𝑖 , 𝐹 𝑝𝑖, 𝐸 ℎ𝑖 are the dispersive, polar and hydrogen weights for group i, V the volume of the component.

The Flory interaction parameters  12 between two components are calculated using Equation 17.

 12 = (δ 1 -δ 2 ) 2 (V 1 V 2 ) 1/2 RT (17)
δ 1 and δ 2 are the solubility parameters from Hoy method for each component in (J.cm -3 ) 1/2 , V 1 and V 2 are their respective volume in cm 3 .mol -1 , R is the gas constant in J.mol -1 .K -1 and T is the temperature in K.

Note that interaction parameters are calculated for binary systems. A supplementary step could permit to obtain the phase diagram of ternary systems as developed by Kurata [START_REF] Kurata | Thermodynamics of Polymer Solutions[END_REF]. For our study, it allows to obtain qualitative affinity comparisons between the different systems and between components inside a same system. It is also used to build a phase diagram from which phase separation will be characterised.

Interaction parameters in model systems

4.1

In each model systems A and B, a different epoxy monomer is used. Their respective interaction parameters with the thermoplastic differ due to their different chemical structures. In Table 6, the interaction parameters calculated are calculated for a temperature of 120 °C. No reaction between curing agent and epoxy is monitored at that stage. The calculation of  (Equation 17) assumes that the volume of the system is constant upon mixing. The difference of Flory interaction parameter values shows a significant difference of affinity between each epoxy and the TP. Particularly, it shows that TGAP is highly miscible with PES-5003P (low  value).

On the opposite TGDDM is not a good solvent for the TP (high  value).

Interaction parameters in formulated systems 4.2

With two multifunctional epoxy monomers, application systems are more complex to describe. Note that for those four components systems, not only the interactions between the TP and the epoxy monomers are of interest, but also the affinity between the two monomers themselves. Their interaction parameters that are calculated on a one to one combination using Equation 17 are given in Table 7 for a temperature of 120 °C. No reaction between curing agent and epoxy is monitored at that stage. The calculation of  assumes that the volume of the system is constant upon mixing. 

Sample preparation

Systems are prepared in 120 mL glass jar, heated in oil bath and mechanically stirred with a 4-blades stirring rod and an over-head stirrer.

Blending:

Model systems are prepared by dissolving at first the thermoplastic in the epoxy monomer at 140 °C. Complete solubilization and homogenization were achieved after 4 hours for TGDDM systems and only 2 hours for TGAP systems. The curing agent is added to the epoxy/TP mixtures cooled to 120 °C until its advanced dissolution.

Concerning applications systems, epoxy monomers are first blended at 70 °C. Then the thermoplastic is dissolved at 120 °C over 30 min. To a homogenization mixture of epoxy monomer and TP, the curing agent is added at 120 °C and stirred until its complete dissolution.

Degassing:

Before curing, the samples are degassed under vacuum at 90 °C for 2 hours. Then for all systems, a part of the sample is stored in a freezer at -24 °C before being study through in situ characterization and another part is cured in a programmable oven in an aluminium mould.

Curing:

For all systems the curing cycles follow a temperature ramp a rate of 1 °C.min -1 from 90 °C to 180°C, hold at 180 °C and cool down following a temperature ramp rate of 2 °C.min -1 to 25 °C (Figure 39). The soak time can vary to accommodate a full cure of the epoxy resins.

Figure 39 Non-isothermal curing process

Routine control:

For all systems, it is checked that no reaction occurs during degassing and that the DDS is dissolved, by running DSC analyses on non-degassed and degassed samples. The final degree of cure is determined by running DSC analyses on the cured sample and by comparing the residual heat flow to the total heat flow determined from the degassed samples.

The sample preparation and its characterizations (either during the curing or on the cured sample) are summarized in Figure 40: The different systems are characterized during the curing to determine the kinetics of epoxy curing and the dynamic behaviour of the systems, particularly in term of gelation and phase separation.

Differential Scanning Calorimetry (DSC) 6.1

The technique consists in applying a temperature ramp on two pans, one with the studied polymer and one empty that is the reference. The difference of energy that needs to be provided to keep both pans at the same temperature is measured, it is the heat flow. Polymer thermal properties are characterized by the variation of the heat flow with the temperature. The glass transition is identified as a step in the heat flow or heat capacity (C p ) of the DSC measurements. The heat capacity is the amount of heat needed to increase the temperature of 1 g of polymer by 1 °C. The heat released by an exothermic reaction, as epoxy curing, can also be measured by DSC.

DSC measurements are performed with a Q2000 Differential Scanning Calorimeter (TA instruments), under a nitrogen flow (50 mL.min -1 ). For each analysis, samples are placed in an aluminium pan and lid hermetically sealed. Sample mass is weighed between 5 to 8 mg for uncured resin, whereas 8 to 12 mg of resin is used for cured system ad plasticization studies.

Dynamic DSC analysis

For all systems, uncured samples are analysed before and after degassing. A dynamic ramp from -50 to 310 °C at 10 °C.min -1 is applied on the samples. First, the validation of the degassing step is verified, i.e. that no reaction starts during the degassing step. For that, the heat flows released by the resin before and after degassing are determined and compared. If the difference of heat flow is below 5-7 %, we consider the system to be at the initial state after the degassing step.

After curing cycle, a piece of the solid resin obtained is cut and also analysed following a dynamic ramp. The residual heat flow is measured and the epoxy conversion calculated with Equation 18: Along all the systems studied, the epoxy conversion of the cured systems goes from 0.89 to 0.96 depending the formulations (with or without TP, functionality of the epoxy monomers, stoichiometry).

The three thermographs obtained for system A1 (TGDDM, 4, 4' -DDS, NH/Ep=0.9, 15 wt% PES5003P) are plotted together in Figure 41. The heat flows given in J.g -1 for the three states of the samples are compared. In this example, the difference between the heat flow of the degassed sample and of the nondegassed sample reach 3.1 % and the epoxy conversion of the cured system is 0.89. 

α cured = 1 - ∆H cured ∆H Total (18) 
Also as a verification of the consistency of the results, the heat flow collected for a system with x wt% TP has to be x% lower than the heat flow of the corresponding neat resin (same epoxy precursors, 0 wt% of TP). It was verified for all systems with TP, in comparisons with their corresponding neat resins.

Dynamic analyses of thermal transitions

Dynamic analyses are used to detect the thermal transitions of different specimens for different purpose.

The step decrease of the heat flow is related to the glass transition temperature (T g ), it is taken at the midpoint temperature. The melting temperature is taken at the minimum of the endothermic peaks.

 Single components

The thermal transitions (T g , melting temperature) of all components (epoxy monomers, curing agent and polyethersulfone) are measured on the second heating ramp at 10 °C.min -1 after a cooling ramp at 15 °C.min -1 . The data obtained are given in Chapter II, Section 2 and in the next Chapter.

 Resin before curing

The T g of the degassed resins before curing are collected on the heating ramp from -50 to 310 °C at the heating rate of 10 °C.min -1 (Figure 41).

 T g of blends containing TP

Non-reactive binary blends of epoxy/TP or curing agent/TP are prepared for different content of TP. Their T g are measured by DSC on the second heating ramp at 10 °C.min -1 after a cooling ramp at 15 °C.min -1 .

Different model equations (Fox [88], Couchman-Karasz [START_REF] Couchman | A Classical Thermodynamic Discussion of the Effect of Composition on Glass-Transition Temperatures[END_REF], Lu-Weiss [START_REF] Lu | Relationship between the glass transition temperature and the interaction parameter of miscible binary polymer blends[END_REF]) can be used for predicting the T g of a polymer/ polymer or a polymer/ plasticizer blend. The experimental T g values obtained for will be fitted with these models as discussed in Chapter IV and shown in Appendix I and II.

 T g of partially cured resins

The evolution of the T g as a function of epoxy conversion was measured for some of the resin systems (without TP). Samples are quenched at different time of the non-isothermal curing process. Their T g are measured by DSC on the first heating ramp at 10 °C.min -1 .

The Di Benedetto equation applied to epoxy resins [START_REF] Pascault | Glass transition temperature versus conversion relationships for thermosetting polymers[END_REF] permits to relate the T g of the resin at its conversion extent. It will be used in Chapter IV.

In situ kinetics study of epoxy curing

Dynamic analyses are also used to study in situ the kinetics of epoxy curing. The uncured resin is submitted to a ramp from -50 to 310°C at 1°C.min -1 (to mimic the heating ramp of the curing process) under a nitrogen flow. The heat flow of the exothermic curing process is monitored and integrated. Thus the degree of epoxy conversion upon curing is calculated from the enthalpy of reaction of the exotherm peak (Equation 19).

α T = ∫ dH T dT T T 0 dT ∆H Total (19) 
Where H T is the integrated area of the exotherm at temperature T, ∆H Total is the total area of the exotherm, i.e. the total enthalpy of reaction, and T 0 is the temperature at the onset of the exotherm.

Kinetics studies are made in triplicate in order to determine accurately the degree of conversion upon curing.

Dynamic rheology 6.2

Dynamic rheological measurements are performed using an oscillation rheometer (ARES-G2 rheometer, TA Instruments), using a parallel plate geometry. The rheometer imposes a sinusoidal strain and the material answer is a sinusoidal stress divided into two parts: the storage modulus (G') which is an elastic component corresponding to a liquid-like behaviour of the material and the loss modulus (G'') which is a viscous component corresponding to a solid-like behaviour. The complex modulus (G*) is defined as the sum of the loss and storage moduli as G*=G'+iG'' and it measures the overall resistance to the applied strain. The loss angle (δ) is the ratio between the loss and storage moduli: tan δ = G''/G'.

For epoxy curing analysis, disposable parallel plates of 25 mm in diameter are used. Such geometry is chosen because it permits to cover a large range of viscosity without overloading the transducer. Indeed, before polymerization the system is a viscous liquid that solidified and stiffen during test. The thermal dilatation of the aluminium is taken into account. The gap between the plates is adjusted (between 0.6 and 1.2 mm) using a constant force. An auto-strain adjustment from 0.01 to 50 % is used which corresponds to the linear viscoelastic regime. Multiwave rheological measurements are used on a nonisothermal test from 80 to 200 °C at 1 °C.min -1 in order to mimic the heating ramp of the curing process.

Determination of gel point

Gel point is determined as the crossover of tan δ curves obtained for several frequencies (data extracted from the multiwave experiments) according to Winter and Chambon's criterion [START_REF] Winter | Analysis of Linear Viscoelasticity of a Cross-Linking Polymer at the Gel Point[END_REF].

The multiwave rheological measurement permits to determine the gel point with accuracy in a single measurement. The test consists of performing simultaneous experiments at different frequencies. In our study temperature sweeps are performed at four frequencies (1, 3, 6 and 10 Hz). A multiwave strain is generated based on the Boltzmann superposition principle. The sum of the independent strains γ 𝑖 (at different frequencies) is a linear strain γ which is applied on the sample. It is a Fourier series (Equation 20):

γ = ∑ γ 𝑖 sin(w 𝑖 ) 𝑛 𝑖=1 (20)
Where w 𝑖 are the frequencies chosen as harmonics of a fundamental frequency (in our case 1 Hz). The sum of the individual strain amplitudes have to stay below a critical amplitude which corresponds to the linear viscoelastic limit.

The signal profile of the total strain (sum of 1, 3, 6, 10 Hz strains) is given in Figure 42.

Figure 42 Signal of the deformation applied through the multiwave mode

The stress response to this total strain is given in Figure 43 for system B1. The response is then treated by discrete Fourier transform to obtain the individual stresses at each discrete frequency. Through this multiwave procedure it is possible in one experiment to determine the moduli responses of a sample at different frequency during the curing process (temperature sweep at 1 °C.min -1 ), as in Figure 44 Note that in Composites industry and most literatures, the gel point is often defined as G' and G'' crossover. However, this crossover may be different according to the test frequency used, mainly because of the influence of the vitrification phenomenon which depends on frequency. We noticed the not accurate determination of gel point with the G', G'' crossover method in our samples. The temperature at G'=G'' point varies within a 10 °C range when the test frequency evolved from 1 to 10 Hz.

We found important to determine the gel point with accuracy as described by Winter, as a phenomenon independent of the frequency. Most of all, the value of tanδ at gel point is rarely equal to 1 in our samples characterization. Cicala et al. [6] already chose Winter's method for gel point determination and used multiwave mode for isothermal experiment in epoxy/PES studies. For the best of our knowledge, non-isothermal process combined with multiwave experiment for tanδ crossover determination was not studied in literature.

For all systems, by combining the epoxy conversion as a function of temperature as determined by DSC and the temperature at gel point determined by dynamic rheology, it is possible to obtain the epoxy conversion at gel point.

Determination of phase separation onset

The analysis of the G' curves extracted for the multiwave measurement give access to the onset of phase separation. Indeed for some systems, a change of slope in viscosity, exacerbated when looking at the storage modulus component has been attributed to the formation of a PES-rich phase which does not have the same module as the epoxy-rich phase. It may also be attributed to the apparition of interfaces which reduces the module. It can also be determined as a small peak on tanδ curves. It is visible for each frequencies but it is more significant on the 10 Hz curve as shown in Figure 45 for systems B1, with the G' representation. The onset of phase separation is indicated by an arrow. In some systems, the viscosity fluctuation is not visible. It may indicate that no phase separation occurs or that the contribution of phase separation on the viscosity is less important than the contribution of the network development. Note that the signature of a phase separation in dynamic rheology is accessible if the experiment occurs in a certain window of study which depends on the test frequency, the size of the interface, the viscosity ratio between the two phases. Thus for these systems, phase separation is proved thanks to the observation of two phases by electron microscopy, or by neutronscattering experiment, or also by dynamic mechanical thermal analysis.

In situ near-infrared spectroscopy 6.3 DSC characterization of the epoxy curing allows obtaining information on the epoxy conversion throughout the process. Nevertheless, this bulk measurement does not give details of the mechanism of curing. As shown in Chapter I, different reactions may occur with the oxirane group during the curing. Being selective to the functional groups, near-infrared (NIR) spectroscopy gives insight on the network formation mechanism. NIR spectroscopy shows characteristic peaks corresponding to epoxy groups and amines in the region 4000 to 7000 cm -1 . This method is approached in Appendix III, it promises interesting further kinetics characterization that was only few developed in the main work.

A home-made instrument has been set up in order to collect the NIR spectra during the non-isothermal epoxy curing process (Figure 46), directly from the curing oven. A Hellma cell with a 2 mm optical path is filled with uncured system and placed in a curing oven. The spectra are collected until the end of the reaction using a "XDS MasterLab" analyzer (Metrohm) in the region 400 nm-2500 nm (10 nm resolution). The optical fibre probe is used in transmittance and the software used is Vision 3.6.00. The installation permits to keep constant the position and the thickness of the samples during curing, so that the optical length is well controlled. A good repeatability has been confirmed and the signals intensity is well defined.

Figure 46 nIR set-up inside a programmable oven

A first step is the acquisition of all spectra during the curing process. The bands of epoxy, alcohol, and primary, secondary and tertiary amine are studied. The secondary and tertiary amines are approached thanks to the analytical development.

Then SNV (Standard Normal Variate) normalization pre-treatment is applied. It is a method often used in infrared spectroscopy which permits to correct scattering problems. Each spectrum is individually corrected. The entire spectrum is centred on its average and all the intensities are readjusted thanks to the standard deviation of the spectrum. It permits to reduce the scattered effects which can reduce the band intensity for some wavelengths. It also permits to reduce the temperature influence which can affect the baseline and the bands intensity.

A complementary step is a chemometric treatment and the use of Multi Curve Resolution (MCR). The MCR treatment permits to extract from the spectra, each pure components and their concentration profile. In addition, a PCA (Principal Components Analysis) may be applied. It represents spectral data in different components, and it identifies similar spectra at a time t. The interest is that it gives the global access to species consumed or formed during the process and the moment at which they contribute. In its development state this tool does not give complete access to quantitative data. In our study, the analytical treatment permits to confirm the identification of bands of interest for each reaction and secondary reaction. It permits to apply a correct pre-treatment to ignore the temperature effect on spectra (physics of medium), thus the technic can be correctly applied for in situ measurement at high temperature in non-isothermal process.

The bands of interest which have been identified are indicated in Table 8. Their respective intensities are followed and collected during the curing process. Note that the band at 4930 cm -1 /2028 nm often attributed to epoxy or epoxy and primary amine in literature [START_REF] Swanson | Investigation of network development and properties in multifunctional epoxy resins using 3,3'-diaminodiphenylsulfone[END_REF] is not chosen here to follow the reaction. It appears less intense in our in situ measurements (Annexe III, Figure 103). It could be due to a significant impact of the temperature change on this band, or to a longer optical path length in our setup (Hellma cell) whose the spectrometer is anyway less sensible to the signal above 2000 nm. Pure epoxy components have also been measured along the temperature cycle as references.

Based on Lambert-Beer's law (Equation 21), the concentration of specie is proportionally related to the absorbance.

A = log 20 ( 𝐼 0 𝐼 𝑡 ) = 𝜀𝑏𝑐 ( 21 
)
Where A is the absorbance, 𝐼 0 is the intensity of incident radiation, 𝐼 𝑡 is the intensity of transmitted radiation, 𝜀 is the molar extinction coefficient or molar absorptivity (L.mol -1 .cm -1 ), 𝑏 is the path length of the radiation passed through the sample (cm) and 𝑐 is the molar concentration (mol.L -1 ). The molar extinction coefficient is property of each material at a given frequency; it is used for quantitative determination. Moreover, it may variate with temperature.

A quantitative determination of the kinetics of each epoxy reaction is not achieved in this study because a lack of reference points along the cure cycle, particularly in a non-isothermal process which brings difficulties. Still, we propose preliminary qualitative results in Appendix III Approach of the mechanisms of curing by in situ near-infrared spectroscopy.

Phase separation characterization on cured system 6.4

The morphology in the cured system in observed through different methods depending mainly of the scale of the morphology.

Morphology observation by microscopy

The morphology of cured samples can be studied by electron microscopy. According to the morphology size, Scanning Electron Microscopy (SEM) or Transmission Electron Microscopy (TEM) can be used. In our study morphology scale goes from tens of nanometres to microns.

In SEM and TEM, the electron beam is emitted by an electron gun and goes to the sample. Different electrons/material interactions occur.

Scanning Electron Microscopy (SEM) 6.4.1.1

In SEM different detectors can be used according the interactions to consider between the incident electrons beam and the sample surface. In our study secondary electrons and backscattered electrons are of interests for topographic and chemical contrasts, respectively.

A Zeiss Ultra 55 microscope is used. The resin micro-structure is revealed through two methods of preparation of cured specimens. The results are cross-checked to give the best description of the morphology developed within our resins.

 Acid etching

The most used techniques for determination of morphology in epoxy resin is the acid etching, consisting in the observation of the footprint let by the TP being dissolved in an acid bath. It was performed on surfaced resin (by Microtomy at room temperature). The dissolving time has to be adjusted depending the morphology sizes and shapes. Washed and dried samples are then metalized with Platinum to provide conductivity. The observation conditions are adjusted according to the samples. It is chosen to limit the sample degradation under the electron beam and to obtain a satisfying topographic contrast.

 Accelerating tension: between 4 and 8 kV  Diaphragm aperture size: 30 μm  Detectors for secondary electrons: SE2 or InLens (higher resolution)  Acid phosphotungstic chemical staining 57 A non-destructive technique was developed. It consists on chemically labelling some functional groups of the TP-rich phase by an acid phosphotungstic (𝐻 3 𝑃𝑊 12 𝑂 40 ) (APT) which will then reveal its presence. The labelling time and the thickness of cross-sections (prepared by Microtomy at room temperature) have to be adjusted depending the morphology sizes and shapes. Most of the time 300 nm crosssections and 20 min labelling time were sufficient to observe the morphology. The samples are then metalized with Platinum to provide conductivity.

Acid phosphotungstic was historically used for biological staining of structure by Hayat about 1945 then for localization of basic groups by Pfenninger and for polyamide crystallinity by Martinez-Salazar in 1984 [START_REF] Martinez-Salazar | Transmission electron microscopy of polyamides[END_REF]. The chemical reaction of the APT is possible with functional groups as hydroxyl, carboxyl, and amines. In our study, good results were observed. We do not know the mechanism of labelling, but by comparison with the acid etching method we affirm that it is the TP-rich phase which is stained.

The observation conditions are adjusted according the samples. It is chosen to limit the sample degradation under the electron beam and to obtain a satisfying topographic contrast.

 Accelerating tension: between 2 and 4 kV  Diaphragm aperture size: 30 μm  Detectors for secondary electrons: EsB which permits to reveal the chemical contrast (related to molecular weight) between the two phases.

Transmission Electron Microscopy (TEM)

6.4.1.2
Morphology on the submicron scale (<50 nm) were analysed by TEM using a Tecnai Biotwin. Ultra-thin sections are prepared by microtomy (50 or 90 nm thick) at room temperature. Acid phosphotungstic (APT) chemical staining is also used here to reveal the TP-rich phase.

Characterization of morphology by small-angle neutron scattering

Small-angle neutron scattering (SANS) is another method to observe submicron structure. It gives information of heterogeneities such as morphology in the nanometre scale [START_REF] Hammouda | Small Angle Neutron Scattering at the National Institute of Standards and Technology[END_REF]. Neutrons are scattered by the nuclei of atoms when they have scattering length density heterogeneities. This non-destructive method permits to investigate structures and dynamics both in the bulk and in the surface of samples. Some advantages of the neutrons over other scattering methods (like Small-Angle X-Ray scattering) are exposed here: neutrons are penetrating and do not heat up samples, which could in some cases damage the samples or initiate the curing of the resin system when investigating partially cured resins. A schematic of the Small-Angle Neutron Scattering device (ILL, Grenoble) device is shown in Figure 47. It measures diffracted neutrons at small angles of scattering in order to characterize large scale structures. The instrumentation of SANS experiment is explained on the example of the D11 (ILL, Grenoble) which is a pinhole geometry instrument. Neutrons arrive on the line from the vertical cold source of the high flux reactor located 100 m far from the selector. The beam is polychromatic when coming from the cold source so that it goes through a helical slot velocity selector which selects neutrons of a selected wavelength. Then neutrons are collimated by different moveable glass guides. Guides are added or removed depending on the incident beam divergence required. The sample is located 40 m after the selector. Some of the incident radiation of the neutron beam is transmitted by the sample, some is absorbed and some is scattered. The detector permits to collect neutrons scattered from the sample and its position is adjusted in a flight tube between 1.2 and 39 m from the sample position in order to cover a total accessible moment transfer range of 3.10 -4 to 1 Å -1 . The larger the distance between the sample and the detector is, the smaller the reachable scattering vector is. The scattering vector (q) is related to the scattering angle according to Equation 22.

𝑞 = 4𝜋  sin ( 𝜃 2 ) ( 22 
)
Where  is the neutron wavelength (Å), 𝜃 is the angle between the scattered beam and the incident beam.

The scattering cross section is a measure of how strongly neutrons are scattered from the nucleus. The total scattering cross section (σ 𝑠 , cm²) is defined in Equation 23:

σ 𝑠 = 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑  ( 23 
)
Where  is the flux of incident neutrons, that is to say the number through unit area per second. The area is perpendicular to the direction of the neutron beam.

It is the differential scattering cross section per unit volume which is measured (Figure 48). It is defined in Equation 24: The differential scattering cross section can also be described as in Equation 25:

𝑑𝜎 𝑑 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 𝑖𝑛𝑡𝑜 𝑑 𝑖𝑛 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝜃,  𝑑 (24) 
𝐼(𝑞) = 𝑑𝜎 𝑑 (𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑣𝑜𝑙𝑢𝑚𝑒) = 𝑁(△ 𝜌)²𝑉²𝑃(𝑞)𝑆(𝑞) (25) 
Where I(q) is the scattering intensity (cm -1 ), q is the scattering vector (Å -1 ) defined in Equation 22, 𝑁 is the number of scattering objects per unit volume (cm -3 ), △ 𝜌 is the scattering length density contrast (SLD) (cm -2 ), 𝑉 is the volume of scattering objects (cm 3 ). 𝑃(𝑞) is the normalized form factor which represents the interference of neutron scattered from different parts of the same object. 𝑆(𝑞) is the normalized structure factor, which represents the interference of neutrons scattered from different objects.

The scattering length density contrast (△ 𝜌) is the difference of scattering length density between two phases of a material. The coherent scattering length density of a material is defined in Equation 26:

𝜌 = (∑ 𝑛 𝑖 𝑏 𝑖 ) 𝑑 𝑁 𝐴 𝑀 𝑤 (26) 
Where 𝑛 𝑖 is the number of an isotope in the component, 𝑏 𝑖 is the coherent scattering length of an isotope, d is the density of a material (g.cm -3 ), 𝑁 𝐴 is the Avogadro number (mol -1 ) and 𝑀 𝑤 is the molar mass of the component (g.mol -1 ).

The scattering length density contrast between phase 1 and phase 2 is then defined in Equation 27:

△ 𝜌 = 𝜌 1 -𝜌 2 (27) 
The neutron scattering lengths for isotopes used for calculate the neutron scattering length density of the components is listed in Table 9. The data are taken from the scattering length periodic table provided by the NIST Centre for Neutron Research (NCNR) [START_REF] Sears | Neutron scattering lengths and cross sections[END_REF]. Neutrons are elastically scattering by nuclear scattering (interaction neutron-nucleus) or by magnetic scattering (interaction magnetic moment of the neutron-unpaired electrons). Neutron scattering lengths depend of the element (atomic number) but also of the isotopes of a same element. A most used example is between hydrogen and deuterium isotope. Their significant difference between their scattering length density permits to use the "contrast variation" technique which consist of varying the scattering length of a molecular by replacing hydrogen with deuterium. The theoretical coherent scattering length densities in reference systems are calculated for all samples and are given in Table 10. The theoretical coherent scattering length density contrast (between the epoxy precursors and the TP) in the different systems (reference and formulated systems) is given in Table 11. Neutron scattering has both coherent and incoherent contributions to scattering. Here the coherent contribution is the one considered. The incoherent part has to be separated from the coherent one. It can be calculated as in Equation 28or determined as the invariant intensity at high q from scattering experiment results.

𝐼 𝑖𝑛𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡 = 𝑑 𝑁 𝐴 𝑛 𝐻 𝑥𝑠 𝐻 𝑀 𝑤 4𝜋 (28) 
Where 𝑑 is the density of a material (g.cm -3 ), 𝑁 𝐴 is the Avogadro number (mol -1 ), 𝑛 𝐻 is the number of 1H in a monomer and 𝑥𝑠 𝐻 is the incoherent scattering cross section of 1H (10 -24 cm 2 ) and 𝑀 𝑤 is the molar mass of the component (g.mol -1 ).

For our study, small-angle neutron scattering experiments are carried out at beamline D11 at Institut Laue-Langevin (ILL, Grenoble, France). Three configurations are used: 5.5 m/5.3Å, 28m/5.3Å, 37m/12 Å, covering a q range from 5×10 -4 to 1×10 -1 Å -1 .

The samples are prepared in home-made mould consisting of aluminium rectangle of 23.75 mm width, 46 mm high and 1.5 mm thick, with a hole of 20 mm diameter centred at 13 mm high. After degassing, the resin is poured in the mould and placed in the curing oven. At specific time the sample is quenched from the oven in carbon ice and stored in freezer before the analysis. For each system, a sample is let until the end of the curing cycle in order to characterize by SANS a sample in its final state as in electronic microscopy. Through this preparation, samples have controlled thickness and controlled epoxy conversion. The different molds are then fixed in an auto-sampler placed in the beam. A position is kept empty in order to measure the intensity to be used as blank and subtracted. For each sample, the three scattering curves corresponding to each configuration are normalized by the thickness and transmission and by incident beam intensity. They are then regrouped and readjusted to the middle-q configuration. The incoherent intensity is subtracted and the coherent scattered intensity I(q) is obtained.

Beaucage et al. [START_REF] Beaucage | Approximations Leading to a Unified Exponential/Power-Law Approach to Small-Angle Scattering[END_REF][START_REF] Beaucage | Combined Small-Angle Scattering for Characterization of Hierarchically Structured Polymer Systems over Nano-to-Micron Meter: Part II Theory[END_REF][START_REF] Beaucage | Particle size distributions from small-angle scattering using global scattering functions[END_REF] have proposed a global unified scattering function which approximates the scattering of a particle in the Guinier and Porod region. For spherical particle, it is written as in Equation 29:

𝐼(𝑞) = 𝐺 ( exp ( -𝑞 2 𝑅 2 5 ) + 4.5 BB (erf ( 𝑞𝑅 √10 )) 12 (𝑞𝑅) 4 ) (29) 
Where erf(x) is the error function [START_REF] Abramowitz | Handbook of Mathematical Functions, With Formulas, Graphs, and Mathematical Tables[END_REF]. It approaches zero when x <1 and it approaches 1 when x >1. BB is the Beaucage parameter which permits the continuity between the Guinier and the Porod region. It is a fitting parameter. R is the object radius and q is the scattering vector, G is the prefactor (cm -1 ) (Equation 30).

𝐺 =  (1 -)V(△  2 ( 30 
)
Where  is the volume fraction of the objects, V the volume of the objects (cm 3 ) and (△ 𝜌)² the scattering length density contrast (cm -4 ).

Determination of phase separation by DMTA

Dynamic mechanical thermal analysis (DMTA) is used to characterize the mechanical relaxations of a sample in its solid state by applying a small sinusoidal oscillation strain (γ) at a frequency ω. The response of the solicitation is a dynamic stress (𝜎) which is composed of two parts: the storage modulus (E') and the loss modulus (E") (Equation 31):

𝜎(𝑡) = γ 0 (𝐸 ′ 𝑠𝑖𝑛𝜔𝑡 + 𝐸"𝑐𝑜𝑠𝜔𝑡) (31) 
Storage modulus is a measure of the elastic response of a material (stored energy) and loss modulus is a measure of its viscous response associated to dissipation of energy. The ratio between the two components is the loss angle tanδ. It is the out-of-phasing angle between stress and strain. It represents the energy proportion dissipated as heat.

This technique measures the polymer relaxations times in a range of frequencies during a temperature ramp. The temperature of a given relaxation is reached when a drop in E' is observed. Secondary relaxations are recognized as a small drop in E', primary relaxation as the -relaxation has a large drop up to 2 decades. Relaxations can also be detected as a peak in E" or in tan δ. The -relaxation corresponds to segmental movements (several monomers) while secondary relaxations (β and the γ)

correspond to local motions.

In epoxy/thermoplastic blends, DMTA permit to characterize the phase separation if the T g of the TP-rich and epoxy-rich phase are different enough. In this case two -relaxations are observed, each corresponding to one separated phase. Tanδ plot is often preferred to E' because it permits to clearly distinguished the two relaxations as seen in Figure 49. In our study DMTA measurements are performed on cured resins using a rheometer Scientific analyzer RSAG2 (Ta instrument). A part of resin disc has been cut in 40 x 10 x 2-5 mm 3 (the thickness may vary between 2 and 5 mm) to characterize the mechanical relaxations, using the three-point bending method.

After determining the linear regime, a strain limit is fixed and curves are recorded at a fixed frequency during heating from -140 °C to 300 °C at a scanning rate of 2 °C.min -1 . Relaxation temperatures are determined from the peak of tanδ plot.

Chapter III Control of the morphology in PES-modified polyethersulfone

Introduction

Four polyethersulfone-modified epoxy resins are considered. They consist of different epoxy monomer structure (TGAP, triglycidyl-p-aminophenol and TGDDM, tetraglycidyl diaminodiphenylmethane) and a fixed amount of thermoplastic, and they are cured with two different amounts of curing agent. A reaction-induced phase separation occurs for all formulations generating morphologies, different in shapes and scales. The aim is to control the final morphology and in particular its dominant length scale. This morphology depends on the phase separation process, from the initiation to its final stage. The initiation relies on the relative miscibility of the components and on the stoichiometry between epoxy and curing agent. The kinetics depends on the viscosity of the system related to its T g . The reactivity of the TP end-group needs also to be considered to explain the morphology size obtained. The different morphologies are characterized by electron microscopy or neutron scattering. Dynamic mechanical analysis allows confirming the presence of a phase separation even when it is not observable by electron microscopy. Co-continuous morphologies with a few hundred nanometre width are obtained for the systems containing the TGAP as epoxy monomer. Systems formulated with TGDDM presents morphologies on much smaller scale of order a few tens of nanometres.

This chapter focus on model systems characterization in order to describe the methodology to control the final morphology. Combination of various methods and approaches are used. The affinity of the constituents is characterized by their Flory interaction parameters; the kinetics of epoxy curing and the gel point are determined by in situ DSC and dynamic rheology.

Characterization of the formulation in the initial state

Characterization of the components 2.1

From supplier data, TGDDM has an epoxy equivalent weight of 111-117 g.eq -1 and a viscosity of 3000-6000 cP (at 25 °C). TGAP has an epoxy equivalent weight of 95-107 g.eq -1 and a viscosity of 550-850 cP (at 25 °C). The modifier is a hydroxyl-functionalized polyethersulfone (PES, PES-5003P from Sumitomo) with a number average molecular weight of 24000 g.mol -1 and a T g of 232 °C (Chapter II, Section 2).

The Flory interaction parameters between the different components involved in the four systems are calculated with the Hoy method [START_REF] Hoy | The Hoy tables of solubility parameters[END_REF] to tabulate the group contributions and with the use of Equation 17, as explained in Chapter II, Section 4.1. The results are summarized in Table 12. Four systems are formulated. Systems A are prepared by mixing TGDDM with 4, 4'-DDS: A1 with a reactive amino hydrogen to epoxy stoichiometric ratio (NH/Ep) of 0.9 and A2 with NH/Ep of 1.15. Systems B are synthetized by mixing TGAP with 4, 4'-DDS: B1 with NH/Ep of 0.9 and B2 with NH/Ep of 1.15. The thermoplastic content is fixed to 15 weight percent (wt%) for all systems. The sample preparation was explained in Chapter II, section 5.

The characteristics of the four model systems are given in Table 13; the T g of the uncured system is measured by DSC after the degassing of the sample. The T g of the different blends before curing depend on the epoxy monomer (TGDDM has an inherent higher viscosity) and on the curing agent amount (higher T g with higher stoichiometry). After curing, the systems are almost completely cured.

In situ kinetics study of epoxy curing

For all resin systems, the profiles of epoxy conversion are determined by DSC non-isothermal analyses at 1° C.min -1 to mimic the chosen curing cycle. Samples are heated up to 310 °C in order to achieve a complete epoxy conversion (= 1) and to determine the total area of the exotherm H Total . It is then possible to plot the degree of cure along temperature (or time) by using Equation 19 (Chapter II, Section 6.1.3) (Figure 50). For each system, the gel point is determined by dynamic rheology as explained in section 4.1. The gel point is indicated by crosses in Figure 50. Differences between the cure kinetics profiles of the 4 formulations are observable.

Systems containing TGDDM (A1 and A2) have a slower kinetics than systems with TGAP throughout the curing process and particularly close to their gel points. TGDDM systems have a higher viscosity than TGAP systems in the early stage of the curing process which may reduce the monomers and oligomers mobility and thus the kinetics of reaction. Moreover, TGDDM epoxy monomer has a functionality of 4 which may induce more steric hindrance on its reactive epoxy groups than TGAP which has a functionality of 3, particularly after some epoxy branched. Also because of its highest functionality, vitrification should appear earlier in systems A1 and A2 which then should reduce chain mobility. After vitrification, reaction kinetics is controlled by diffusion. As an indication of this change of kinetics control, the changes of slope on curves A1 and A2 are observable around 70 % of curing degree. Swanson et al. [START_REF] Swanson | Investigation of network development and properties in multifunctional epoxy resins using 3,3'-diaminodiphenylsulfone[END_REF] explained the same influence of the monomer functionality and the steric hindrance by comparing the kinetics of epoxy conversion by near-infrared spectroscopy of three systems with TGAP, TGDDM or di-functional epoxy (DGEBA).

Another tendency in our results is that the stoichiometry of the system influences the cure kinetics whatever the monomer epoxy is. As expected, epoxy conversion is faster all along the curing process for systems with excess of curing agent (A2, B2) because more reactive amine groups are present and accessible for the reaction with epoxy groups.

Dynamic behaviour of the resin along curing

Gel point determination 4.1

Gel point is often determined as the crossover of the elastic (G') and loss (G'') moduli for isothermal experiments [START_REF] Sellak | Elaboration et caractérisation d'une résine thermodurcissable conductrice[END_REF] as well as non-isothermal experiments [START_REF] Voleppe | Interdiffusion and phase separation upon curing in thermosetthermoplastic interphases unravelled by the characterization of partially cured systems[END_REF] for a fixed frequency test. It is a convenient approach for some network polymers for which tanδ = G"/G' =1; however, it is not a general definition of the gel point as explained by Winter [START_REF] Winter | Analysis of Linear Viscoelasticity of a Cross-Linking Polymer at the Gel Point[END_REF]. He recommends considering the tanδ curves crossover (obtained from different frequency tests) for determining the gel point. Indeed this critical transition does not depend on the frequency of the test contrary to the vitrification phenomena which is frequency test dependent [101]. Gel point according to Winter's criterion was determined by Cicala [6] by plotting tanδ as a function of the time using a multiwave test.

We apply the same method but in dynamic regime, to mimic in situ the standard epoxy curing cycle chosen for our resin. We apply a temperature ramp at a rate of 1°C.min -1 , using a parallel plate geometry. The multiwave rheological measurement allows applying the sum of a fundamental frequency and different harmonics each having individual strain amplitudes in one single test. The sum of the strain amplitudes requires staying into the linear viscoelastic regime. Then, the individual responses at each discrete frequency can be obtained through a discrete Fourier transform. Results of the multiwave tests with 1, 3, 6, 10 Hz as discrete frequency for systems B1 are plotted in Figure 51.

The temperature at the gel point is determined as the tanδ crossover and the corresponding degree of cure is calculated from previous DSC experiments (Figure 50).

Degree of cure at gel point is also calculated from the Flory-Stockmayer equation [START_REF] Flory | Principles of Polymer Chemistry[END_REF] (Equation 32), where f e and f a are the epoxy and amine functionalities respectively and s the stoichiometry. This calculation only considers the functionality but not the possible difference in their respective reactivity and it excludes the possibility of intramolecular reaction. All dynamic rheology results are indicated in Table 14, as well as the theoretical degree of cure at gel point for comparisons. Because steric hindrance effects may affect the reactivity of the different functional group in our system, and intramolecular reactions may occur, the experimental results assume larger values than those predicted by the Flory-Stockmayer theory. Exception is for A1 and B2 which seem to agree more with these predictions. Experimental and theoretical results show that gel points occur at lower epoxy conversion for TGDDM-systems (A1 and A2) which can be explained by its higher functionality: the growing molecules build a percolating network faster.

α gel = ( s (f e -1)(f a -1) ) 1 2 (32) 
It is noticeable that the value of tanδ at gelation is not always equal to 1. As defined by Winter and Chambon [START_REF] Winter | Analysis of Linear Viscoelasticity of a Cross-Linking Polymer at the Gel Point[END_REF], it depends on the resin composition. The tanδ value provides information on the network rigidity: tanδ increases with the network stiffness. Thus, systems containing TGAP (B1, B2) epoxy monomers show a structure at the gel point with a higher stiffness than TGDDM systems (A1, A2), which is consistent with a higher epoxy conversion at gel point for those systems. The determination of the gel point upon curing has to be discussed in relation with the phase separation onset in order to access the extent of phase separation and to understand the finally obtained morphology.

Phase separation determination 4.2

Onset of phase separation can be determined by dynamic rheology. It has been often studied by running isothermal experiments. Cicala et al. [6,102] compared viscosity fluctuations in different epoxy/coPES blends cured at different temperatures. For 15 wt% of thermoplastic, they recorded a sudden decrease in viscosity attributed to the demixing of a highly viscous TP. The same change of slope of the viscosity profiles is clearly observed in our study for the systems B1 and B2 at a constant temperature for all frequencies. The viscosity profile results from two contributions: the formation of a TP-rich phase (decrease in TP content present in the epoxy phase formed coincidentally) and the formation of the epoxy network (increase in molecular weight).

For a better visualization, we plot the storage modulus curves in Figure 52 for the 10 Hz experiments. The gel point determined by the tanδ crossover is indicated by a cross and the approximate onset of phase separation is indicated by an arrow with the corresponding epoxy conversion. However no clear changes in viscosity are observable in systems A1 and A2. It may indicate that no phase separation occurs or that the contribution of phase separation on the viscosity is less important than the contribution of the network development. Note that the signature of a phase separation in dynamic rheology is accessible if the experiment occurs in a certain window of study which depends on the test frequency, the size of the interface, the viscosity ratio between the two phases. It is explained below that two phases are detected in all cured systems by DMTA and neutron scattering, so that phase separation is confirmed for all systems but not discerned on systems A by rheology only. It is important to note that the end-group of the PES-5003P can react with epoxy as studied by Cheng et al. [START_REF] Cheng | Morphologies and mechanical properties of polyethersulfone modified epoxy blends through multifunctional epoxy composition[END_REF] and mentioned by Rosetti [START_REF] Rosetti | Polyether Sulfone-Based Epoxy Toughening: From Micro-to Nano-Phase Separation via PES End-Chain Modification and Process Engineering[END_REF]. Thus an epoxy-PES block copolymer can be formed which enhance compatibility of the PES with epoxy and so that delays the phase separation. So epoxy conversions at phase separation may be slightly higher than those calculated above. Nevertheless we observe that the theoretical estimates regarding the epoxy conversion at phase separation for B1 and B2 are close to but slightly lower than the experimental values (0.41 and 0.37 respectively). Thus we Systems B show co-continuous morphologies. It could be discussed of a quasi-co-continuity; indeed if some nodule shapes are distinguishable, they could be a result of a start of the percolation to cluster mechanism that characterizes the transition from co-continuous morphology to sea-island [7,[START_REF] Oyanguren | Development of bicontinuous morphologies in polysulfone-epoxy blends[END_REF]. Size wise, it is interesting to compare the width of this co-continuous morphology which is of sub-micron scale, while the length can cover a few micro-meters. The average width of the PES-rich domains is about 300 nm for the formulation cured at a stoichiometry of 0.9 (B1), while 200 nm width is observed for the formulation with amine excess (B2). Less co-continuity seems to characterize the B2 resin. Rosetti and al. [START_REF] Rosetti | Polyether Sulfone-Based Epoxy Toughening: From Micro-to Nano-Phase Separation via PES End-Chain Modification and Process Engineering[END_REF] obtained vermicular (quasi co-continuous) morphologies for epoxy systems (blends of di and tri-functional epoxies) modified with 13 wt% of a similar polyethersulfone but with nonreactive end-groups. The scales are slightly smaller in our systems which can be explained by the presence of the -OH end-group on the polyethersulfone which may react with epoxy [4] and so increase its compatibility and delayed phase separation, as further discussed in Chapter IV and V.

Also, it is noteworthy that the staining method may allow determining information on the inside of TPrich phase at high magnification. In system B2, nodules of epoxy are distinguishable with a diameter of about 20-30 nm (Figure 55). We interpret this effect as a consequence of a secondary phase separation within TP-rich domains when curing goes on. To improve the characterization of the morphology, Transmission Electron Microscopy (TEM) is also performed on cured systems after chemically staining the TP-rich phase. The observations are done under magnificence from 10k to 300k. Detailed images of the morphologies of systems B1 and B2 are obtained (Figure 56). Some insight morphologies are again supposed and it will be later confirmed by neutron-scattering in Chapter IV. However, using staining method or dissolution method, no phase separation is observed in systems A.

Possibilities are that there is no phase separation so that a homogeneous system is obtained or that morphologies are too small to be observable. Size wise, the morphologies for A1 and A2 seem to be in the scale limit of the SEM apparatus. The picture below shows A1 at high magnification after TPchemical staining (Figure 57). Even if we could guess small light nodules (TP-rich phase) around 10-20 nm in a black background (continuous epoxy-rich phase), it is not convincing and the interfaces are not well defined. So that TEM observation was also tried for A1 and A2 systems but it was not successful (Figure 58). Again some darker zones of a few nanometres are visible on the images but we cannot conclude that it indicates the morphology. We think that the two phases are not pure enough, so that both phases are partially chemically stained by the phosphotungstic acid. It does not permit to bring a sufficient contrast. Thus another investigation on the phase separation is proposed by DMTA and neutron scattering.

For these systems it was not possible to resolve two different T g by DSC because the transitions temperatures are very close to each other. For epoxy/TP systems DMTA was used in different studies in the literature in order to detect the temperature of -relaxation during ramp temperature test using a three-point bending method [7,[START_REF] Blanco | Influence of a selected hardener on the phase separation in epoxy/thermoplastic polymer blends[END_REF][START_REF] Martinez | Phase separation in polysulfone-modified epoxy mixtures. Relationships between curing conditions, morphology and ultimate behavior[END_REF] or a single cantilever bending mode [100]. In our study, experiments are run on the different systems during a heating ramp at 2 °C.min -1 with 10 Hz frequency applied. Tanδ plot shows evidence of phase separation for the four systems previously cured with a temperature ramp up to a 180 °C plateau. Results for systems A1 and A2 are represented in Figure 59. A small shoulder is noticeable on the -relaxation of the TS-rich phase which indicates the -relaxation of the TP-rich phase. Indeed, two Gaussian peaks were necessary to fit the relaxations at high temperature At 20% of epoxy conversion no morphology can be detected on the scattering data. Note that we estimate the onset of phase separation at around 10% of epoxy conversion but it is possible that the scattering intensity is not sufficient to identify two phases at this stage of the reaction. However the scattered intensity of the final cured systems indicates the presence of two phases corresponding to the well pronounced oscillation at q=0.026 Å -1 . From DMTA and small-angle neutron scattering results we conclude that systems A exhibit phase separation with characteristic size of 24 nm. It is consistent with other studies using TGDDM and polyethersulfone. Fernandez et al. [START_REF] Fernández | Influence of polyethersulfone modification of a tetrafunctional epoxy matrix on the fracture behavior of composite laminates based on woven carbon fibers[END_REF] did not see phase separation on TGDDM/DDM/PES system by SEM but DMA showed a small shoulder on the -relaxation peak of the TS which confirmed that phase separation had occurred. Cheng et al. studied TGDDM/TGAP/44'DDS/15wt%PES with OH end-group through different formulations (along different quantities of each monomer) [START_REF] Cheng | Morphologies and mechanical properties of polyethersulfone modified epoxy blends through multifunctional epoxy composition[END_REF]. Besides no phase separation was seen on SEM, they distinguished nanophases around 50 nm by Atomic Force Microscopy.

Discussion

A methodology for controlling final morphologies in thermoplastic/epoxy blends is applied on four formulations. It starts with the determination of the relative miscibility of the components in initial systems (interaction parameters between epoxy and TP). Then it addresses a kinetics study of epoxy curing by DSC and a thermodynamic study by dynamic rheology with gel point determination and phase separation estimation. The final morphologies are observed by SEM and TEM. A combination of DMTA analysis and neutron scattering study allows determining the size of morphologies of a few tens of nanometres in some samples which are not observable by electron microscopy.

Different morphologies are obtained according to the chosen epoxy monomers and the amount of curing agent, all systems having the same fraction of thermoplastic. Systems composed of TGDDM present small structures of about 20 nm whereas systems containing TGAP display co-continuous morphologies of characteristic width about 300 nm and a few micrometres in length.

Based on its interaction parameter, TGAP (system B) is well miscible with the polyethersulfone and the homogeneous polymer solution is stable until a higher degree of epoxy conversion. Its functionality controls the gel point, it occurs at almost 50% epoxy conversion in TGAP-systems. Thus the elapsed time between phase separation and gel point is about 4 min. Then the kinetics of phase separation itself is essential as regards the final morphology. It may be controlled by the viscosity of the systems. We observed above that TP-rich domains in B1 are slightly coarser than in B2 (about 300 nm compared to 200 nm, respectively). Even if phase separation occurs for both systems at similar epoxy conversion, their kinetics are different. Indeed the viscosity of B1 at phase separation and beyond is almost one decade lower than in B2 which contains a larger quantity of curing agent. The viscosity is related to the T g of the epoxy-rich phase and of the thermoplastic-rich phase and to the temperature at phase separation. As a consequence, we assume that the kinetics of phase separation is faster in B1 than in B2 [4]. In Figure 61, we plot the loss moduli of our different systems during curing (ramp 1 °C.min -1 ). The gel points are indicated by crosses and the onsets of phase separation by squares. TGDDM (system A) presents a poorer miscibility with the TP in initial state than systems B. The corresponding value of the  parameter between TGDDM and TP is 10 times larger than between TGAP and TP. Phase separation takes place earlier during curing. The epoxy conversion was approximated at 10 % which corresponds to a dimerization of the system. Half of epoxy molecules are attached to an amine. We estimate the time lag between phase separation and gel point to be about 24 min. The viscosities of systems A are higher than viscosities of system B for a same degree of cure (Figure 61). At 20 % of epoxy conversion, the loss moduli for systems A1 and A2 are 300 Pa and 310 Pa respectively. At the same stage of curing the loss moduli for B1 and B2 are 63 Pa and 280 Pa respectively. At 30 % of epoxy conversion, the loss moduli for systems A1 and A2 are 3900 Pa and 1260 Pa respectively. At the same stage of curing the loss moduli for B1 and B2 are 180 Pa and 860 Pa respectively. But when compared the viscosities during the phase separation (between the onset of phase separation indicated with the square and the gel point indicated with the cross), the viscosity of system A is lower because it happens at significantly lower epoxy conversion (low epoxy T g ). Thus, the viscosity difference explains the difference in morphology size between B1 and B2, but it does not explain the 20 nanometres scale morphologies obtained for Systems A. Another parameter concerning the reactivity of the TP end-group has to be considered and is discussed in Chapter IV.

Conclusion

A combination of methods including the determination of solubility parameters in initial systems, in situ characterization of the systems along curing and investigation on the final morphologies is proposed in this chapter. It contributes to the understanding of the complex behaviour of epoxy/polyethersulfone systems. Phase separations mechanisms have to be understood according to two characteristics: the onset of phase separation and the kinetics of phase separation [103].

We highlight different parameters that control the phase separation mechanism.

The structure of epoxy monomer used in the formulation influences the onset of phase separation, related to its Flory interaction parameter with TP. Also, the monomer functionality (either tri-or tetrafunctional) controls the gel point and the stopping of phase separation process. Thus the time elapsed for morphology growth (between phase separation and gel point) can be determined.

The viscosity of the system controls the kinetics of phase separation. The morphology in more viscous systems grows more slowly than in less viscous system. The viscosity is related to the T g of the epoxy (at a fixed epoxy conversion), to the T g of the thermoplastic and to the temperature at phase separation.

In the next chapter, a more complete study is proposed based on this methodology. Through the construction of a phase diagram, the determination of the T g of epoxy-rich and TP-rich phases during the curing process and thanks to a further interpretation of neutron scattering results, an advanced discussion of the complex mechanisms of phase separation will be proposed.

Chapter IV Phase separation mechanisms leading to different morphologies in epoxy/PES systems

Introduction

In this chapter, we aim to understand what controls the final morphologies obtained in epoxy/TP blends. We consider two examples (introduced in the previous chapter) for which the final morphologies will be explained. The morphology results from spinodal decomposition (SD) mechanism. We will see that in these systems, SD cannot be described by the standard SD mechanism. It is coupled with the glass transition temperature (T g ) of the systems. They are constituted of two phases: a TP-rich phase and an epoxy-rich phase. If SD was not coupled with the T g , the final size of the objects would be of order of a few microns. In the systems studied, the diffusion coefficient of the polymers constantly decreases due to the approach of the glass transition as the phase separation proceeds.

The size of the morphology is determined by neutron scattering. The very same technique allows determining the compositions of both the epoxy-rich phase and the thermoplastic-rich phase. A continuum of possible solutions is provided. This chapter proposes to obtain both the size of the morphology and isolate the value of the TP-rich phase composition of cured blends from neutron scattering data.

The objective is to propose a methodology to understand the mechanism of phase separation in epoxy/TP systems upon approaching the glass transition. Two systems whose sizes are known are studied; they consist of one epoxy monomer (TGAP or TGDDM) cured with a 4, 4'-DDS. Two stoichiometry ratios are studied: 0.9 and 1.15. The resins are modified with 15 wt% of PES-5003P, a high T g polyethersulfone (232 °C). As seen in the previous chapter, the system composed of TGDDM presents small morphologies of about 20 nm width. System with TGAP exhibits co-continuous morphologies with 300 nm scale in width.

This chapter proposes a discussion regarding phase separation process, from initiation to final state of the morphology development which we assume is reached at gel point [START_REF] Pascault | Formulation and characterization of thermoset-thermoplastic blends[END_REF]. It follows different steps.

First, a Flory diagram is plotted in order to determine the onset of phase separation (Sections 2 and 3).

To follow, the T g of the system is determined as function of TP content and epoxy conversion (Section 4).

The neutron scattering results are then discussed (Section 5) which allows determining the size but not the phases compositions as there is one more unknown variables than equations.

Finally, the results are gathered and the phase separation mechanism is discussed. Two crucial points are highlighted: the onset of phase separation related to the Flory interaction parameter, and the kinetics of phase separation related to the T g and to the epoxy conversion during phase separation (Section 6). We will see how it finally allows determining as well as the size of the morphology, the composition of the TP-rich phase.

Construction of the phase diagrams

The reaction-induced phase separation in the epoxy/polyethersulfone resins is studied through the theory of blend with the use of the Flory-Huggins theory [START_REF] Flory | Principles of Polymer Chemistry[END_REF] (Chapter I, Section 2.3.1).

The second derivative of the free enthalpy (G) indicates the stability of the blend, according to the following expression (Equation 33):

( 𝜕²𝐺 𝜕∅² 𝑖 ) 𝑇,𝑃 > 0 (33) 
If the second derivative of the free enthalpy is positive, the system is stable for any components proportion. If it is negative, the system phase separates [4,7,[START_REF] Flory | Principles of Polymer Chemistry[END_REF]26]. In thermoplastic/epoxy blends, the system evolves during the epoxy polymerization [4,7]. The free enthalpy per monomer of a system with component TP and epoxy is written as in Equation 34:

𝐺 = kT [ ∅ 𝑇𝑃 𝑁 𝑇𝑃 ln∅ 𝑇𝑃 + (1 -∅ 𝑇𝑃 ) 𝑁 𝐸𝑃𝑂𝑋𝑌 ln(1 -∅ 𝑇𝑃 ) +  𝑇𝑃,𝐸𝑃𝑂𝑋𝑌 ∅ 𝑇𝑃 (1 -∅ 𝑇𝑃 )] (34) 
Where ∅ 𝑇𝑃 and (1 -∅ 𝑇𝑃 ) are the volume fractions of the TP and of the epoxy respectively, 𝑁 𝑇𝑃 and 𝑁 𝐸𝑃𝑂𝑋𝑌 are the polymerization degrees of each specie,  𝑇𝑃,𝐸𝑃𝑂𝑋𝑌 is the Flory interaction parameter between monomer units of each specie.

The epoxy size 𝑁 𝐸𝑃𝑂𝑋𝑌 starts from 1 and then increases during epoxy curing [START_REF] Clarke | Phase Behavior of Linear/Branched Polymer Blends[END_REF]. A phase diagram can be drawn for each 𝑁 𝐸𝑃𝑂𝑋𝑌 . Above a certain value of 𝑁 𝐸𝑃𝑂𝑋𝑌 the system is not stable anymore and phase separates. After phase separation, curing goes on and the two components become less and less compatible because the molecular weight of the epoxy increases.

 𝑇𝑃,𝐸𝑃𝑂𝑋𝑌 between epoxy monomers, TGAP or TGDDM, and the PES polymer, PES-5003P, are determined in Chapter III [START_REF] Hoy | The Hoy tables of solubility parameters[END_REF]. They are calculated for a binary system. It is under this consideration that the phase diagrams are constructed. As a first approximation, the curing agent is not taken into account.

The effective interaction parameter could be slightly balanced because of the presence of the curing agent in each phases but it should not change the global understanding of the system phase separation that is provoked by the 𝑁 𝐸𝑃𝑂𝑋𝑌 increase.

The onset of phase separation corresponds to the smallest 𝑁 𝐸𝑃𝑂𝑋𝑌 value for which the second derivative of the Gibbs free energy (Equation 33) is negative for a given TP content. The initial amount of TP introduced is 0.15 in mass fraction which corresponds to a volume fraction of 0.13. In order to minimize its free enthalpy, the system separates in two phases whose compositions (𝜑 1 and 𝜑 2 ) have the lowest possible straight line, i.e. the common tangent to G. That fulfils the requirement of the chemical potential of each species in both phases being at equilibrium [26] and the conservation of mass of the whole system. 𝜑 1 is the volume fraction of TP in the TP-rich phase and 𝜑 2 is the volume fraction of TP in the epoxy-rich phase.

For each system, ( (Figure 62). A common tangent can be drawn on the curve 𝐺 (Figure 64) with 𝑁 𝐸𝑃𝑂𝑋𝑌 = 3 whereas the initial volume fraction (∅ 𝑇𝑃 = 0.13) is between 𝜑 1 and 𝜑 2 (abscises of the common tangent). Thus the system separates in two phases of fractions 𝜑 1 and 𝜑 2 ; 𝜑 1 < ∅ 𝑇𝑃 < 𝜑 2 . 𝜑 1 = 0.48 and 𝜑 2 = 1.

Systems B are stable until a high degree of conversion. For 𝑁 𝐸𝑃𝑂𝑋𝑌 = 50, ( 𝜕²𝐺 𝜕∅² 𝑖 ) 𝑇,𝑃 < 0 (Figure 63). A common tangent can be drawn on the curve 𝐺 with 𝑁 𝐸𝑃𝑂𝑋𝑌 = 50 whereas the initial volume fraction (∅ 𝑇𝑃 = 0.13) is between 𝜑 1 and 𝜑 2 . Thus the system separates in two phases of fractions 𝜑 1 and 𝜑 2 (Figure 65); 𝜑 1 < ∅ 𝑇𝑃 < 𝜑 2 . 𝜑 1 = 0.74 and 𝜑 2 = 0.88. The compositions of each phase at phase separation are summarised in Table 16 for each system. These are the compositions which correspond to the system at equilibrium. 

Determination of the phase separation onset and end

In the previous chapter, the epoxy curing of the systems was characterized in situ by dynamic rheology and DSC analysis. The combination of the two techniques allows determining the temperature at the gel point as the tanδ crossover for different frequencies and the corresponding epoxy conversion (Table 17, column 2 and 3). The gelation stops the evolution of the morphology, as often mentioned in the literature [START_REF] Kim | Phase separation and apparent phase dissolution during cure process of thermoset/thermoplastic blend[END_REF][START_REF] Martinez | Phase separation in polysulfone-modified epoxy mixtures. Relationships between curing conditions, morphology and ultimate behavior[END_REF]104]. Still the phase composition may continue to evolve slightly after this point.

Also the onset of phase separation was approached in the previous chapter by dynamic rheology. A change of slope of the viscosity profiles was observed for the systems B1 and B2, respectively at a constant temperature for all frequencies, and the corresponding epoxy conversion was determined (Table 17, column 4 and 5). No deviation was observed for systems A1 and A2. With the construction of phase diagram (Section 2), it is possible to determine the epoxy size (N) for which the system is not stable anymore and phase separates. It is for N=3 and for N=50 for systems A and B respectively (Table 16). The degree of cure  corresponding to this size N is calculated by the percolation theory [26], with Equation 5 (Chapter I, Section 2.1.4.2):

N~|  - 𝐺𝑃  𝐺𝑃 | - 1 σ (5) 
Where 𝜎 is a percolation exponent with the value of 0.45 for a system in dimension 3,  𝐺𝑃 is the epoxy conversion at gel point and  is the epoxy conversion.  𝐺𝑃 was determined by dynamic rheology and  is determined for the values of N inducing phase separation. The corresponding temperature is determined by using the previous in situ DSC experiment. The values are given in column 6, 7 and 8 in Table 17. It is noteworthy that for systems B1 and B2, there is a good similarity between epoxy conversion determined by dynamic rheology and determined through the phase diagram study. Based on such observations, the degree of cure values at phase separation determined by the phase diagram construction will be considered in the discussion for all four systems.

Determination of the T g of TP-rich phase and epoxy-rich phase during phase separation

In order to understand the influence of the dynamics of the systems A1 and B1 on the phase separation kinetics, the T g of the TP-rich phase and of the epoxy-rich phase during the curing process has to be determined. The TP-rich phase is composed of TP (high T g ) and epoxy monomers or oligomers (low T g ). The T g varies during the curing process because of the growth of the epoxy oligomers.

It was not possible to determine directly by DSC the T g of the TP-rich phase and the T g of the epoxy-rich phase during curing because of the overlap of the curing exotherm phenomenon and of the glass transition phenomenon, or because of a too weak signal of the T g of the TP-rich phase (in classic or modulated-DSC) and then due to the close values of the two T g at high epoxy conversion.

Thus a step by step DSC methodology is proposed here to approximate the T g of TP-rich phase and the epoxy-rich phase all along the curing process. First, the T g of binary non-reactive blend TP/epoxy is measured for different amounts of epoxy. That reflects the plasticization effect of the epoxy on the TP. The second step is to measure the T g of neat epoxy resin (without TP) during epoxy conversion. Finally, results obtained from the first and second steps are combined. The T g of the TP-rich phase is plotted both as a function of the quantity of epoxy in the TP-rich phase and as a function of the epoxy conversion.

Measure of the T g of the binary non-reactive blend: TP with epoxy monomer 4.1

The first step consists of measuring the T g of the TP blended with different amount of epoxy monomer. The affinity of the TP with the epoxy monomer is good enough to obtain a homogeneous blend upon mixing in temperature. TGDDM and TGAP epoxy monomers have a low T g of -15 °C and -41 °C respectively. In comparison, the TP has a very high T g (232 °). It is assumed that the epoxy monomers can play a role of plasticizer.

Data from DSC experiments are obtained for different compositions, up to 40 wt% of TP in epoxy monomers (Figure 66). We did not consider larger TP content because of a dramatic increase in viscosity, indeed the preparation of homogeneous blends became a challenge. T g of such blends was determined by extrapolation. Different model equations were used. Fox equation [6], Couchman-Karasz equation [START_REF] Couchman | A Classical Thermodynamic Discussion of the Effect of Composition on Glass-Transition Temperatures[END_REF], and Lu-Weiss equation [START_REF] Grishchuk | Structure and toughness of polyethersulfone (PESU)-modified anhydridecured tetrafunctional epoxy resin: Effect of PESU molecular mass[END_REF], but none of the model fitted properly the experimental data (Appendix I T g fit of epoxy/TP blends with equations from theory of blends). With an adjustable k parameter, Couchman-based equation was found to be adequate (Equation 35):

𝑇 𝑔 = 𝑇 𝑔1 𝑤 1 + 𝑘𝑇 𝑔2 𝑤 2 𝑤 1 + 𝑘𝑤 2 ( 35 
)
T g is the glass transition temperature of the blend, 𝑇 𝑔1 , 𝑇 𝑔2 , 𝑤 1 and 𝑤 2 are the glass transition temperatures and the mass fractions of the components 1 and 2 respectively. k is an adjustable parameter.

Figure 66 Experimental T g of PES-5003P/epoxy binary blends (circles) and the corresponding fitted curve (lines)

For each system the T g goes from the T g of the pure TP, 232 °C down to the T g of the pure epoxy monomer, i.e. -15°C and -41 °C for TGDDM and TGAP respectively. It decreases with the content of epoxy monomer. k is found to be 2.68 and 5.48 for system A1 and B1 respectively.

Measure of the T g of the epoxy network during curing 4.2

The second step consists in measuring the T g of neat resins (TGDDM at 0.9 stoichiometry (NH/Epoxy) and TGAP at 0.9 stoichiometry, without TP) during the curing process for different epoxy conversion.

The T g can be related to the epoxy conversion  by using the Di Benedetto's equation modified by Pascault and Williams [START_REF] Pascault | Glass transition temperature versus conversion relationships for thermosetting polymers[END_REF] (Equation 36):

𝑇 𝑔 -𝑇 𝑔0 𝑇 𝑔∞ -𝑇 𝑔0 =   1 -(1 -)  (36)
Where 𝑇 𝑔0 and 𝑇 𝑔∞ are the glass transition temperatures (°C or °K) of the uncured and the fully cured system respectively. Pascault and Williams reported that for various systems  was the

△𝐶 𝑝∞ △𝐶 𝑝0 ratio,
where △ 𝐶 𝑝∞ and △ 𝐶 𝑝0 are the variations of heat capacity at initial state and at cured completion, respectively. The △ 𝐶 𝑝∞ is not easily measurable because of a very low variation of the heat capacity at T g for cured systems. Thus the experimental data are fitted with  as an adjustable parameter (Equation 36) as it was done by Rosetti [START_REF] Rosetti | Polyether Sulfone-Based Epoxy Toughening: From Micro-to Nano-Phase Separation via PES End-Chain Modification and Process Engineering[END_REF].  is found to be 0.95 and 1.10 for system A1 and B1 respectively (Figure 67). The T g of TGDDM network during curing is of the order of 6 to 10 °C higher than the T g of TGAP network at the same epoxy conversion.

T g monitoring of the homogeneous blend and of the TP-rich and epoxy-rich phase 4.3

The results of the two studies (Sections 4.1 and 4.2) can now be combined on a same graphic. A plot is obtained for each systems, A1 (Figure 68) and B1 (Figure 69). It gives access to the T g of TP-rich phase and the T g of epoxy-rich phase for a range of blend composition, upon cure, which were not determined experimentally.

The T g values of the neat resin recorded upon cure (Section 4.2.) are placed on the y-axe for an abscissa of 1 volume fraction (100 volume percent, 100 vol%) of epoxy monomer. The T g of pure TP can be indicated on the y-axe for an abscissa of 0 volume fraction (0 vol%). A curve can be plotted between the two epoxy compositions 0 and 1. For each epoxy conversion, the curve between the two points is plotted by using Equation 35(Couchman-based equation, Section 4.1.) with k=2.68 for TGDDM-system and k=5.48 for TGAP-system. We suppose that the same functions with the same k parameters describe the system when it is curing than when it is uncured. Each curve indicates the T g of the TP/epoxy blend over the whole composition range, for a fixed epoxy conversion. Thus the final graph represents the T g as a function of the volume fraction of epoxy monomer and of epoxy conversion. For a fix amount of epoxy monomer, the T g evolution when epoxy conversion increases can be read going up from one curve to another.

For example, if a system contains 50 %vol of TP and 50 %vol of epoxy, the development of the T g of the blend upon cure can be followed along a vertical line, positioned at a 50 %vol of epoxy. On Figure 68, in those conditions, we can read that for a TGDDM system, the T g of the uncured blend is 67 °C. When =0.10, the T g of the blend is 85 °C. The T g of the system grow steadily to 97, 131, 165 °C for =0.20, 0.40, 0.60, respectively. In the same way, the T g of the homogenous blend can be read up to a complete epoxy conversion (follow the red crosses on red arrow, Figure 68), to reach value of 230 °C for =1.

In the systems of this study, phase separations occur, so that the T g of the homogeneous system is read up to the epoxy conversion for which phase separation takes place (Figure 68, from point 1 to 2). Then the T g of the TP-rich phase and the T g of the epoxy-rich phase can be read by knowing the volume fraction of epoxy in each phase (based of phase diagram, Section 2), in the direction of the T g 1 and T g 2 arrows, respectively. For system A1, the T g of the epoxy/TP homogeneous blend and then the T g of each phases can be read on Figure 68. In the initial state, 13 %vol of TP are introduced which gives the initial point 1 (volume fraction TGDDM=0.87). Then the epoxy-amine reaction begins and the T g of the blend for the different epoxy conversion are read along the vertical line (black arrow between points 1 and 2) until it reaches the curve representing the epoxy conversion at phase separation (=0.13). After point 2, two phases coexist with a certain T g which depends on the phase composition and on the epoxy conversion. The T g of the TP-rich phase are read in the direction of the left arrow (T g 1) and the T g of the epoxy-rich phase are read in the direction of the right arrow (T g 2). When phase separation evolves, each phase becomes purer and purer. The position of the left and right arrows on the figure is arbitrary. In order to determine the precise T g of the TP-rich phase or of the epoxy-rich phase, the composition of the studied phase has to be known for each epoxy conversion . For system B1 the T g of the epoxy/TP blend can be read on Figure 69. The starting point 1 is %volTGAP=87. The T g of the blend increases (black arrow) up to point 2 which corresponds to the phase separation (=0.42). Then two phases coexist and their respective T g can be read along the direction of the T g 1 (TP-rich phase) or T g 2 (epoxy-rich phase) arrows.

For both systems, it is interesting to compare the point 1 (that we have access by extrapolation) with this point obtained by DSC measurements (that we measured on uncured systems). For System A1, the T g uncured can be read on Point 1 (=0 and %volTGDDM=87, Figure 68): 17 °C. The T g uncured for A1 was also measured by DSC (Table 13, Chapter III): 20 °C. Similarly, for System B1, T g uncured read on Point 1 is -4 °C (Figure 69) and the T g uncured measured by DSC (Table 13, Chapter III) is -2 °C. Thus for both system, the T g uncured values determined by extrapolation and by DSC experiments, are similar. It consolidates the valuable use of the T g graphics for higher extent of epoxy conversion.

Small-Angle neutron scattering results

Small-Angle neutron scattering measurements are performed on cured system in order to determine the exact morphology size (non-destructive and average physical quantities over the whole sample measurement, compared to the microscopy protocols) and to access the phase compositions in the final system. From the obtained 2D patterns, the scattering intensities are integrated over the isotropic system.

The global unified scattering function from Beaucage [START_REF] Beaucage | Approximations Leading to a Unified Exponential/Power-Law Approach to Small-Angle Scattering[END_REF][START_REF] Beaucage | Combined Small-Angle Scattering for Characterization of Hierarchically Structured Polymer Systems over Nano-to-Micron Meter: Part II Theory[END_REF][START_REF] Beaucage | Particle size distributions from small-angle scattering using global scattering functions[END_REF] is used. The equation for the scattered intensity (I) is written in Equation 37:

𝐼(𝑞) = 𝐺 ( exp ( -𝑞 2 𝑅 2 5 ) + 4.5 BB (erf ( 𝑞𝑅 √10 )) 12 (𝑞𝑅) 4 ) (37) 
Where erf(x) [START_REF] Abramowitz | Handbook of Mathematical Functions, With Formulas, Graphs, and Mathematical Tables[END_REF] is the error function. It approaches zero when x <1 and it approaches 1 when x >1. BB is the Beaucage fitting parameter (dimensionless). R is the object radius (cm) and q is the scattering vector (Å -1 ), G is the prefactor (cm -1 ) (Equation 38).

𝐺 = ∅ (1 -∅)V(△  2 ( 38 
)
Where ∅ is the volume fraction of the objects, V the volume of the objects (cm 3 ) and (△ 𝜌)² the square of the scattering length density contrast (cm -4 ).

Our objects will be characterized by a characteristic size ξ (cm), i.e. 2× 𝑅, which correspond to the width of the co-continuous TP-rich phase morphology or to the diameter of the nodules.

Systems A1 and A2 (TGDDM-based system) 5.1

For systems A1 and A2, no clear morphology was observed by SEM or TEM but the DMTA pointed out the occurrence of phase separations. Size and shape of the developed morphologies were detected by scattering experiment; a slope of q -4 and the Guinier plateau on the low-q indicating the presence of 3D objects with defined interface [105]. The experimental data are fitted with the Beaucage global unified equation for a sphere (Equation 37). A schematic of the morphology is given in Figure 70. 39.

∅ 1 = 𝑉𝑓 -1 + φ 2Epoxy φ 1TP -1 + φ 2Epoxy ( 39 
)
Where Vf is the initial volume fraction of TP introduced. For both systems, Vf= 0.13 which correspond to the TP content of 15 wt %.

As a first step of understanding, curve fitting was attempted to match the experimental data with considering ∅ 1 = Vf= 0.13, i.e. the two phases being pure. But it did not fit and the intensity was several decades above the experimental data. It was overestimated because the contrast between the two phases was overestimated. As expected, it was confirmed that the two phases are not pure and that we need to determine the compositions of each phases (TP-rich phase and epoxy-rich phase).

The parameters which fit the experimental data of cured system A1 (Figure 71) and which satisfy to Equation 39 are given in Table 18. Because there are three variables (φ 2Epoxy , ∅ 1 , φ 1TP ) for only two equations (Beaucage and mass conservation equation), a continuum of solutions exist, from A to M. 

BB 3 3 3 3 3 3 3 3 3 3 3 3 3
The size of the morphology is 19.5 nm. The Beaucage parameter (BB) which makes the link between the Guinier and Porod regions is set equal to 3. Its low value indicates a narrow distribution of the size. The volume fraction of epoxy in epoxy-rich phase goes from 1 (pure phase) to 0.88. The smaller the epoxy fraction in the epoxy-rich phase (φ 2Epoxy ) is, the larger is the TP fraction in the TP-rich phase.

(φ 1TP ). Note that the possible φ 1TP vary from 0.18 to 0.70 in Table 18, which indicates a large presence of epoxy in the TP-rich phase. The maximum considered amount of TP in the TP-rich phase (φ 1TP ) is 0.70, which represents only 2 vol% of the system (∅ 1 ).

The intensity scattered by system A2 is the same as for system A1 which indicates that similar morphologies are obtained. The same parameters are also used to fit the experimental data of cured system A2 and the same solutions (A to M) are found.

Systems B1 and B2 (TGDDM-based system) 5. 2For systems B1 and B2, co-continuous morphologies were observed by SEM and TEM. The analysis of scattering curves permits to determine quantitatively the morphology size and the composition of the two phases. The scattered intensities of systems B1 and B2 are given in Figure 72. They indicate the presence of two populations of morphology: one in the low-q range (coarse size) and the other in the high-q range (small size). So that two scenarios are discussed for systems B. A schema of the morphology suggested in the two scenarios is given in Figure 73. In scenario 1, the variables are ξ lq the average characteristic size of coarse objects, φ 1TP_lq the volume fraction of TP in coarse TP-rich phase, ∅ 1lq the volume fraction of coarse objects, ξ hq the average characteristic size of small objects, φ 1TP_hq the volume fraction of TP in small TP-rich phase, ∅ 1hq the volume fraction of small objects, φ 2Epoxy the volume fraction of epoxy in the epoxy-rich, and BBlq, BBhq the Beaucage parameters in low-q and high-q region, respectively. The conservation of the TP is given by the Equation 40and Equation 41 for low-q range and high-q range, respectively:

∅ 1𝑙𝑞 = 𝑉𝑓 -1 + φ 2Epoxy φ 1_lqTP -1 + φ 2Epoxy (40) 
And ∅ 1ℎ𝑞 = 𝑉𝑓 -1 + φ 2Epoxy φ 1_hqTP -1 + φ 2Epoxy [START_REF] Inoue | Reaction-induced phase decomposition in polymer blends[END_REF] Where Vf is the initial volume fraction of TP introduced (Vf=0.13).

In scenario 2, the variables are ξ 1 the average characteristic size of TP-rich objects, φ 1TP the volume fraction of TP in TP-rich phase, ∅ 1 the volume fraction of TP-rich objects, φ 2Epoxy the volume fraction of epoxy in the epoxy-rich phase, ξ 2in1 the characteristic size of the epoxy-rich objects included in TP-rich phase, φ 2in1Epoxy the volume fraction of epoxy in epoxy-rich objects included in the TP-rich phase, ∅ 2in1 the volume fraction of epoxy-rich objects in TP-rich phase, and BB1 and BBhq the Beaucage parameters. The conservation of the TP is given by Equation 42and Equation 43for low-q range and high-q range respectively:

∅ 1 = 𝑉𝑓 -1 + φ 2Epoxy φ 1TP -1 + φ 2Epoxy (42) 
And

∅ 2in1 = 𝑉𝑓 -φ 1TP × ∅ 1 (1 -φ 2in1Epoxy ) ( 43 
)
Where Vf is the initial volume fraction of TP introduced (Vf=0.13).

The experimental data are fitted with the Beaucage global unified equation for two populations of spheres. Each population's intensity has a slope in q -4 . Co-continuous structure can be understood as percolated spheres when its width is considered. The length of the co-continuous morphologies reaches a few microns which are out of the low q-range in the scattering experiments.

When considering scenario 1, it is not possible to fit the experimental data with consistent values which respect the relations between parameters (Equations 40 and 41). Moreover, the scenario does not seem probable regarding to the very low content of TP that remains in the epoxy-rich phase after phase separation according to the phase diagram of System B. It is more probable that the large quantity of epoxy remaining in the TP-rich phase continues to branch until a certain conversion for which there is (secondary) phase separation. It results in epoxy-rich nodules in TP-rich phase, as also observed in some systems in literature [START_REF] Girard-Reydet | Reaction-induced phase separation mechanisms in modified thermosets[END_REF][START_REF] Rico | Phase separation and morphology development in a thermoplastic-modified toughened epoxy[END_REF]106]. Thus scenario 2 is chosen.

When considering scenario 2, the parameters which best fit the experimental data of system B1 and take account of the relations between the parameters (Equations 42 and 43) are given in Table 19. Here as well, a continuum of different solutions exists, which we exemplify from A to J. The TP-rich morphology of System B1 fits with a width of 340 nm. Results of the fitting indicate epoxyrich nodules (sub-inclusion) of 22 nm in diameter. For primary (low-q) or secondary morphology (high-q), Beaucage parameter (BB1 and BBhq) is found to be equal to 4; it indicates a narrow size distribution. The volume fraction of epoxy in the epoxy-rich phase (φ 2Epoxy ) is between 0.99 to 0.90. The fraction of TP in the TP-rich phase (φ 1TP ) may cover a wide range of composition: from 0.36 to 0.92 which corresponds to a volume fraction of TP-rich phase (∅ 1 ) from 0.34 to 0.04. Concerning the sub-inclusion morphology, it is highly concentrated in epoxy: from 0.95 to 0.74 (φ 2in1Epoxy ) and it represents 0.13 to 0.37 (∅ 2in1 ) of the volume of the TP-rich phase in which it is included.

Different solutions also exist to fit the experimental data of system B2 with scenario 2 (Table 20). Similar morphology is given by neutron scattering for system B2 but the width of the TP-rich nodules phase is about twice smaller at 180 nm. Concerning the compositions, it evolves in the same range than for system B1.

Note that the intensity scattered at different stage of the phase separation was also measured (from =0.20 to =0.33 and from =0.44 to =0.49 for A1 and B1 respectively) in the purpose to access the morphology size evolution and so that the detailed kinetics of phase separation. But no significant evolution of the peak position or intensity was detected; indeed the two phases may not be contrasted enough before the final state (Figure 71 and Figure 72).

As a conclusion, for all systems, the sizes are determined by neutron scattering experiment and correlate with the size determined earlier by electronic microscopy. It also validates the presence of sub-inclusions in systems B, which was guessed from microscopy images without certainty. Also, neutron scattering results give detailed information on the composition of TP-rich and epoxy-rich phases (and the sub-inclusions in the case of Systems B) but further work is needed in order to determine the one solution that describes the system.

The mechanisms of phase separation for each system are discussed in the following section.

Interpretation and discussion

Phase separation and spinodal decomposition 6.1

According to the phase diagram of epoxy/TP blends, phase separation can occur by following two different mechanisms.

If the system is in the metastable region, the phase separation occurs by nucleation and growth which is a slow process. It is most probable to occur only in the presence of nuclei for phase growth and the growth will be localised at these sites. The resulting structure will be a sea-island structure (isolated thermoplastic droplets dispersed in the continuous thermoset phase) or an inverted-phase (thermoset droplets dispersed in the continuous thermoplastic phase) [START_REF] Clarke | Phase Behavior of Linear/Branched Polymer Blends[END_REF].

If the system is in the unstable region, the phase separation occurs by spinodal decomposition which is a spontaneous and fast process; no energy barrier has to be overcome. Cahn-Hilliard theory [START_REF] Cahn | Free Energy of a Nonuniform System. I. Interfacial Free Energy[END_REF] describes the early stage of spinodal decomposition; it is extended to polymer blends in de Gennes theory [START_REF] De Gennes | Dynamics of fluctuations and spinodal decomposition in polymer blends[END_REF]. A homogeneous blend displays fluctuations in concentration. Depending on the length scale, these fluctuations are stable (short length scale) or unstable (large length scale). An intermediate length scale in the unstable range corresponds to the fastest growing fluctuations leading to the early stage of spinodal decomposition.

In the early stage of spinodal phase separation, the characteristic length (the wavelength of fluctuation) is constant but the composition (the amplitude of the fluctuation) increases. A co-continuous structure is formed with typically a width between 2 and 9 nm [START_REF] Cahn | Free Energy of a Nonuniform System. I. Interfacial Free Energy[END_REF]107,108]. In intermediate stage, both the size and the composition change with time. Finally in late stage, the composition is constant and only the characteristic length increases due to coarsening processes [START_REF] Manias | Thermodynamics of Polymer Blends[END_REF]. The intermediate and late stages are both described by Ostwald ripening mechanisms. Lifshitz-Slyozov described a regular structure growth proportional to t 1/3 [START_REF] De Gennes | Dynamics of fluctuations and spinodal decomposition in polymer blends[END_REF][START_REF] Lifshitz | The kinetics of precipitation from supersaturated solid solutions[END_REF]. The domain growth is controlled by the diffusion of the separated phase through the medium. Then at very late stage of spinodal decomposition, spherical domains can be obtained by percolation and growth in order to lower the interfacial energy if the mobility dynamics of both phases are high enough [7,[START_REF] Cahn | Free Energy of a Nonuniform System. I. Interfacial Free Energy[END_REF]. Finally coalescence mechanism can occur in late stages and the structure becomes irregular [START_REF] Girard-Reydet | Reaction-induced phase separation mechanisms in modified thermosets[END_REF]. Thus resulting morphology of spinodal decomposition can be both cocontinuous or sea-island.

In thermoplastic/thermoset blends, one considers generally that the relevant mechanism is spinodal decomposition. The nucleation and growth mode is not expected to take place because it is a very slow process as compared to spinodal decomposition [START_REF] Wang | Introduction to Epoxy/Thermoplastic Blends[END_REF][START_REF] Kim | Phase separation and apparent phase dissolution during cure process of thermoset/thermoplastic blend[END_REF] in the experiment time-scale. Moreover, even if the system may be in the metastable region, it crosses it up to the unstable region as the reaction proceeds; the epoxy cure indeed evolves and increases the incompatibility between the TP and the epoxy which makes shift the phase diagram.

Often co-continuous morphology as well as sea-island morphology develops only by spinodal decomposition in epoxy/TP blends [START_REF] Oyanguren | Development of bicontinuous morphologies in polysulfone-epoxy blends[END_REF][START_REF] Zhang | Effect of Hydroxyl-Terminated Polyethersulfone on the Phase Separation of Polyetherimide-Modified Epoxy Resin[END_REF][START_REF] Jyotishkumar | Complex Phase Separation in Poly(acrylonitrile-butadienestyrene)-Modified Epoxy/ 4,4′-Diaminodiphenyl Sulfone Blends: Generation of New Micro-and Nanosubstructures[END_REF][START_REF] Gan | Viscoelastic Effects on the Phase Separation in Thermoplastics-Modified Epoxy Resin[END_REF][START_REF] Gan | Effects of the molecular weight of poly(ether imide) on the viscoelastic phase separation of poly(ether imide)/epoxy blends[END_REF].

Kinetics of phase separation and diffusion process 6.2

The growth of the morphology is fixed by different parameters: the onset of phase separation, the end of separation which is often determined as the gel point that fixed the morphology, and the kinetics of growth during this time elapsed [4]. The characteristics of phase separation of the four systems, in term of epoxy conversion and process temperature at phase separation and at gel point, were earlier summarised in Table 17.

Standard spinodal decomposition

In the early stage of spinodal decomposition in polymer blends, an initial demixing length scale is favoured that leads the polymer diffusion [108] (Cahn-Hilliard theory). The growth rate has a maximum at a certain wavelength which is the most rapidly growing fluctuation. In scattering experiment, a peak is observed at the onset of phase separation. Its intensity increases at relatively constant q value [7,[START_REF] Cahn | Free Energy of a Nonuniform System. I. Interfacial Free Energy[END_REF][START_REF] Jyotishkumar | Dynamics of Phase Separation in Poly(acrylonitrile-butadiene-styrene)-Modified Epoxy/DDS System: Kinetics and Viscoelastic Effects[END_REF]. Then during the later stage of spinodal decomposition, the scattering peak moves toward the lower q region which describes the growth of the morphology. Its intensity increases significantly. The kinetics of phase separation is then described by Lifshitz-Slyozov [START_REF] Lifshitz | The kinetics of precipitation from supersaturated solid solutions[END_REF] who explained the growth of morphology by Ostwald-ripening mechanism. The time of growth is directly related to the final size morphology. For spinodal decomposition in polymer blends, it was shown that domains size grows proportionally to 𝑡 1/3 (Equation 44) [START_REF] De Gennes | Dynamics of fluctuations and spinodal decomposition in polymer blends[END_REF][START_REF] Lifshitz | The kinetics of precipitation from supersaturated solid solutions[END_REF].

 = (𝑁 𝐷 𝑎 𝑡 ) 1/3 (44)
Where  is the domain size (m), N is the number of monomer, 𝐷 is the diffusion coefficient of the polymer (m².s -1 ), a is the monomer size (a=10 -9 m), and t is the time for phase separation (s).

Generally, this equation is used with a constant value for 𝐷, the polymer diffusion coefficient. 𝐷 is considered as constant if the polymer is studied well above its T g (about T g + 100 °C) [START_REF] De Gennes | Dynamics of fluctuations and spinodal decomposition in polymer blends[END_REF], which does not correspond to our experimental conditions. If a polymer is studied well above its T g , its dynamic at this temperature is very fast, its diffusion coefficient is typically around 10 -13 m².s -1 . For an experimental time of 10 3 s, the characteristic size calculated with Equation 44 is around 2 μm. It is not the scale of morphology that we obtain in our study. In order to explain the obtained nanoscale morphology, we need to take into account the effect of the T g onto the blend spinodal decomposition.

T g influence on spinodal decomposition

In this study, we aim to describe the influence of the dynamics of the epoxy-rich and TP-rich phases on the kinetics of morphology growth and on the concentration evolution in morphology. The mobility of each phase is characterized by the T g of each phase at a given temperature during the process. As determined by neutron scattering and construction of phase diagram, the phases are not pure. The TPrich phase which has the slowest dynamic (as regard to high T g ) contains an important amount of epoxy which is progressively expelled as the phase separation process goes on. Similarly the epoxy-rich phase which has the fastest dynamic (as regard to low T g ) contains some TP. The epoxy oligomers present in the TP-rich phase lower its T g and the TP presents in the epoxy-rich phase increases its T g . The T g of each phase is also significantly dependent to the epoxy conversion.

 Determination of the T g of the TP-rich phase and of the epoxy-rich phase (Section 4.3).

First, the T g of the TP-rich and epoxy-rich phase has to be determined. For systems A1 and B1 respectively, the value of the T g of the epoxy/TP blend throughout the cure reaction can be determined on Figure 68 and Figure 69 for a given epoxy amount. From the moment of phase separation (point 2), the T g of the TP-rich phase can be read to the left while the T g of the epoxy-rich phase can be read to the right, when knowing the epoxy amount (abscissa).

 Determination of the monomeric relaxation time of the TP in TP-rich phase and in the epoxy-rich phase.

The Williams-Landel-Ferry (WLF) [109] can be used to determine the TP relaxation times at T g in both phases. WLF curve is first plotted for the pure TP from dynamic rheology experiments results (Figure 74) and according to Equation 45.

𝑙𝑜𝑔 𝑎 𝑇 = 𝑙𝑜𝑔 ( 𝜏  𝜏 𝑟𝑒𝑓 ) = -𝐶 1 (𝑇 -𝑇 𝑔 ) 𝐶 2 + (𝑇 -𝑇 𝑔 ) (45) 
Where 𝜏 𝑟𝑒𝑓 is 100 s (DSC experiments), 𝜏  is the monomeric relaxation time of the TP at T g (s), 𝐶 1 and 𝐶 2 are calculated from the pure TP rheology experiment, 𝐶 1 =11.42 and 𝐶 2 =29.18 °C, 𝑇 𝑔 is the T g of the TP (°C) and T is the process temperature (°C). 𝑎 𝑇 is the horizontal shift factor determined from rheology experiment at a temperature T. Then we proceed to a shift of the curve when working in a phase with a different T g . We use the same WLF coefficients C 1 and C 2 than those determined for the pure TP at T= T g . The WLF can be plotted for any T g of the TP-rich or epoxy-rich phase (Figure 75) with the use of Equation 45, where 𝑇 𝑔 is the T g of TP-rich or epoxy-rich phase; T is the temperature of the curing process at a given time. Then from Figure 75, the monomeric relaxation time of the TP (𝜏  ) in the studied phase can be determined at any temperature. For example, if the studied phase has a T g of 100 °C (orange curve) and the process temperature is 155 °C, so that log a T = -7.5, so the monomeric relaxation time of the TP (𝜏  ) is 3×10 -6 s (𝑙𝑜𝑔 𝑎 𝑇 = 𝑙𝑜𝑔 (

𝜏  𝜏 𝑟𝑒𝑓
)). To summarize, it is possible to work in any phase if its T g is known at a given process temperature; the relaxation time of the TP in the studied phase is then directly determined.

 Determination of the diffusion coefficient of TP in the TP-rich phase and in the epoxy-rich phase.

When 𝜏  is determined, the diffusion coefficient 𝐷 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 (m².s -1 ) can be calculated as follows, using Equation 46[110]:

𝐷 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 = 𝑎² × 𝑁 𝑒 𝜏  × 𝑁² (46) 
Where 𝑎 is the monomer size (typically 𝑎=10 -9 m), 𝜏  (s) is the monomer relaxation time of the thermoplastic, N is the number of monomer unit (for PES5003-P, N=103) and N e is the entanglement number (N e =34). 

Proposition of mechanisms for phase separation and kinetics of morphology 6.3 growth

We discuss the experimental results and propose an explanation for the phase separation mechanism for systems A1 and B1. Different hypotheses have been considered.

The curing agent was not taken into account for building the binary phase diagram of epoxy/thermoplastic blends. Because of its solubility parameters (Table 6), DDS should be present in both phases. With a stoichiometry of 0.9 it is expected to react fully.

The interaction parameters between the epoxy monomers and the thermoplastic have been calculated and considered as constant throughout the curing process. The solubility parameters show minor variation when calculated for low epoxy conversion (up to N=5). We assume that it is not significant in comparison to the effect of the epoxy polymer mass increase which reduces considerably its affinity with the TP. It is what is shown on the phase diagram (Chapter IV, Section 2) in which the derivative of the Gibbs free energy is plotted for a constant interaction parameter calculated between the epoxy monomer and the thermoplastic. Furthermore, the functional -OH end-group of the TP can react with the epoxy through etherification. It may improve slightly its compatibility (not the thermodynamic affinity). Its effect on the phase separation mechanism is discussed later.

We consider that the diffusion dynamics is set by the slowest component (the thermoplastic) because the diffusion of the fastest component (epoxy) is enslaved to that of the slowest one [START_REF] De Gennes | Dynamics of fluctuations and spinodal decomposition in polymer blends[END_REF]112]. Thus we work on the diffusion of the TP slow component in both, the TP-rich phase and the epoxy-rich phase.

We assume that the phase separation is stopped at the gel point [4]. According to the phase diagram, phase separation starts when N=3 for A1 which corresponds to a degree of cure of 0.13 while it starts when N=50 for B1 which corresponds to a degree of cure of 0.42.

 Visualization of the phases dynamics

In order to visualize the relevant relaxation time range, the required time (t eff ) to form morphologies of 100, 400 and 1000 nm is plotted as a function of the monomer relaxation time of the TP (Figure 76). Using Equation 44, it gives the effective time needed to reach TP-morphologies of 100 nm, 400 nm and 1 μm in size according to the relaxation time of the TP. The representation stops at 1000 s which is the experimental time scale.

For example, for a TP with a monomer unit relaxation time of 5×10 -8 s, 0.1 s is a sufficient time to achieve morphology of 100 nm by diffusion while almost 10 s is required to attain 400 nm size and 100 s to reach larger morphology of 1 μm. From the WLF curves described before (section 6.2.2) and the T g diagrams (Figure 68 and Figure 69), relaxation times as function of TP content can be calculated. Thus, we can plot Figure 77 and Figure 78 which displays (T-T g ) and the relaxation time as function of TP content, for A1 and B1 respectively. The curves are plotted at a temperature that corresponds to the phase separation. For example we can read on Figure 77 (the diagram for system A1), if there is 50 vol% of TP in studied phase, so that T-T g = 67 °C. The corresponding relaxation time of the TP is 1×10 -6 s.

Note that it would be possible to plot the same diagram for different curing process (different epoxy conversion). We would have a different T g because of the difference in epoxy conversion driven by the curing temperature value, so that T-T g would be different.

A relaxation time longer than 3×10 -4 s corresponds to a very slow diffusion mechanism and leads to morphology size that does not exceed 100 nm. When relaxation time is faster than 3×10 -7 s, the diffusion mechanism is fast and morphology will be coarser than 1000 nm.

𝜏  > 3×10 -4 s  ξ < 100 nm 𝜏  < 3×10 -7 s  ξ > 1000 nm
To summarize, for any amount of TP (%vol TP), the value of T-Tg (°C) and the monomer relaxation time can be obtained from Figure 77 (System A1) or Figure 78 (System B1).

In Figure 79, the monomer relaxation time allows for calculating the diffusion coefficient which is used to calculate the characteristic size of the morphology (Equation 44). 

System B1 (TGAP-based system)

Based on neutron scattering results and microscopy observation, System B1 exhibits co-continuous morphology of 340 nm in width. We are going to calculate the morphology size and its composition by using the methodology based on the determination of the T g. We notice on Figure 69, that the T g of each phase does not increase significantly (~ 5 °C) between the phase separation and the gel point which are close in time. So, as a first simplification, we monitor the T g increase with TP content on the curve representing the onset of phase separation (=0.41). As determined on the phase diagram, phase separation occurs for N=50. At early stage of phase separation through spinodal decomposition, fluctuation of concentration with a fixed length scale occurs and is described by the Cahn-Hilliard theory: co-continuous structure is formed with a characteristic size of about 5 nm.

Morphology growth 6.3.1.1

The co-continuous structure formed will grow by diffusion of the TP through the epoxy-rich phase (Figure 80). At the onset of separation, the epoxy-rich phase contains 12% of TP as it is read on the phase diagram (Figure 63, Table 16). It corresponds to a T g of 92 °C, so a T-T g = 70 °C (when =0.41, T process =162 °C) (Figure 69). The relaxation time is calculated with Equation 45: 𝜏  = 1×10 -6 s. It can also be obtained from Figure 78. The corresponding diffusion coefficient is 3.8×10 -15 m².s -1 (Equation 46or Figure 79). In the time elapsed between the onset of phase separation and the gel point of 4 min, the TP-rich structure can grow from 5 to 450 nm as calculated with Equation 44. The discussed values are summed up in Table 21. The characteristic size calculated (450 nm) is satisfying as compared to the one observed by microscopy and small-angle neutron scattering (340 nm).

Concentration increase in TP-rich phase 6.3.1.2

The increase of TP concentration in the TP-rich phase is driven by the diffusion of the TP though the TPdomains (Figure 81). Indeed, more the TP-rich phase is concentrated (along the process), higher is the TP relaxation time and smaller is the diffusion coefficient. Thus more time is needed for the TP to diffuse from the interface to the inside morphology (~220 nm). But it is limited by the time for phase separation (230 s), which then allows determining the maximum composition of the TP-rich phase. In other words, the value of the T g of the TP-rich phase to have a sufficient mobility (𝐷 𝑇𝑃 ) to diffuse through 220 nm distance, is calculated with Equations 44 to 46 (or with Figure 78 and Figure 79). First we calculate the required diffusion coefficient, it is 4.5×10 -16 m².s -1 ; it corresponds to a relaxation time of 1×10 -5 s (note that 220 nm is half the diffusion distance for morphology growth, so that the relaxation time is about 4 times larger). At the curing process of 162 °C, this relaxation time corresponds to a T g of 112 °C. Thus the TP-rich phase contains about 53 vol% of TP when reading on the =0.41 curve of the T g diagram (Figure 69, or else Figure 78). The discussed values are summed up in Table 22. The value of 53 vol% of TP in TP-rich phase (φ 1TP ) allows choosing Solution F from neutron scattering (Table 19). Thus we can deduce the volume ratio of TP-rich phase: about 14% (∅ 1 ). This proportion seems in accordance with the images analysis of SEM morphology. Also, there is about 94 vol% of epoxy in the epoxy-rich phase (φ 2Epoxy ). Moreover, solution F gives the proportion and composition of the small epoxy-inclusions inside the TP-rich phase. They occupy about 29 vol% of the TP-rich phase (∅ 2in1 ) and are composed of 82 vol% of epoxy (φ 2in1epoxy ).

It is interesting to note that only about 60% of the TP introduced initially has phase separated, the rest remains in the epoxy-rich phase. It is indeed limited by the kinetics of diffusion whereas thermodynamic compositions at equilibrium would tend to access higher phase composition (as observed on the phase diagram).

System A1 (TGDDM-based system)

Based on neutron scattering results, A1 systems display very small morphologies of 20 nm. Phase separation occurs when N=3, =0.13 as determined on the phase diagram. At early stage of spinodal decomposition, the phase separation mechanism of a co-continuous structure of 5 nm is described by Cahn-Hilliard theory.

Morphology growth 6.3.2.1

The growth of the morphology is controlled by the diffusion of the TP through the epoxy-rich phase (Figure 80) which depends significantly on the T g of the epoxy-rich phase, and also on its composition.

 Diffusion of the TP through epoxy-rich phase: fast growth should lead to coarse morphology.

Between phase separation and the gel point, the T g of each phases change significantly (Figure 68). Anyway, throughout the curing process and for any TP amount, the T g of the TGDDM-rich phase is very low as compared to the curing temperature. Even if the onset of phase separation could occur some degree of conversion later because of the compatibilization of the TP with the epoxy through its reactive end-group, the T g of the TGDDM-rich phase remains low at low epoxy conversion. T-T g is always greater than 80 °C so it would be a fast diffusion process (Figure 77). For example, at phase separation (=0.13, T process = 156 °C), there is at the very maximum 13% of TP in the epoxy-rich phase (initial TP volume fraction). The T g of the epoxy-rich phase is of 47 °C (T-T g = 109 °C), the relaxation time is about 1×10 -7 s and the corresponding diffusion coefficient is 3×10 -14 m².s -2 (Equations 45 and 46 or Figure 77 and Figure 79). Thus morphology should reach 1.5 m (Equation 44) whereas 20 nm size was determined by neutron-scattering. Values of this discussion are summarized in Table 23. And then when conversion evolves, the mobility decreases but T-T g is always greater than 80 °C. Thus at any time, the relaxation time is shorter than 4×10 -7 s so that the diffusion of TP through the epoxyphase is fast and the size should be larger than 600 nm (Equation 44) in a few minutes. Thus the mechanism of morphology growth by diffusion through the epoxy-rich phase does not permit to explain the 20 nm size of morphology in A1.

 Phase separation stopped at its early stage because of reactive TP-end group

Regarding the final morphology of 20 nm for A1, the process is arrested at early stage of spinodal decomposition. We propose that it is due to the reaction of the TP-end group with the epoxy. When phase separation occurs (T process = 156 °C), the morphology can first slightly grow (from 5 to 20 nm). But immediately the hydroxyl end-group of the TP reacts with the epoxy at the interface between the two phases. Indeed around 150 °C the -OH-epoxy reaction is fast [START_REF] Rosetti | Polyether Sulfone-Based Epoxy Toughening: From Micro-to Nano-Phase Separation via PES End-Chain Modification and Process Engineering[END_REF]. An epoxy-TP block copolymer formed a dense brush around the TP-rich phase. Moreover it is favoured because of a high incompatibility between TP and epoxy (=0.27). The organization in micelles blocks the penetration of the TP inside the TP-rich phase. Thus the continuation of phase separation is suppressed [113]. To sum up, the structure is formed at N=3, =0.13 and is arrested at a scale of 20 nm (Figure 82). The same effect of the reactive end-group was observed by different authors [START_REF] Rosetti | Polyether Sulfone-Based Epoxy Toughening: From Micro-to Nano-Phase Separation via PES End-Chain Modification and Process Engineering[END_REF][START_REF] Cheng | Morphologies and mechanical properties of polyethersulfone modified epoxy blends through multifunctional epoxy composition[END_REF]106] for epoxy/TP blends. When TP had reactive end-groups (-NH2 or -OH), the characteristic sizes obtained were of the order of 20 to 90 nm according to the epoxy monomer. In term of TP-rich phase composition, the concentration is driven by the diffusion of the TP in the TP-rich phase (Figure 81). As for system B1, we determine for A1 the T g of the TP-rich phase which provides a sufficient diffusion of the TP from the interface to the inside morphology (length around 10 nm). It is calculated with Equations 44 to 46 or read on Figure 77 and Figure 79. For T process = 156 °C at phase separation, the T g of the TP-rich phase is 148 °C. It corresponds to 78% of TP in the TP-rich phase when reading on the =0.13 curve of Figure 68 (or with the use of Figure 77). The data discussed are summarized in Table 24. The value of 78 vol% of TP in TP-rich phase (φ 1TP ) allows choosing Solution M from neutron scattering (Table 18). Thus we can deduce that the volume ratio of TP-rich phase is only 2% (∅ 1 ). Also, there is about 88 vol% of epoxy in the epoxy-rich phase (φ 2Epoxy ) (solution M, Table 18).

Thus we notice that only about 10% of the TP introduced initially is at the end of the process located in the TP-rich phase, the large majority of it remains in the TP-rich phase. The phase separation is not advanced at all. So we can describe the mechanism of phase separation of this system in more details.

The reaction of the TP-end group with epoxy occurs probably in the same time scale that the epoxy reaction with amine. So in parallel TP-end groups branch and the epoxy network evolves. The TP that has already reacted can be solubilized inside the epoxy-rich phase (because it has increased their affinity with epoxy) or even be part of the network. The TP that has not yet reacted will phase separate and form a TP-rich phase. The TP at the interface of this phase will then react as well and form a block TPepoxy barrier. In this way, the morphology only attains 20 nm sizes and is poorly concentrated: the phase separation is frustrated. It could explain that no morphology was observed by electronic microscopy.

System B1 has faster network formation kinetics and we propose that the TP-end group reaction is too slow in comparison so that it does not come into play during the phase separation mechanism. The TPrich phase is formed and grows up to the gel point. Because the elapsed time for phase separation is short (4 min), the structure remains "co-continuous" and percolation-to-cluster mechanism does not occur.

We propose in Figure 83 a summary diagram illustrating phase separation mechanisms for A1 and B1. The determination of the kinetics of TGAP-TP and TGDDM-TP compared to epoxy curing kinetics and phase separation would be interesting to validate this understanding.

Systems A2 (TGDDM-based) and B2 (TGAP-based) composed of an excess of curing agent

Systems A2 and B2 are cured with an excess of curing agent (NH/Ep=1.15). In both cases, small molecules of unreacted curing agent may migrate into the TP-rich phase because of their good affinity [114].

The same scattered intensity plot was obtained for A2 compared to A1, so that the morphology size and composition are similar with TP-rich morphology of 19.5 nm in width. For this system the initial amount of curing agent does not influence the morphology size because the phase separation is already stopped a few times after its onset due to a barrier around TP-rich phase formed by the TP/epoxy adducts.

In B2 system, the morphology obtained exhibits 180 nm in width which is about twice smaller than in B1. The first considerations discussed here concern the kinetics of phase separation. First of all it was already discussed in the previous chapter that the viscosity of the blend is higher in B2 than in B1 (Figure 61) during the whole curing process. Whereas the epoxy conversions at phase separation are similar (=0.41 and =0.40 for B1 and B2, respectively), the T g of the epoxy-rich phase is higher in B2 than in system B1 (rheology experiments). In addition the process temperature at phase separation is lower in B2 due to faster curing kinetics (almost 10 °C lower than in B1). Thus T-T g value is small and the mobility of the thermoplastic is considerably reduced (small value of diffusion coefficient) in B2. So that, the phase separation kinetics is slower than in System B1 (diffusion of TP in epoxy-rich phase); it leads to smaller morphology size. Concerning the TP-rich phase composition, we may suppose that the curing agent is present in higher quantity in TP-rich phase than in epoxy-rich phase after phase separation, due the low value of TP-epoxy interaction parameter (=0.31, Table 12, Chapter IV). The small unreacted amine molecules may reduce the T g of the TP-rich phase, so that the kinetics of concentration increase is quite fast. To sum-up, we may suggest that the kinetics of morphology growth is reduced due to a high T g of epoxy rich-phase and earlier phase separation (lower process temperature). Also, the TP-rich phase contains a high content of TP (greatly more than in B1 TP-rich phase in which only half the volume was TP) due to a T g lowered by curing agent molecules (Figure 102, Annexe II). To support this discussion, the T g of both phases should be determined as a function of the TP content and of the epoxy conversion as for system B1.

Complementary discussion

It is interesting to note that in systems B1 and B2, percolation to cluster mechanism does not occur (or only a few) due to a limited mobility of the phases [7,[START_REF] Cahn | Free Energy of a Nonuniform System. I. Interfacial Free Energy[END_REF]. The gel point occurs only few minutes after the onset of phase separation and fixed the morphology in (quasi) co-continuous structure.

Based on this study, a wide choice of formulation designs is opened to achieve the wanted morphology.

Still, the effect of the relevant parameters has to be understood first. The onset of phase separation is controlled by the interaction parameters between the components and by the kinetics of epoxy curing. Kinetics of phase separation is dominated by the mobility of the phase. It can be monitored by the determination of the T g of both TP-and epoxy-rich phases. It relies both on the epoxy conversion and on the TP amount in the phases. The diffusion of the thermoplastic through epoxy-rich phase controls the morphology size. The diffusion of the thermoplastic inside the TP-rich phase controls the concentration of the TP-rich phase.

Conclusion

In this chapter we propose a step by step methodology in order to explain the phase separation mechanisms in TP/epoxy blends. It allows addressing a control of the morphology in complex systems in which the thermodynamics evolve during their curing and phase separation. First we determine the onset of phase separation by the construction of a Flory phase diagram. It allows characterizing the dynamics of the system at this moment: both the curing temperature and the T g of TP-rich and epoxyrich phase which depend on the epoxy conversion at phase separation. We plot the T g of TP-rich and epoxy-rich phase as functions of the amount of TP, which quantifies the plasticizer effect of the epoxy on the TP. It is plotted as a function of the epoxy conversion, i.e. the extent of epoxy curing reaction. The T g of both TP-rich and epoxy-rich phase are fundamental in order to understand the kinetics of phase separation and the composition of the TP-rich phase. The temperature difference between the curing temperature and the T g allows for calculating the monomer relaxation time by a WLF law. It allows calculating the diffusion coefficient of the TP in TP-rich phase or in epoxy-rich phase and discussing about the mobility of TP in each phase. With this study, we determined both the morphology size and the composition of the TP-rich phase by combination with neutron scattering results.

The TGDDM-based system (A1) displays a morphology of 20 nm size. The TP-rich phase constitutes 2% of the volume of the system and is composed of 70 vol% of TP. TGDDM has a high interaction parameter with the TP, it separates early during the epoxy curing (=0.13). So in A1, phase separation occurs early.

In the same time scale the TP end-group reacts with the epoxy and in parallel the epoxy network evolves. Thus only the TP that has not yet reacted (so that which is not solubilized) can phase separate. Then TP reacts at the interface of the small morphology. A TP-epoxy block copolymer barrier is formed which does not permit the coarsening of the TP-rich phase which displays a 20 nm characteristic size and which is poorly concentrated. It is a frustrated phase separation. TGAP-based system displays co-continuous morphology of 340 nm. The TP-rich phase occupies about 16% of the volume system and is composed of 53 vol% of TP. 22 nm epoxy-rich sub-inclusions occupy about 29 vol% of the TP-rich phase and are composed of 82 vol% of epoxy. The epoxy-rich phase contains 94% of epoxy. In TGAP-system, phase separation occurs later (=0.41) because of the good compatibility of the TP with the epoxy. Then the TP-rich phase grows by the diffusion process of the TP through the epoxy-rich phase until the gel point which freezes the morphology. Then sub-inclusions are formed by a secondary phase separation of the epoxy oligomers inside the TP-rich phase [START_REF] Girard-Reydet | Reaction-induced phase separation mechanisms in modified thermosets[END_REF][START_REF] Rico | Phase separation and morphology development in a thermoplastic-modified toughened epoxy[END_REF]106].

The stoichiometry also influences the final morphology for systems based on TGAP-monomers. System B2 with an excess of curing agent exhibits smaller morphology (180 nm) than system B1 (340 nm). We propose that it may be due to a lower mobility of the epoxy-rich phase; its T g is increased due to higher crosslinking density with 1.15 stoichiometry.

To conclude, this study proposed an advanced discussion on phase separation mechanisms in TP/epoxy systems. It put forward the influence of the dynamic of the TP-rich phase on the kinetics of morphology growth. Its mobility is dictated by the amount of TP and by the advancement of epoxy conversion. It plays a crucial role on the final morphology size, more than the time elapsed between phase separation and gel point. Also the TP end-group reaction is important to consider because it can arrest the phase separation at its very early stage.

From an applicative point of view, the methodology we developed can be summarized by the following scheme (Figure 84). The green squares indicate the experimental methods; the orange square belongs to the construction of the phase diagram according to the Flory-Huggins theory (and the determination of interaction parameters using Hoy theory). The blue ovals indicate the different determinations obtained through the work and used to achieve the final objectives highlighted in red: the morphology size and the compositions of the phases. The approach follows the black arrows. Furthermore, the verified correlations (cross-checking) between the methods are marked by the double-arrows. High-performance materials used for industrial application often results from judicious but complex epoxy resin formulations. The advanced performances are achieved using more than one epoxy monomer in combination with a curing agent and a thermoplastic modifier. Four formulated resin systems are discussed in this chapter. First a description of the resin systems is given. The systems are then compared on a one to one basis to identify further influential parameters. The study will not be as extended as for the model systems (Chapter III and IV), but key results will be given. Most of all, the construction of a phase diagram is not accomplished for these complex systems. Even if the curing agent is not taken into account, a binary phase diagram cannot be adopted here with the epoxy component being a blend of epoxy monomers. This chapter completes the principal study of this manuscript which concerns the phase separation mechanism in model systems (Chapter IV) and it uses the diagrams established in Chapter IV to give a qualitative idea of the values of diffusion coefficient, relaxation time, correlated with the T g at phase separation. It discusses the study of parameters that influence the final morphology: the nature of the epoxy monomers, the nature of the TP end-group, the system stoichiometry. Other parameters are also put forward here: the TP content, the reactivity of the curing agent. The study of formulated systems emphasizes the importance of studying further the main parameters of the initial formulation, brought in by the multitude of component that can be introduced in a formulated resin to achieve performance. It allows proposing an approach to fully control the morphology of commercial systems.

Formulated systems, description and characterization

Systems of interest 2.1

Three epoxy monomers and two curing agents are used to prepare the formulated resin systems investigated in this study.

The epoxy monomers are EpoxyLV, EpoxyMV, EpoxyHV which are low, medium and high viscosity, respectively. They are different by their structures. It is important to notify that, EpoxyLV is trifunctional (f=3) whereas both EpoxyMV and EpoxyHV are tetrafunctional (f=4). EpoxyLV is either blended with EpoxyMV or with EpoxyHV and its proportion is kept the same. For reasons of confidentiality, the detailed proportion of epoxy monomers cannot be indicated.

The curing agent is diaminodiphenylsulfone, either the 4, 4' or the 3, 3'isomer. With its amino groups conjugated with the sulfone bridge in para-position, the 4, 4'isomer (4, 4'-DDS) is less reactive than the 3, 3'isomer (3, 3'-DDS).

A stoichiometry of 0.9 is considered, apart from the resins investigated through the study of the influence of the resin stoichiometry; resins with stoichiometry of 1 and 1.1 are also prepared.

Two high-T g polyethersulfone modifiers of the same molecular weight and composition are compared. PES-reac is terminated with two reactive end-groups that can ring-open epoxy groups whereas PESnonreac has two non-reactive chlorine end-groups.

A description of the various epoxy resin systems that are investigated is given in Table 25. They are cured according to the non-isothermal curing cycle previously used for the model systems (Figure 39). First, the influence of TP content and stoichiometry were investigated through the study of System 1 and System 2.

System 2 is compared to System 1 in order to understand the influence of the TP end-group reactivity. System 3 is compared to System 1 in order to investigate the influence of the epoxy monomer structure and so that of the solubility parameters. System 4 is compared to System 1 to study the curing agent reactivity influence.

Interaction parameters 2.2

The Flory interaction parameters between the different components of the four systems are calculated using the Hoy method to tabulate the group contributions and Equation 17 (Chapter II, Section 4.1). Their values are given in Table 26.

In the Hoy group contribution theory, the isomery does not contribute to the solubility parameter of the DDS diamines. Also, the end-groups of the polymers have low contribution to the total polymer molecule (it is only about 1.8 % in mass), therefore no distinction is made between PES-reac and PESnonreac interaction with DDS or epoxy monomers. In Table 26, PES notation encompasses both species. According to their nature, the thermoplastic end-groups may react with epoxy groups. System 1 and System 2 of the same stoichiometry (NH/Ep= 0.9) are compared. System 1 is modified by PES-reac whereas System 2 contains PES-nonreac. Two TP contents are investigated, 10 and 20 wt%.

A description of the four resin systems is given in Table 27. The T g of the uncured system is measured by DSC (10 °C.min -1 ramp) after degassing the sample. The degree of cure is the result of 6 hours at 180 °C. In the initial state, the T g of Sys1_0.9_10% is 7 °C, and it increases when System 1 is prepared with 20 wt% of TP (13 °C). System 2 formulations present the very same characteristics. Also the final degrees of cure of the materials after the classic cure cycle are identical for the two systems when compared for a same TP content.

The identical T g uncured can be understood as the TP added has a similar molecular weight and a similar T g , whatever the presence or absence of reactive or non-reactive end-group. The identical degree of cure traduces a similar epoxy network structure extension.

Morphology

The morphology of the four systems is analysed by SEM after chemical labelling of the TP (Figure 85). System 2 with 20 wt% of TP is also studied after the dissolution of the TP in acid (Figure 86). System1 presents sea-island morphology. With 10 wt% of PES-reac, the nodules diameter is about 80 nm whereas with 20 wt% of TP the nodules diameter is about 90-100 nm. In comparison, Sys2_0.9_10% (PES-nonreac) exhibits a coarser sea-island morphology characterised by 400 nm sized nodules. Sys2_0.9_20% presents on the other hand a different morphology, in type and scale. A large micron-sized co-continuous TP-rich phase (4-5 μm) is observed. Moreover, staining and etching methods both permit to clearly observe the presence of secondary morphologies or "sub-inclusions"; epoxy-rich nodules of 700-900 nm are visible in the TP-rich phase (phase-inverted morphology) whereas TP-rich nodules of about 300 nm are distributed in epoxy-rich phase.

In conclusion, for 10 and 20 wt% of PES modifiers, the reactivity of the TP-end group influences the morphology size. All formulations are micro-structured. Submicron morphologies (<100 nm) are constantly obtained for Systems 1 formulated with PESreac.

Characterization of the system curing, phase separation and gelation

Combining in situ DSC and in situ dynamic rheology studies, the kinetics of epoxy conversion as well as the gel point temperature are determined for Sys1_0.9_20% and Sys2_0.9_20% (Table 28). Also, the phase separation onset temperature is determined by dynamic rheology where possible (an example of a phase separation determination is given in Annexe IV, on another system). The kinetics curves for Sys1_0.9_20% and Sys2_0.9_20% are not represented here but they are similar (they can be seen on Figure 99, Section 6.1.2). For System 1, the gel point which fixes the morphology is determined at 173 °C; it corresponds to an epoxy degree of cure of 0.37. For System 2 it is determined at the same temperature and for a same degree of cure. No specific feature of phase separation in rheology experiment is observed for System 1 whereas it is clearly observed for Sys2_0.9_20% as a change of viscosity slope for all frequencies. The time elapsed between the onset of phase separation and the gel point is 6 min for System 2.

Quantification of TP end-group reaction with epoxy

In order to detect the temperature at which the TP end-groups may react with epoxy groups, DSC and nIR studies have been attempted. Two systems have been prepared with 30 wt% of PES-reac but without curing agent in order to only detect the reaction of the end-group. The first system is composed of EpoxyLV whereas the second one is based on EpoxyMV. Each sample has been prepared by mixing the epoxy monomer and the thermoplastic at 120 °C in an oil bath under mechanical stirring to full dissolution.

Each resin system is then poured in a Hellma cell. The NIR spectra are collected in situ throughout the curing process, from 90 to 180 °C at 1 °C.min -1 . No evolution of the spectra has been observed. This result suggests that epoxy/TP end-group reaction may occur before the curing cycle, and during the TP/epoxy mixing step set up at 120 °C [START_REF] Rosetti | Polyether Sulfone-Based Epoxy Toughening: From Micro-to Nano-Phase Separation via PES End-Chain Modification and Process Engineering[END_REF]. NIR measurement throughout dissolution of PES-reac would not be possible due to the turbidity of the mixture. By DSC analysis, no signal was detected; the heat release of the reaction was too small as the polymer end-groups represent only about 1.8 wt% of the polymer.

Discussion

The onset of phase separation in System 1 is not detected by dynamic rheology but we can deduce it. Because of the identical structure of components in Systems 1 and 2, the average interaction parameters between epoxy monomers and the TP are considered similar. Phase separation occurs at =0.27 for System 2 as detected by dynamic rheology. We may suppose that it probably occurs slightly later in System 1 because of an enhanced compatibility of the two phases when TP end-group reacts with epoxy. Indeed, even if there are thermodynamically unstable after a given size of epoxy (high , poor affinity), the covalent bond created between the TP and the epoxy oligomers allows retaining the two phases homogeneous slightly longer (chemical compatibilization) [START_REF] Blanco | Influence of a selected hardener on the phase separation in epoxy/thermoplastic polymer blends[END_REF][115][116][117]. It is taken =0.30 at onset of phase separation of System 1. The time elapsed between the phase separation and the gel point is slightly longer in System 2 containing the non-reactive TP. But it is the mobility of the phases which is the major factor controlling the final morphology. System 1 phase separation is described (a) and then System 2 (b).

(a) For System 1 which contains a TP with reactive end-group, the morphologies reach 80 and 100 nm for 10 and 20 wt% TP respectively. The scale of the morphology indicates that the spinodal decomposition is coupled with the T g and has a slow kinetics (as System A and B in Chapter IV). The morphology growth is stopped by the gel point when α=0.37. It supposes that TP-epoxy reaction does not influence significantly the diffusion after phase separation (as System B in Chapter IV, Section 6.3.1).

If TP-epoxy reaction occurs in the same time scale than network formation, it would form a TP-epoxy block copolymer around the TP-rich phase and one may suppose that it would freeze the morphology at few tens of nanometres (as System A, Chapter IV, Section 6.3.2). Here, during a given time, the TP-epoxy reaction (bringing compatibilization) is probably faster than the epoxy curing which induced the phase separation, as suggested by NIR results. Then phase separation occurs, and later nodules are formed by percolation-to-cluster mechanism [7,[START_REF] Cahn | Free Energy of a Nonuniform System. I. Interfacial Free Energy[END_REF] to reduce the interfacial energy. 80 to 100 nm corresponds to a T-T g of 30 °C which gives a relaxation time of 3×10 -4 s and a diffusion coefficient of 10 -17 m².s -1 . It indicates that the T g of the epoxy-rich phase at phase separation is already high as compared to the curing temperature (around 170 °C) (with considerations established in Chapter IV).

(b) For System 2 with 10 wt% TP, the spinodal decomposition coupled with T g is arrested at the gel point (α=0.37) at which the morphology is of 400 nm in size (as System B in Chapter IV, Section 6.3.1). The size is coarser than in Sys1_0.9_10% because of faster growth kinetics of the TP-rich phase. Here T-T g is of 50 °C which gives a relaxation time of 3×10 -6 s and a diffusion coefficient of 10 -15 m².s -1 , very similar to system B1 which had the same morphology size. Then percolation-to-cluster occurs and nodules are formed.

For System 2 with 20 wt% TP, the submicron scale of the co-continuous primary structure indicates that the growth of the morphology occurs via the standard spinodal decomposition with no coupling with the T g . Thus T-T g here is more than 100 °C which gives a relaxation time of 3×10 -8 s and a diffusion coefficient of the order of 10 -13 m².s -1 . So here, phase separation occurs before phase separations in System 1 and also in Sys_0.9_10% because of a higher TP amount. It explains that the T g of the epoxyrich phase is certainly low (around 70 °C) compared to the process temperature at phase separation (T°=168 °C), because of a low epoxy conversion and probably a low amount of TP in epoxy-rich phase. Thus, the diffusion of the TP in the epoxy-rich phase is fast. Then the epoxy oligomers inside the epoxyrich phase continues to extend until a given size at which a secondary phase separation occurs and leads to a TP-rich secondary phase in the epoxy-rich phase. Similarly, the branched-epoxy which still remains in the TP-rich phase separates too in larger quantity (more epoxy remains in TP-rich phase than TP in epoxy-rich phase) [START_REF] Girard-Reydet | Reaction-induced phase separation mechanisms in modified thermosets[END_REF][START_REF] Rico | Phase separation and morphology development in a thermoplastic-modified toughened epoxy[END_REF]106]. Note that at this stage of epoxy conversion, the T g of the TP-rich phase may also be low because poorly plasticized with epoxy oligomers, so that the TP can concentrate by fast diffusion into the TP-rich phase.

As a conclusion, TP end-groups influence the compatibility between epoxy and TP. If the reaction occurs after TP-epoxy phase separation, it may dictate the fixation of morphology before gel point (System A1, Chapter IV). If the reaction occurs before phase separation, it influences the onset of phase separation (System 1) and so that the T g of the epoxy-rich phase at phase separation which controls the kinetics of morphology growth. This T g depends on the epoxy conversion at phase separation and of the composition of the phase (i.e. the TP content) which could be determined by building a phase diagram and by scattering experiments.

Effect of TP content 3.2

As it was widely studied in literature, the quantity of TP in the initial system influences the phase separation and the final morphology. System 1 is prepared with 10, 20, 30 and 35 wt% of PES-reac; the morphology, the kinetics of epoxy curing as well as the phase separation process are characterized.

Morphology

The cured systems are observed by SEM after both etching and labelling methods. The resulting morphologies are described in Table 29. The TP content influences the final resin morphology. It evolves from sea-island (TP nodules in epoxy continuous phase) to phase inverted morphology (epoxy nodules in TP-continuous phase). The size of the TP nodules increases up to a critical concentration of TP (around 30-35 wt%) above which cocontinuous morphology is obtained.

Characterization of the kinetics of curing and gelation

All resins, including a reference system without thermoplastic, are characterized by DSC using 1 °C.min -1 ramp in order to mimic the curing cycle used in the whole study. Samples are heated up to 300 °C in order to achieve a complete epoxy conversion (=1) and to determine the total area of the exotherm H Total . It is then possible to plot the degree of cure along temperature (or time) by integrating the exotherm (Equation 19) (Figure 87). It is observed that the reaction rate slows down with the TP content; it is called a dilution effect as widely described in literature [6,[START_REF] Martinez | Phase separation in polysulfone-modified epoxy mixtures. Relationships between curing conditions, morphology and ultimate behavior[END_REF]. An increasing TP content induces an increase of T g and so that a reduction of epoxy and curing agent mobility. In addition the concentrations of epoxy and curing agent are lower in the system. Both effects imply a reduction of the kinetics of epoxy curing.

The epoxy conversion at gel points are determined by in situ dynamic rheology combined with DSC study. Whatever the TP amount is, gel points are determined close to =0.40. It is assumed that phase separation appears before gelation, thus we can suppose that the epoxy conversion inside the epoxyrich phase is not affected by the TP that remains in few quantity.

Discussion

PES-reac phase separates in System 1; the size of the morphology increases with the increase of the TP content. The latter also slows down the epoxy curing kinetics. Besides, the gel point occurs for a same degree of cure. Furthermore no feature of phase separation is detectable by dynamic rheology. We propose two hypotheses for explaining the mechanism of phase separation and the size increase with TP content increase: (1) phase separation occurs earlier when TP amount increases or (2) phase separation occurs at the same epoxy conversion when TP amount increases.

(Hypothesis 1) When the TP content increases, the affinity between the phases decreases. The phase separation may occur earlier in the epoxy curing process, at smaller epoxy conversion [START_REF] Giannotti | Reaction-induced phase separation in epoxy/polysulfone/poly(ether imide) systems[END_REF][START_REF] Rico | Phase separation and morphology development in a thermoplastic-modified toughened epoxy[END_REF]. As first consideration, the elapsed time between phase separation and gel time may be bigger and allows the morphology growing, but Rico et al. [START_REF] Rico | Phase separation and morphology development in a thermoplastic-modified toughened epoxy[END_REF] considered instead the kinetics of morphology growth. They characterized the isothermal curing process and explained that the viscosity of the medium is lower at smaller epoxy conversion and favours the mobility of the TP and the growth. The resulting size could be demonstrated by determining the T g of the epoxy-rich phase as discussed in Chapter IV, Section 6.3. This is how we explained the coarser morphology obtained for Sys2_0.9_20% as compared to Sys2_0.9_10%, a system that contains non-reactive end-group. Because of a high incompatibility, the amount of TP significantly changed the onset of phase separation and influences the kinetics of morphology growth and the size changeover; it goes from 400 nm (10%TP) to 5 μm (20%). In the case of System 1, the morphology size variation is smaller. We propose that the presence of reactive TP-end group allows delaying the phase separation for all formulations of System 1. So whatever the TP amount is, phase separation occurs late, around =0.30 (at minimum), where the T g of the epoxy-rich phase is high. This is why we bring the hypothesis (2).

(Hypothesis 2) If phase separation occurs at the same epoxy conversion for all TP amount, the time elapsed between phase separation and gel point is identical for any TP content. It is only the kinetics of phase separation which influences the final morphology. And in this hypothesis, the T g of the epoxy-rich is the same at phase separation (at =0.30) and evolves identically until gel point. But because of a delayed curing kinetics with the increase of TP (Figure 87), the temperature at phase separation is higher for systems with high TP amount. It is indeed a non-isothermal process. Thus the temperature difference between the T g of the epoxy-rich phase and the temperature is bigger and the diffusion coefficient of the TP is higher so that the morphology size is coarser (Figure 88). The resulting size could be calculated by determining the T g of the epoxy-rich phase at phase separation as discussed in Chapter IV, Section 6.3. This T g is also dependent on the TP which remains in the epoxyrich phase. To qualitatively understand the influence of T-T g , we can calculate that the difference of temperature at phase separation between Sys1_0.9_10% and Sys1_0.9_35% is 15°C, so that the T-T g difference is 15 °C for a same T g at phase separation. If T-T g is 30°C with 10% TP System, the relaxation time is 10 -4 s, the diffusion coefficient is 10 -17 m².s -1 whose morphology size of the order of 90 nm. Thus T-T g is 45 °C with 35% TP System and so that the relaxation time is 10 -5 s and the diffusion coefficient is 10 -16 m².s -1 whose morphology size of 200 nm.

To conclude, the amount of TP introduced in the system controls the final morphology. It may influence the onset of phase separation and so that the mobility of the phases at phase separation, either in term of a different T g at phase separation (Hypothesis 1 that we used for explaining System 2 (non-reactive TP) in the previous section) or in term of a different temperature at phase separation (Hypothesis 2). Because a strong influence on epoxy curing kinetics is shown in this study and also because phase separation occurs anyway late in the curing process (System 1 has reactive TP), we put forward the consideration that the temperature at phase separation is the dominant factor. It controls the kinetics of phase separation and the morphology size in a scale of 80 to 200 nm. In our study, the systems are indeed cured according a non-isothermal curing cycle.

Influence of the monomer structure and their relative miscibility

In order to study the influence of the epoxy chemical structure on the final morphology, two systems composed of different epoxy monomers cured with 4, 4'-DDS (0.9 stoichiometry), and modified with PES-reac (20 wt%) are studied (Table 30). System 1 is composed of the low and medium viscosity epoxy monomers, whereas System 3 is a blend of the low and medium viscosity epoxy monomers. Note that the proportion between the two monomers in both systems is kept the same. The neat resins (without TP) are also studied for both systems as systems of reference. In the initial state, the T g values for the Systems 3 are higher than those of the Systems 1. Indeed EpoxyHV displays a highest T g , so the T g of its resin blends (Systems 3) are the highest. The values of the final degree of cure are higher for systems without TP (0%) and for Systems 3 compared to their Systems 1 counterparts.

Morphology

The morphologies of Systems 1 and 3 with 20 wt% TP are observed by SEM after chemically labelling the TP (Figure 89). System 3 has also been prepared by acid etching method in order to better visualize the co-continuous morphology. Figure 90 shows the resulting morphology at 2 different magnifications. Whereas nodules of about 90 nm are obtained for System 1, 800 nm-2 μm scale morphology with quasico-continuity (more segmented than a continuous phase) is obtained for System 3.

Characterization of the kinetics of curing

The four resins, Systems 1 and 3 with 0 and 20 wt% PES-reac, are characterized by DSC using a 1 °C.min -1 ramp in order to mimic the curing cycle used in the whole study. The degree of cure along temperature is plotted by integrating the exotherm (Equation 19) (Figure 91). 

Discussion

The nature of the epoxy monomer chosen influences the kinetics of epoxy curing and the gel point in the presence of thermoplastic. Sys3_0.9_20% presents a faster kinetics and a gel point at lower epoxy conversion when compared with Sys1_0.9_20%. The phase separation occurs early in the curing process for System 3 (=0.14) which gives coarse morphology (800 nm-2 μm), whether it is thought to occur later in System 1 (around =0.30 as discussed earlier) which gives small morphology (90 nm). The interaction parameters between the components are studied (Table 26).

In System 3, the Flory interaction parameter between the PES-reac and EpoxyHV is very low (=0.02) which indicates their good affinity. In System 1 EpoxyMV has a high interaction parameter with PES-reac (=0.49) and so that a bad affinity. In both systems, EpoxyHV or EpoxyMV are blended with EpoxyLV which has a good affinity with the TP (=0.12). So that the effective interaction parameter between epoxy blend and the PES-reac is lower in System 3 (good affinity between epoxy and PES-reac) than in System 1 (poor affinity between epoxy and PES-reac). Thus the early phase separation observed in System 3 seems contradictory with this description (good affinity between epoxy and PES-reac). Thus, it is not the affinity between TP and epoxy monomers which explains in this case the early phase separation for System 3.

For the comparisons of these two systems, we understand that the interaction parameter between the epoxy monomers has also to be considered. We propose the following phase separation mechanism for System 3 (a) and for System 1 (b).

(phase separation mechanism -a) In Sys3_0.9_20%, EpoxyHV has a high interaction parameter with EpoxyLV ( = 0.27) with which it is blended thanks to the 4, 4'-DDS which improves the over affinity [START_REF] Rico | Phase Diagram for a System of Polydisperse Components Consisting of the Precursor of an Epoxy/Diamine Thermoset and a Thermoplastic: Analysis Based on a Lattice Theory Model[END_REF]. At low degree of conversion, after a few monomers have branched, EpoxyHV phase separates from EpoxyLV dragging a fraction of TP in its phase because of their high compatibility; it becomes the TP-rich phase with a non-negligible EpoxyHV amount inside. At this stage, the epoxy conversion measured is only 0.14, EpoxyHV is not highly branched so that it lowers the T g of the TP, acting as a plasticizer. At the same time the T g of the epoxy-rich phase, mainly EpoxyLV is low. The spinodal decomposition is not coupled with the T g because the process temperature is high comparing to the T g . Thus the kinetics of morphology growth is fast during the time between phase separation and gel point of 13 min. The resulting size is calculated with Equation 44.

 = (𝑁 𝐷 𝑎 𝑡 ) 1/3 (44)
Where  is the size, 𝑁 is the number of monomer (𝑁 =286 for the considered thermoplastic), 𝐷 is the coefficient diffusion of the polymer, 𝑎 is the monomer size (𝑎 =10 -9 m), and 𝑡 is the time for phase separation (𝑡 =13 min).

The epoxy-rich phase is studied in the condition far above the T g (T g +100 °C), as discussed in Chapter IV, Section 6.2.1. Thus the polymer has a fast dynamic and its diffusion coefficient is typically of the order of 10 -13 m².s -1 (the relaxation time is 10 -8 s) so that  is of the order of 2×10 -6 m which corresponds to the size observed on microscopy images.

Then, when EpoxyHV continues to branch inside the TP-rich phase, it becomes insoluble and phase separates. This secondary phase separation does occur after the gel point and is interestingly measured by neutron scattering experiment at different time (from gel point to final state) (Figure 110, Appendix V). These sub-inclusions reach about 26 nm in the final state.

(phase separation mechanism -b) The mechanism and the kinetics of phase separation are drastically different for System 1. Phase separation occurs between EpoxyMV and PES-reac because of their low affinity. It occurs later in the epoxy conversion (α=0.30) than for System 3, as discussed previously. Also, the TP-epoxy reaction could enhance their compatibility; whereas in System 3 the phase separation is between the epoxy monomers. Because of the high epoxy conversion at this stage, the T g of both phases is high and close to the process temperature. Some EpoxyLV may be stabilized in the TP-rich phase because of their better affinity for PES-reac. The epoxy oligomers are too branched to have a plasticizer effect. Phase separation occurs through spinodal decomposition coupled with the T g . The kinetics of morphology growth is slow due to a high-T g of epoxy-rich phase, and also the increase of the composition in TP-rich phase is slow because of a high-T g of TP-rich phase. The size of 90 nm is fixed at gel point, and nodules of 90 nm are formed by percolation-to-cluster.

The differences between the two mechanisms are schematized in Figure 92. This comparison puts forward the importance to consider the affinity between the epoxy monomers when formulating resins using blend of epoxy monomers. The onset of phase separation may be led by a low affinity between the two epoxy monomers (System 3). If phase separation occurs early it offers more time for morphology to grow (time between phase separation and gel point) but it also influences the T g of the TP-rich and the T g of the epoxy-rich phase. When the epoxy-rich phase has a low T g compared to the curing temperature, the kinetics of morphology growth is fast. Thus, System 3 presents spinodal decomposition not coupled with the T g , hence a morphology scale of some microns. System 1 presents spinodal decomposition coupled with the T g (as System B, Chapter IV) hence a morphology of 100 nm scale.

Influence of the curing agent reactivity

The curing agent reactivity is another interesting parameter investigated in this work. The influence of the DDS isomers is studied: 3, 3'-(Systems 4) and 4, 4'-(Systems 1) DDS diamines are compared. With its amino groups conjugated with the sulfone bridge in para-position, the 4, 4'-isomer (4, 4' -DDS) is less reactive than the 3, 3'-isomer (3, 3'-DDS).

The epoxy monomers in both systems are EpoxyLV and EpoxyMV cured at a 0.9 stoichiometry. They contains from 0 to 35 wt% PES-reac. A description of Systems 1 and Systems 4 is given in Table 32. For System 1, the initial T g increases with the TP amount. The same trend is observed for System 4.

Nevertheless, the T g uncured values of System 4 are lower than those measured for System 1. It may be due to an initial difficulty to dissolve 3, 3'-DDS compared to 4, 4'-DDS. The dissolution of the 3, 3'-DDS can be observed on Systems 4 DSC graphics by a small endotherm peak after the T g uncured measure but before the start of the exotherm reaction (dissolution is thus completed before the reaction starts). The difference of T g uncured values may also traduce a better capacity of the 3, 3'-DDS to plasticize the epoxy/TP blends than the 4, 4'-DDS (Appendix II T g of binary unreacted blend TP/DDS as function of DDS mass fraction, T g of TP/DDS as function of DDS mass fraction). It may be explained by a difference in free volume. In System 1, the amine group in para-position induces a reduced free volume so a higher T g compared to System 4 with the amine group in meta-position. For Systems 1 and 4, the epoxy curing is delayed with the increase of TP amount, because of a dilution effect (30 and 35 wt% are not represented here but it behaves the same). For all TP amount, the kinetics of curing is significantly faster for System 4. At 160 °C, =0.30 for System 4 with 20 wt% of PES-reac whereas a conversion of =0.18 is reached for System 1.

Characterization of the system gelation

By combining in situ DSC and in situ dynamic rheology studies (at 1 °C.min -1 ), the determination of the gel point and approach on the onset of phase separation are investigated on neat resins and on systems with 10, 20, 30, 35 wt% TP (Table 33). For both Systems 1 and System 4 with PES-reac, the -relaxation temperature of the TP-rich phase is higher than the one in neat TP and the -relaxation temperature of the epoxy-rich phase is similar to the one of the neat resin. We understand it as two indications: there is a high content of epoxy in TPrich phase whereas there is a poor or negligible content of TP in epoxy-rich phase. It seems to correlate qualitatively with the phases proportions determined for both Systems A and B (by phase diagram construction and neutron scattering experiments) in the previous chapter (Chapter IV). By extrapolation it reinforces our global understanding of TP-epoxy systems, in which the epoxy-rich phase is almost pure whereas the TP-rich phase contains high content of epoxy. A similar DMA experiments on resins with and without TP could be done systematically for all resins.

The -relaxation temperature of the epoxy-rich phase in System 1 is higher than the one in System 4, because of difference in networks chemistry. It could also be due to a free volume difference, as discussed earlier. The third relaxation in System 4 with 20 wt% PES-reac highlights a difference in the structure of the cured system, i.e. heterogeneity. The heterogeneity are probably inside the TP-rich phase in which a significant content of epoxy is present.

At low temperature, we can distinguish on DMTA curves γ and β relaxations (local motions) on both systems which can be fitted with Gaussian functions. They are not further discussed in this work.

Discussion

In situ dynamic rheology and DSC experiments have shown that Systems 1 and Systems 4 reach the gel points at a same epoxy conversion (around =0.40). Because of a higher curing kinetics, it corresponds to a lower curing temperature for the Systems 4. No signature of phase separation is observed on dynamic rheology but the onset of phase separation can be predicted based on the structure of the resin components. With Systems 1 and Systems 2, differing only through the DDS isomer they consist of, the Flory interaction parameters obtained through the group contribution theory for the two systems are identical. So that, the phase diagrams are the same and the onset of phase separation occurs for an identical number for an identical number of epoxy monomers, which is to say for a same epoxy conversion, =0.30 can be chosen (as previous sections for System 1). We take this consideration for the following discussion, as it reflects a comparison between Systems with identical Flory interaction parameters between their components.

First we aim to explain the smaller size obtained for System 4 as compared to System 1 for a same TP amount. We take the example of 20 wt% TP; nodule diameters are of 70 and 90 nm for Sys4_0.9_20% and Sys1_0.9_20%, respectively. Besides the elapsed time between the onset of phase separation and gel time is slightly smaller for System 4 when compared to System 1 (3 min and 4 min for Sys4_0.9_20% and Sys1_0.9_20% respectively, for phase separation at =0.30), the difference is more rationalized in term of kinetics of morphology growth. The T g of the epoxy-rich phase can be considered identical in both System 1 and 4 because it occurs at a same epoxy conversion, here we take =0.30. But because of the curing kinetics difference, the temperature at the onset of phase separation is lower in System 4. Thus the difference between the T g of the epoxy-rich phase and the process temperature is smaller in System 4, so that the diffusion of the TP in epoxy-rich phase is reduced and the final morphology is smaller. Because the temperature at phase separation has 10 °C difference between System 1 and System 4, T-T g is between 30 °C (for System 1, as discussed in previous sections) and 20 °C (for System 4), so diffusion coefficients are between 10 -17 m².s -1 and 10 -18 m².s -1 for Systems 4 and 1, respectively. The mechanisms are schematized in Figure 97. A further study of the kinetics of phase separation should be done to better understand the final morphology and the non-common tendency for System 4 to have reduced nodules size when TP amount increase. It may be due to a higher amount of TP remaining in the epoxy-rich phase which may increase its T g and so reduce T-T g and so that the TP diffusion and the final size. But it is still not clear how the mechanism would work in System 4 as compared with System 1 (Section 3.2.3) for which we considered a comparable T g whatever the initial amount of TP was.

It would be worth considering a further interpretation of DMTA analysis. It may give clues about the detailed phase separation mechanism and the heterogeneities of the phases which are different in Sys1_0.9_20% and Sys4_0.9_20%. In Sys1_0.9_20%, highly crosslinked epoxy sub-inclusions may have phase separate inside the TP-rich phase. Other DMTA experiments on systems having clear subinclusions visible in microscopy would be interesting to complete the understanding of DMTA curves, such as on Sys2_0.9_20%.

Influence of the stoichiometry

For a same TP nature and content, the influence of the stoichiometry between curing agent and epoxy is studied for Systems 1 (PES-reac) and Systems 2 (PES-nonreac) (Table 36). For System 1, the uncured system with a stoichiometry of 0.9 has a T g of 8 °C, and 17 °C when the stoichiometry is 1.1. When the stoichiometry increases, the T g of the uncured blend increases. The same increase is measured for System 2 but with a smaller difference (from 13 to 16 for a stoichiometry of 0.9 and 1.1, respectively). It is due to the increase of the curing agent amount. The values of the heat of reaction are similar for a same stoichiometry when comparing Systems 1 and Systems 2. It decreases slightly with stoichiometry increase (it is around 560 J.g -1 , 530 J.g -1 and then 500 J.g -1 for stoichiometry of 0.9, 1 and 1.1, respectively).

Morphology obtained

The morphologies are revealed by chemically staining the TP-rich phase in Systems 1 and 2 for a stoichiometry of 0.9 and 1.1 (Figure 98). System 1 shows very different morphologies when it is cured at a stoichiometry of 0.9 or 1.1. Sys1_0.9_20% has a fine morphology made of 90 nm nodules whereas Sys1_1.1_20% displays coarser co-continuous morphology on the micron-scale (5-6 μm) with sub-inclusions observed in both phases: nodules of TP in the epoxy-rich phase and nodules of epoxy in the TP-rich phase. Note that for Sys1_1_20%, nodules of 100 nm are obtained.

On the other hand, little effect of stoichiometry is observed no System 2 resins. For both 0.9 and 1.1, coarse co-continuous morphologies with sub-inclusions in each phase are obtained. Sys2_0.9_20% has TP-rich phase of 4-5 μm and Sys2_1.1_20% has TP-rich phase of 5-6 μm.

Characterization of the kinetics of curing

The resins are characterized by DSC using a 1 °C.min -1 ramp in order to mimic the curing cycle used in the whole study. The degree of cure along temperature is plotted below (Equation 19) (Figure 99). the T g . Using Equation 44 with a low value of diffusion coefficient (order of 10 -17 m².s -1 ),  is calculated of the order of 90 nm.

The dynamic differences of the epoxy-rich phase for Sys1_1_20% and Sys1_1.1_20% which have the same kinetics of reaction are schematized below (Figure 100). Note that for Sys1_0.9_20% the representation is similar, but the curing kinetics is slightly slower so phase separation and gel point temperatures are 170 °C and 174 °C, respectively. (System 2 resins -b) Considering System 2 resins, coarse co-continuous morphologies are obtained for all stoichiometry studied. For Sys2_0.9_20%TP and Sys2_1_20%TP, it is only due to the non-reactivity of the TP. It provokes an early phase separation which extends the elapsed time between phase separation and gel point but which also play on the kinetics of morphology growth (lower epoxy conversion, so that lower T g ). The mechanism is described by standard spinodal decomposition.

For Sys2_1.1_20%, there is certainly a combination of the influence of the non-reactive TP-end group and of the plasticizer role of the unreacted curing agent.

This study puts forward another example of the effect of the T g of the epoxy-rich phase on final morphology size. Here it is influenced by the content of amine curing agent, particularly when an excess remained because of a 1.1 stoichiometry. A further study would be to determine the T g of the TP-rich and epoxy-rich phases in Systems 1 and 2. A near-infrared spectroscopy study would be interesting to quantify the amount of remaining curing agent when the systems are cured with a stoichiometry of 1.1.

Conclusion

For high-performance applications, epoxy resins are often composed of a blend of epoxy monomers, a curing agent and a thermoplastic modifier. A broad range of formulations was studied in this chapter and systems were compared one to one with simplified considerations as compared to the two previous chapters focused on model systems. The objective was to put forward influencing parameters which control the final morphology, by means of qualitative comparisons.

As for the model systems, the reactivity of the end-group influences the morphology size. In model system the reaction between epoxy and TP after phase separation allows the formation of micelles which blocks the penetration of the TP in the TP-rich phase, thus 20 nm morphology is obtained (System A). Here, the system modified with a TP with reactive end-group (System 1) exhibits finer morphology than the similar system modified with non-reactive TP (System 2). The epoxy-TP reaction occurs before phase separation in System 1 and delays the onset of phase separation due to the increased compatibility between the components. The elapsed time between phase separation and gel point is therefore shorter but also the kinetics of phase separation is slower (higher T g ), thus the final morphology is smaller.

The influence of the TP content is studied (System 1). It influences the temperature at which phase separation occurs, mostly because the presence of TP influences the epoxy curing kinetics. Thus it may influence the time elapsed for phase separation but mostly the kinetics of phase separation controlled by the T-T g difference, in a spinodal decomposition coupled with T g . Coarser morphologies are obtained when TP content is increased.

The monomer chemical structure also influences the final morphology. If the two epoxy monomers chosen for a formulation are poorly compatible (System 3), a phase separation between them has to be considered. One epoxy will carry the TP and form in this way a TP-rich phase. The kinetics of morphology growth is then fast because of a low T g of epoxy-rich phase at low epoxy conversion. Thus, a blend of poorly compatible epoxy monomer formulation leads to coarse co-continuous morphology, the separated epoxy bringing the TP in its phase.

The reactivity of the curing agent is an interesting parameter to study when fast-curing resins are desired (System 4). The 3, 3'-DDS allows increasing the epoxy kinetics rate and it also leads to smaller morphology. It is explained by a slower kinetics of morphology growth because of smaller T-T g difference (T g of epoxy-rich phase).

The stoichiometry of the system influences the curing kinetics but for a same kinetics (for stoichiometry 1 and 1.1), a remaining amount of curing agent allows lowering the T g of the epoxy-rich phase. Thus the TP diffuses faster in this phase and the final morphology attains some microns in size (System 1 and System 2).

In this Chapter we proposed different discussions on the most influential parameters which would worth being studied most specifically in further studies.

Conclusion and perspectives

The main objective of this PhD thesis was to characterize the phase separation behaviour of thermoplastic/thermoset blends. The control of the final morphology is necessary to achieve desired high mechanical properties for composite applications. The work was conducted in the LPMA, which is a joint research unit between CNRS and Solvay, in the context of a Solvay project for high-performance composite materials. In the study, a high-T g epoxy thermoset system was reinforced by a high-T g polyethersulfone. The thermoplastic was initially soluble in the resin precursor and when epoxy curing evolves, phase separation occurred by spinodal decomposition.

Grouping of the different systems results

First of all, we summarize and combine the results obtained in Chapters III and IV (model systems) and in Chapter V (formulated systems). It allows highlighting the key advancements of the global work on the understanding of phase separation mechanisms in TP/epoxy blends.

The main investigation relates to the study of model systems (System A, TGDDM-based and System B, TGAP-based, Chapter III and IV). The largest morphology obtained is of 300 nm in size (System B). It indicates that the spinodal decomposition is coupled with the T g . The diffusion coefficient of the polymers constantly decreases due to the approach of the T g as the phase separation proceeds. If it was not coupled with the T g , the morphology would reach some microns (classic spinodal decomposition).

The study put forward the key parameters which control the final morphology: the onset of phase separation and the T g of epoxy-rich and TP-rich phase at phase separation. It controls the kinetics of morphology growth and is related to the TP diffusion in epoxy-rich phase. Also the concentration increase of the TP in the TP-rich phase is controlled by the T g of the TP-rich phase.

In the model systems, the onset of phase separation is controlled by the affinity between the TP and the epoxy precursors. The systems composed of TGDDM epoxy monomers show an early phase separation due to high Flory interaction parameters between epoxy and TP. The kinetics of morphology growth depends on the dynamic behaviour of the systems. An advanced study is proposed and allows determining the T g of TP-rich and epoxy-rich phases along phase separation process. Their T g depend on the amount of TP in the considered phase and on the epoxy conversion. It is then discussed than spinodal decomposition depends on the gap between the T g and the process temperature T-T g . Another factor to consider in these systems is the reaction of the TP-end group. In System A which phase separates early in the curing process, epoxy-TP block copolymers constitute the interface of the TP-rich phase and so that block the morphology size far before the gel point. The phase separation is frustrated.

The study of formulated systems (Chapter V) gives interesting correlations and complements on the work done. It allows discussing influential parameters in more complex systems due to their multi-epoxy formulations. The qualitative study puts forward key parameters to systematically investigate when studying epoxy/thermoplastic blend: the nature of the TP end-group (reactive or not with the epoxy, reaction before or after phase separation) and the TP amount, the affinity between the TP and the epoxy monomer and also the affinity between the two epoxy monomers of the formulation, the curing agent reactivity and the system stoichiometry. These parameters determine the kinetics of spinodal decomposition that may be coupled with the T g . Let us highlight two parameters that may not be obvious and which cause the formation of submicronic co-continuous morphology developed by standard spinodal decomposition; such coarse morphology would give poor mechanical properties. First, interaction parameters between the two epoxy monomers blended in a formulation have to be calculated. If they are highly incompatible (System 3), they may phase separate early in the curing process. One of the epoxy monomer brings a majority of TP amount and so that creates a TP-rich phase. Its kinetics of growth is fast because of a low T g of the epoxy-rich phase. Secondly, an excess of the curing agent in the formulation (1.1 stoichiometry) influences the T g of the TP-rich and of the epoxy-rich phase. The unreacted small molecules of curing agent act as a plasticizers for both phases. It lowers considerably their T g even if phase separation occurs quite late in the curing process (System 1). The kinetics of morphology growth is fast and the TP can well concentrate into the TP-rich phase.

Regarding the whole work and the various systems studied, it allows defining three morphology size categories: (a) up to 20 nm, (b) from 70 to 400 nm and (c) from 800 nm to 7 μm.

(a) Morphology of 20 nm cannot be explained by diffusion mechanisms. Indeed, the morphology is arrested far before the gel point because of an in situ reaction between TP end-group and epoxy. This TP-epoxy reaction is of the same time scale than network reaction and SD. Then an epoxy-TP block copolymer forms a dense brush at the TP-rich phase interface which prevents the TP to penetrate inside the TP-rich phase. Systems A1 and A2 illustrate this category. The value of 20 nm is not a general size limit; it may depend on the kinetics of TP-epoxy reaction compared to the kinetics of epoxy curing and phase separation.

(b) Morphology attains the scale of 70 to 400 nm when there is spinodal decomposition coupled with the T g . Onset of phase separation occurs late during the epoxy conversion so that the epoxy-rich phase has a high T g as compared with the temperature at phase separation. The variation of morphology size inside this category can be explained by a difference in T-T g gap. The larger T-T g is, the coarser is the morphology. According to the resulting size, T-T g is between 30 and 60 °C, the relaxation time between 10 -4 and 10 -6 s and the diffusion coefficient between 10 -17 and 10 -15 m².s -1 . Systems B1 and B2 illustrate this category, but also Systems 1 and 4 for any TP amount and with a 0.9 stoichiometry. It is also the case for System 1 with a stoichiometry of 1, and for System 2 with a stoichiometry of 0.9 and 10%TP.

(c) Coarse morphology between 800 nm to 7 μm is reached when phase separation develops through standard spinodal decomposition. Phase separation occurs early during the curing process so that the T g of the epoxy-rich phase is low and T-T g > 100 °C, the diffusion coefficient is faster than 10 -13 m².s -1 . Also the T g of the TP-rich phase is low because poorly plasticized by epoxy oligomers at this stage of conversion, so that the TP can concentrate in the large TP-rich phase. System 2 with 0.9 stoichiometry and 20%TP and System 3 illustrate this category; but also System 1 and 2 at 1.1 stoichiometry where a plasticization effect of the curing agent is involved.

The elapsed time between the phase separation and the gel point is for all systems in the scale between 200 and 1000 s, so that even if it can influence slightly the size (few tens of nanometres), it is not the main factor that controls the size scale. It is instead T-T g which defines the diffusion coefficient and so that the kinetics of morphology growth.

Global understanding

We sum up these observations and interpretations to propose a global understanding in this second part of the conclusion. The majority of the systems studied exhibits morphology of 300 nanometres scale, either co-continuous or sea-island. This size scale cannot be explained by the standard spinodal decomposition which rather gives morphology of some microns. Thus a spinodal decomposition coupled with the T g has to be considered. It describes a slow kinetics of morphology growth.

We elaborate a methodology which allows characterizing the phase separation mechanism from its initiation until the morphology fixation at gel point. We determine the onset of phase separation based on the solubility parameters of the TP and epoxy monomers and with the construction of a Flory phase diagram. We propose a step-by-step work to determine the T g of epoxy-rich and TP-rich phases at phase separation and its evolution during phase separation process. It includes combined in situ characterizations of epoxy curing kinetics, phase separation and gel point.

If the TP involved does not contain end-groups that are reactive with epoxy, we show that the onset of phase separation is determinant. When phase separation occurs early in the curing process, the T g of the epoxy-rich phase and TP-rich phase are low and the phase separation takes place by standard spinodal decomposition. Morphologies reach some microns in size. But it is possible to obtain morphologies of few hundreds of nanometres by delaying the onset of phase separation. In this case, the T g is high enough to control the spinodal decomposition. Thus we understand that more than the time elapsed for morphology growth (between phase separation and gel point), it is the kinetics of morphology growth that controls the final morphology. With this work, we determine the desired T g at the onset of phase separation and the TP-epoxy desired affinity to phase separate at this given T g in order to obtain the morphology scale of a few hundred of nanometres. Such morphologies are more interesting in term of high-performance application materials.

If the TP contains reactive end-groups, the TP-epoxy reaction can influence the morphology size; it is not related to a T g effect on spinodal decomposition. If this reaction is fast as compared to the epoxy curing, it compatibilizes the TP and the epoxy so that phase separation is delayed. If the TP-epoxy reaction is very slow, it does not have any influence. But if the TP-epoxy reaction occurs on the same time scale as the curing kinetics and as the early stage of spinodal decomposition when the dominant length is of order of 10 nanometres, a TP-epoxy copolymer barrier is formed at the TP-rich phase interface. It stops the morphology growth at an early stage, well before the gel point so that few tens of nanometres morphologies are obtained (20 nm in this study). The size value may depend on the kinetics of TP-epoxy reaction compared to the kinetics of epoxy curing and phase separation onset.

In the objective of obtaining some hundreds nanometres morphology, we put forward influential parameters to delay phase separation. As mentioned, a reactive TP end-group can delay phase separation, if the TP-epoxy reaction kinetics is controlled and compared to the epoxy reaction with curing agent. The amount of TP has to be small enough not to provoke an early phase separation. When working with blends of epoxy monomers, a significant parameter to consider is the affinity between the epoxy monomers themselves. It has to be good enough to not provoke an early phase separation between epoxy monomers, before the TP-epoxy phase separation.

Also it is interesting to keep in mind, that even if phase separation occurs a late stage, the T g of the phases can be reduced if a component acts as a plasticizer. It may be the case of unreacted curing agent molecules (primary amines). To complete the fine control of morphology, the reactivity of the curing agent can be tuned to control the process temperature at onset of phase separation (linked with curing kinetics). It may influence the mobility of the components.

Finally, this study gives new keys to control the final morphology in thermoplastic/thermoset blends by controlling the mechanism of phase separation. The standard spinodal decomposition is not applicable in most systems of interest in which some hundreds of nanometre morphologies are obtained. A spinodal decomposition coupled with the T g is thus essential for this purpose. We highlight the ways to control the onset of phase separation and to control the T g during phase separation process, and the methodology to characterize it. Regarding the different systems studied, it is proposed classifying the morphology obtained in three categories of scale: up to 20 nm (TP end-group reaction on the same time scale as early stage of spinodal decomposition), from 70 to 400 nm (spinodal decomposition coupled with the T g ) and from 800 nm to 7 μm (standard spinodal decomposition). To complete the understanding of the phase separation mechanisms, other systems should be studied more systematically with the method discussed and so that complete the size classification. Most of all, it would be interesting to vary independently the T g of the components (TP or epoxy) and the affinity between TP and epoxy. Furthermore, it could be interesting to study results obtained with an isothermal curing cycle (in this manuscript, it was exclusively non-isothermal process). It would allow tuning the temperature at phase separation (the constant curing temperature) and play with its gap to the T g . In addition, it would be pertinent to perform experimental in situ monitoring of phase separation (at nanometre scale) in order to read directly the morphology growth. According to these examples of avenues of research, a wide range of systems could then be understood with the main influential parameters exhibited in this study. In this way a more systematic control of the final morphology would be possible and would allow fine-tuning the high-performance mechanical properties. The global epoxy conversion measured by NIR is comparable to the one measured by DSC (standard deviation < 5%), so that we can validate the accuracy of the NIR method and normalization treatment.

The other systems studied here (Sys1_0.9_20% and Sys2_0.9_20%) also showed the same correlation between DSC and NIR.

End-group reaction

As discussed in Chapter V, Section 3.1.3, the determination of the kinetics of reaction of the TP endgroup with epoxy would be of interest. In this aim, two systems have been prepared with 30 wt% of PESreac but without curing agent in order to only detect the reaction of the end-group. The first system is composed of EpoxyLV whereas the second one is based on EpoxyMV. Each sample has been prepared by mixing the epoxy monomer and the thermoplastic at 120 °C in an oil bath under mechanical stirring to full dissolution.

The nIR spectra collected for each resin do not indicate any change during the curing process from 90 to 180 °C. The example of the EpoxyLV resin with 30 wt% of PES-reac is indicated in Figure 105. The epoxy absorption bands as well as the alcohol absorption bands are identical at the start and at the end of the curing process. It suggests that epoxy/TP end-group reaction may occur before the curing cycle, and during the TP/epoxy mixing step set up at 120 °C [START_REF] Rosetti | Polyether Sulfone-Based Epoxy Toughening: From Micro-to Nano-Phase Separation via PES End-Chain Modification and Process Engineering[END_REF]. NIR measurement at this mixing step would not be possible due to the turbidity of the mixture before its dissolution.

Approach of the mechanisms of epoxy polymerization for the four systems of study

For each system, data treatment allows:

-plotting the consumption or formation of each species after normalization: Epoxy, Primary Amine (AmI), Secondary Amine (AmII, as AmII = (AmI+II) -AmI), tertiary amine (AmIII), Alcohol (OH).

-determining the onset of etherification (reaction between the alcohol from the epoxy-ring opening and another epoxy), by comparing the kinetics of epoxy consumption to the kinetics of alcohol formation.

-comparing the results to the other systems results, by plotting the consumption/formation of each specie, to depict the cure mechanism.

An example of consumption/formation of species for RefTGAP system is given in Figure 106. A same determination of the different specie consumption and formation can be obtained from spectra of systems containing TP modifier, as example is given the results for Sys1_0.9_20% (Figure 107). For both examples, it is interesting to notice that secondary amines formed early in the reaction start reacting before the primary amine is completely consumed. Also when secondary amines are forming, simultaneously tertiary amines are forming. On the left of the conversion peak of the secondary amine, more secondary amines are formed than consumed, whereas on the right of its conversion peak more secondary amines are consumed than formed. The peak is quite symmetrical that could indicate a similar formation and consumption kinetics.

Etherification reaction (Reaction 3) involves the reaction of an epoxy ring with an alcohol group that form an alcohol group and an ether link. Thus the quantity of alcohol is kept constant. Besides no absorption peak of the ether link was remarkable from the NIR spectrum, we propose another way to determine the moment when etherification reaction is considered: plotting the kinetics of epoxy consumption (dx) over the kinetics of OH formation (dy): dx/dy.

When dx/dy = 1; it means that as many epoxy is consumed as OH is formed, so that there is no etherification.

When dx/dy > 1; it means that less OH are formed than epoxy consumed, that is to say that a part of the OH are also formed and so that, there is etherification.

An example of determination of the onset of etherification is given below for Sys1_0.9_20% (Figure 108). With the use of these plots, it is possible to determine qualitatively the onset and the end (time and temperature) of the reactions involved in epoxy polymerization by considering the criterions of conversion species Table 38: These considerations can be used to compare the systems one by one. For each reactions, the onset and the end of the reaction is characterized with the temperature (corresponding to a time of the curing process) and with the global epoxy conversion (epoxy absorbance peak). -Contrary to some literature studies, a small content of secondary amines remain in the cured system, as seen with the remaining absorbance peak at 1496 nm (AmI+II) (Figure 103). The same observation was done on Systems 1 and 2, and noticeably with a 0.9 stoichiometry.

-The etherification reaction cannot be ignored. It occurs in all systems studied here.

-Between TGDDM and TGAP monomers, a significant difference in kinetics and in structure development has been shown. In RefTGDDM, the reaction is linear before a late branching. The same work would be interesting to be done on the counterparts system with TP (model systems, Chapters IV and V).

-Sys1_0.9_20% and Sys2_0.9_20% have significantly different size; less than 100 nm for System1 with reactive end-group besides some microns for System2 with non-reactive end-groups. It is explained by an early phase separation for Sys2_0.9_20% that influences the kinetics of morphology growth (Chapter V, Section 3). The NIR study indicates that it does not influence the mechanism of epoxy curing, apart maybe the etherification reaction which is delayed in Sys2_0.9_20%.

It would be interesting to further the development of this method in order to extract the concentration of each specie (not only a normalized conversion of the specie), so that a quantitative study would be done. Also, it would be possible to process the important quantity of information of the final NIR spectrum through a complete database and study a broad range of systems. Particularly, it would be interesting to use NIR technics to compare the reaction mechanisms in System 1 (composed of 4, 4'-DDS) and in System 4 (composed of 3, 3'-DDS). Furthermore a change of the baseline absorption is observed when the raw spectra are compared at different times for Sys2_0.9_20%. It could be attributed to the light scattering with the nodule when they are superior to the micron size; this system indeed presents morphology of 4-5 μm. The abrupt increase of the baseline absorption is determined at process temperature around 171 °C which correlates approximately with the temperature at onset of phase separation determined by dynamic rheology (168 °C). When the size is below 1 μm, the baseline is not shifted (observed on Sys1_0.9_20%). Thus, the baseline study is an interesting point which worth being more studied; it may help determine the kinetics of morphology growth (when superior to the micron size).
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 1 Figure 1 Materials composition in the Boeing 787 (insights.globalspec.com)
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 4 Figure 4 Tetraglycidyl diaminodiphenyl methane (TGDDM), f=4

  a) Monomers are in solution. b) A linear growth starts (or chain extension). Eventually the polymer chains become branched. The total number of molecules decreases and the average molecular weight increases, so is the viscosity of the reacting system. c) The average molecular weight increases faster and the gel point is reached, event at which all the chains are linked together in a network. A macromolecule of infinite molecular weight is obtained. The reaction is not yet completed; a sol fraction coexists with the gel formed. d) The cure reaction continues, controlled by diffusion, to achieve full completion.
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 6 Figure 6 Epoxide ring-opening with primary (a) and secondary (b) amine, and etherification side-reaction (c)
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 7 Figure 7 Epoxy ring complexation [13]
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 8 Figure 8 Near-IR spectra of a DGEBA-based resin along curing time [12]

Figure 9

 9 Figure 9 Storage and loss moduli of PDMS samples quenched at different time during reaction, plotted as a function of the applied frequency. 𝒕 𝒄 indicates the time when G'=G'' for all frequencies, i.e. the gel point. Curves were shifted (factor A) for better legibility [24].
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 10 Figure 10 Evolution of the storage (G') and loss (G'') moduli at different frequencies (left) and evolution of loss factor at different frequencies (right), for a resin system cured at 130 °C [25]
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 11 Figure 11 Multifrequency curves at 100 °C for an epoxy resin [6] Branching theories 2.1.4.2 Sol-gel transition, introduced in the paragraph 2.1.4.1., has been studied since the 1940s. It was first described in a mean-field theory (classical statistic theory) by Flory-Stockmayer [21]. In term of viscosity, the percolation is the moment when the viscosity diverges. It is the phenomenon in which a way is formed through the network and it links the different clusters together.
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 13 Figure 13 Evolution of the T g of a DGEBA epoxy resin as a function of the reaction advancement (cure time) at 80 °C [32]
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 1515 Figure 15-a Polysulfone (PSF) (polymerdatabase.com)
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 16 Figure 16 Repeating unit of functionalized Virantage® r-PESU (solvay.com)
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 17 Figure 17 Phase diagram of a symmetric blend[26] 
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 18 Figure 18 Representation of the density fluctuations during nucleation and growth and spinodal decomposition process [45]
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 19 Figure 19 Phase diagram of polymer blend system[START_REF] Manias | Thermodynamics of Polymer Blends[END_REF] 
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 20 Figure 20 Cloud-point curves for DGEBA/PES blends with different Mw of DGEBA (left) and different Mw of PES (right) [51]
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 21 Figure 21 Initial cloud point curves for DGEBA-DDS/ PEI system () and for DGEBA-MCDEA/ PEI system ()
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 22 Figure 22 UCST and LCST phase diagrams shift during the polymerization [54]
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 23 Figure 23 Morphology resulting from nucleation and growth (a) and spinodal decomposition (b) [54]
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 24 Figure 24 Coalescence process (a) and Ostwald ripening process (b)
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 25 Figure 25 Growth rate in function of q (a) and determination of apparent diffusion coefficient (b) [7]
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 26 Figure 26 Time-resolved light scattering profiles during curing of a system epoxy/4, 4'-DDS/PEI, cured at 180 °C [57]
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 27 Figure 27 Evolution of the intensity scattered by a DGEBA/PEI system cured at 130 °C [60]
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 28 Figure 28 Fracture toughness of epoxy resins with different amounts of polysulfone: () K IC ; and () G IC[START_REF] Martinez | Phase separation in polysulfone-modified epoxy mixtures. Relationships between curing conditions, morphology and ultimate behavior[END_REF] 
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 29 Figure 29 K IC of neat epoxy resin (blue), functionalized-PES modified-epoxy resin (red), non-functionalized-PES modifiedepoxy resin (green) for different curing temperature. SEM image of the resin is indicated by the arrow [71].
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 30 Figure 30 Fracture toughness (G IC ) of DGEBA/ DDS systems against PSF content Key properties of composite materials 2.7
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 31 Figure 31 Fracture toughness of composite systems modified with different amount of polysulfone [66]
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 32 Figure 32 Morphologies obtained for DGEBA/PS blends cured at different temperature, with different PS amount [79]



  The tetraglycidyl diaminodiphenylmethane (TGDDM, Araldite MY721), kindly supplied by Huntman Advanced Materials, Basel (Switzerland).  The triglycidyl-p-aminophenol (TGAP, Araldite MY0510), kindly supplied by Huntsman Advanced Materials, Basel (Switzerland).
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 33 Figure 33 Chemical structures of TGDDM (left) and TGAP (right)
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 34 Figure 34 Chemical structure of 4, 4'-DD  Its isomer the 3, 3'diaminodiphenyl sulfone (3, 3' -DDS, Aradur 9719-1) from HuntsmanAdvanced Materials, Basel (Switzerland) (Figure35).
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 35 Figure 35 Chemical structure of 3, 3'-DDS
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 36 Figure 36 DSC characterization of the DDS curing agentsDDS isomers show a melting peak at 179 °C for 4, 4'-DDS and 173 °C for 3, 3'-DDS. Furthermore, 4, 4'-DDS thermogram displays a weak endothermic peak at 81 °C with very weak enthalpy. It could be attributed to melting point of residual impurity. Rosetti et al.[START_REF] Rosetti | Multiscale morphologies of epoxy-based composite matrices from combination of TPtougheners[END_REF] also measured this peak for 4, 4'-DDS and discussed about its attribution to either the impurity 1-chloro-4-nitrobenzene which has a melting point of 83 °C), or to enantiotropic transition (change of stable crystalline form).
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 37 Figure 37 Chemical structure of PES -5003P
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 38 Figure 38 DSC characterization of the three polyethersulfones
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 40 Figure 40 Sample preparation and characterizations
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 41 Figure 41 Routine DSC analysis of system A1 (cured, degassed, nondegassed)
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 43 Figure 43 Storage and loss moduli responses to the multifrequency strain for system B1

  (a). Thus the tanδ curves versus temperature at different frequencies are determined, as in Figure 44 (b). The limit values of the torque (0.05 μN.m-200 mN.m) are never reached.
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 44 Figure 44 Storage and loss moduli (a) and tan δ curves (b) for 4 frequencies for system B1
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 45 Figure 45 Fluctuation of the storage modulus at phase separation for system B1
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 47 Figure 47 Schema of SANS instrument (D11, ILL, Grenoble)
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 48 Figure 48 Geometry for scattering experiments[START_REF] Squires | Introduction to the Theory of Thermal Neutron Scattering[END_REF] 

Figure 49 DMTA

 49 Figure 49 DMTA for DGEBA/MDEA/coPolyethersulfone blends; (a) tanδ and (b) E' [100]
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 501 Figure 50 Evolution of the epoxy conversion along temperature ramp at 1°C.min -1 . The point marked by a cross on each curve represents the gel point.

Figure 51

 51 Figure 51 Storage and loss moduli (a) and tanδ curves (b) for 4 frequencies for system B1

Figure 52

 52 Figure 52 Evolution of storage modulus along curing for all systems. In order to further explain the resulting morphology of the different systems, a theoretical estimate of epoxy conversion at phase separation based on scaling model of gelation is used (Equation 5, Chapter I, Section 2.1.4.2). It allows for the calculation of the number of monomers branched at phase separation (as a first approached, when N > 0.5) and therefore to determine the corresponding epoxy conversion value. The results are shown below in Table 15. It will be calculate more precisely later (Chapter IV, Sections 2 and 3) by a deeper study and determination of the theoretical onset of phase separation by plotting a phase diagram.
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 54 Figure 54 SEM observations of the systems B.; the TP-rich phase is dissolved by acid etching method. Scale bar 2 µm
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 55 Figure 55 SEM observations of system B2 at high magnification; scale bar 200 nm
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 56 Figure 56 TEM images of B1 and B2; the TP-rich phase is chemically stained and appears as dark domain. Scale bar 100 nm
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 57 Figure 57 SEM observations of system A1 at high magnification; scale bar 200 nm
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 58 Figure 58 TEM images of A1 and A2; scale bar 100 nm
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 60 Figure 60 SANS intensity of systems A1 and A2, before and after phase separation
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 61 Figure 61 Evolution of loss modulus along curing for all systems

  is plotted (Figure62and Figure63) as well as the free enthalpy of the blend (Figure64and Figure65) as a function of the volume fraction of thermoplastic (∅ 𝑇𝑃 ) and for different value of epoxy size (𝑁 𝐸𝑃𝑂𝑋𝑌 ).
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 62 Figure 62 Second derivative of the free enthalpy of TP/epoxy blend per monomer normalized by kT, for system A (TGDDMsystem) plotted as a function of the TP volume fraction; it is drawn for different value of N epoxy and is negative from N epoxy =3.

Figure 63

 63 Figure 63 Second derivative of the free enthalpy of TP/epoxy blend per monomer normalized by kT, for system B (TGAPsystem) plotted as a function of the TP volume fraction; it is drawn for different value of N epoxy and is negative from N epoxy =50.

Figure 64 Free

 64 Figure 64 Free enthalpy of TP/epoxy blend, for system A (TGDDM-system); it is plotted as a function of the TP volume fraction, for different value of N epoxy . ∅ 𝑻𝑷 is the initial volume fraction of TP. It separates in two phases with concentrations 𝝋 𝟏 and 𝝋 𝟐 . When N epoxy increases, 𝝋 𝟏 increases and 𝝋 𝟐 decreases.

Figure 65 Free

 65 Figure 65 Free enthalpy of TP/epoxy blend, for system B (TGAP-system); it is plotted as a function of the TP volume fraction, for different value of N epoxy . ∅ 𝑻𝑷 is the initial volume fraction of TP. It separates in two phases with concentrations 𝝋 𝟏 and 𝝋 𝟐 . When N epoxy increases, 𝝋 𝟏 increases and 𝝋 𝟐 decreases.

Figure 67

 67 Figure 67 Evolution of the T g of epoxy network during curing, for A1, TGDDM-based system (left) and B1, TGAP-based system (right); the circles are the data measured experimentally, the straight lines are the corresponding fitting curves.

Figure 68

 68 Figure 68 Evolution of the T g during curing and for different proportion of epoxy monomer, for system A1; point 1 is the T g of the homogeneous blend before curing and point 2 is the T g of the blend at phase separation. T g 1 is the T g of the TP-rich phase, T g 2 is the T g of the epoxy-rich phase. The arrows indicate the direction to read T g 1 and T g 2 but do not correspond to precise values.

Figure 69

 69 Figure 69 Evolution of the T g during curing and for different proportion of epoxy monomer, for system B1; point 1 is the T g of the homogeneous blend before curing and point 2 is the T g of the blend at phase separation. T g 1 is the T g of the TP-rich phase, T g 2 is the T g of the epoxy-rich phase. The arrows indicate the direction to read T g 1 and T g 2 but do not correspond to precise values.

Figure 70

 70 Figure 70 Schematized morphology in system A The variables are ξ (the average diameter (2R)) of TP-rich phase, BB the Beaucage parameter, φ 2Epoxy the volume fraction of epoxy in the epoxy-rich phase, φ 1TP the volume fraction of TP in the TP-rich phase and ∅ 1 the volume fraction of TP-rich phase. The three last parameters are related together for the global TP mass conservation through Equation 39.

Figure 71 SANS

 71 Figure 71 SANS intensity of system A1, for =0.20 (grey) and for =0.90 the final stage (red), and the fitting curve (blue)

Figure 72 SANSFigure 73

 7273 Figure 72 SANS intensity of systems B1 (left) and B2 (right), before (grey) and after (red) phase separation and the fitting curve (blue)

Figure 74 WLF

 74 Figure 74 WLF curve of pure TP with a Tg=232 °C

Figure 75 WLF

 75 Figure 75 WLF curves for several examples of TP-rich or epoxy-rich phase having four different T g (50, 100, 120, 150 °C)

N e is determined

  as M e /M 0 with M e the entanglement mass determined on the dynamic rheology curve for pure TP with the plateau modulus 𝐺 𝑁 0 as M e = 𝑅𝑇/𝐺 𝑁 0 [111].

Figure 76

 76 Figure 76 Representation of the time required (t eff ) to reach 100 nm, 400 nm and 1 μm morphology size, as function of the monomer relaxation time of the TP

Figure 77

 77 Figure 77 Diagram of T-T g and the associated monomer relaxation time in function of the amount of TP in A1 system (TGDDM-based); it is represented at a fixed process temperature (at phase separation, when =0.13).

Figure 78

 78 Figure 78 Diagram of T-T g and the associated monomer relaxation time in function of the amount of TP in B1 system; it is represented at a fixed process temperature (at phase separation, when =0.41).

Figure 79

 79 Figure 79 Diagram of diffusion coefficient in function of the monomer relaxation time calculated with Equation 44

Figure 82 A1

 82 Figure 82 A1 phase separation mechanism early arrested because of TP-end group reaction Concentration increase in TP-rich phase 6.3.2.2

Figure 83

 83 Figure 83 Mechanisms of phase separation for systems A1 (above) and B1 (below); the TP-end group reaction competes with the epoxy-amine reaction in system A1 so that few TP separates: frustrated phase separation. An epoxy-TP block copolymer crown is formed at the interface of TP-rich phase and arrests the phase separation at a small size 𝝃 𝟐 . In B1, TP-rich phase grows by diffusion of the TP through epoxy-rich phase, 𝝃 𝟐 > 𝝃 𝟏 , up to the gel point.

Figure 84

 84 Figure 84 Schema of the methodology proposed

Figure 85 SEM

 85 Figure 85 SEM micrographs of Sys1_0.9_10% and Syst1_0.9_20% (left) and for Sys2_0.9_10% and Syst2_0.9% (right) after chemical staining of the TP; scale bar: 2 μm

Figure 86 SEM

 86 Figure 86 SEM micrographs Sys2_0.9_20% after dissolution of TP-rich phase; scale bar: 10 μm (left) and scale bar: 2 μm (right)

Figure 87

 87 Figure 87 Evolution of the degree of cure along temperature ramp at 1°C.min -1 for System 1 at a stoichiometry of 0.9 with different amount of PES-reac

Figure 88

 88 Figure 88 State of System 1 for different TP amount at phase separation (=0.30); for each system, the temperature at phase separation is indicated along the arrow. The T g of the epoxy-rich phase is indicated in black and the gap between this T g and the temperature at phase separation is represented by a double arrow. The larger the gap is, the faster the mobility is and the larger the morphology is.

Figure 89

 89 Figure 89 Morphologies obtained for Sys1_0.9_20% (left) and Sys3_0.9_20% (right) after staining of TP-rich phase (bright phase); scale bar: 2 μm

Figure 90

 90 Figure 90 Morphologies obtained for Sys3_0.9_20% after dissolution of TP-rich phase by acid; scale bar 10 μm (left) and scale bar: 2 μm (right)

Figure 91

 91 Figure 91 Evolution of the degree of cure along temperature ramp at 1°C.min -1 for System 1 and System 3 at a stoichiometry of 0.9, with 0 and 20 wt%PES-reac

Figure 92

 92 Figure 92 System 3 with 20 wt% TP is represented in blue and System 1 with 20wt% TP is represented in green; for each system, the temperature at phase separation is indicated by a rectangle and the temperature at gel point is represented by a cross. The T g of the epoxy-rich phase at phase separation is indicated with a line. The gap between this T g and the temperature at phase separation is represented by a double arrow. The gap is larger for System 3 so the mobility is increased. The time between phase separation and gel point is indicated between the parentheses. The time for morphology growth is longer for System 3.

Figure 94

 94 Figure 94 Evolution of the degree of cure along temperature ramp at 1°C.min -1 for System 1 and System 4 at a stoichiometry of 0.9 for neat resins and for different amount of TP (10 and 20 wt%)

Figure 97

 97 Figure 97 System 4 with 20 wt% is represented in orange and System 1 with 20 wt% in green. For each system, the temperature at phase separation (𝛂=0.30) is indicated along the arrow by a rectangle. The T g of the epoxy-rich phase is indicated in black and the gap between this T g and the temperature at phase separation is represented by a double arrow. More the gap is large, more the mobility is increased and the morphology coarse. The gel point temperatures are represented by a cross and the elapsed time between phase separation and gel point is indicated between the parentheses.

Figure 98

 98 Figure 98 Morphologies obtained for Sys1_0.9_20% and Sys1_1.1_20% (left) and for Sys2_0.9_20% and Sys2_1.1_20% (right) after being etched; scale bar 2 μm

Figure 100

 100 Figure 100 System 1 with 20 wt% is represented with its temperature at phase separation (𝛂=0.30) and its temperature at gel point (=0.40) for a stoichiometry of 1 and 1.1. The T g of the epoxy-rich phase is indicated in black for Sys1_1.1 (plasticized) and Sys1_1 (non-plasticized) and the gap between this T g and the temperature at phase separation is indicated by a double arrow. More the gap is large, more the mobility is increased and the morphology coarse.

Figure 104

 104 Figure 104 Global conversion determined by DSC and NIR, for RefTGAP and RefTGDDM

Figure 105

 105 Figure 105 NIR spectra of EpoxyLV+30 wt% PES-reac, from 90 to 180 °C

Figure 106

 106 Figure 106 Normalized consumption and formation of each species in System RefTGAP (stoichiometry=1)

Figure 107

 107 Figure 107 Normalized consumption and formation of each species in Sys1_0.9_20%

Figure 108

 108 Figure 108 Kinetics of epoxy consumption compared to kinetics of OH formation (dx/dy) as a function of time, for Sys1_0.9_20%

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 Intrinsic properties of TGDDM and TGAP provided by the supplier, used in Chapter III and IV

 1 

	Monomer	Functionality	EEW (g.eq -1 )	Viscosity, 25 °C (cP)	Density, 25 °C (g.cm -1 )	Appearance
	TGDDM	4	111-117	3000-6000	1.15-1.18	Yellow to brown liquid
	TGAP	3	95-107	550-850	1.21-1.22	Clear liquid
	It was then measured by DSC that TGDDM and TGAP epoxy monomers have a low T g of -15 °C and -41 °C
	respectively.					

Table 2 Designation and intrinsic properties of the three epoxy monomers used in Chapter V

 2 

	Monomer	Viscosity	Functionality
	EpoxyLV	Low Viscosity	3
	EpoxyMV	Medium Viscosity	4
	EpoxyHV	High Viscosity	4

Table 3 Intrinsic properties of curing agents provided by the supplier

 3 

	Curing agent	Functionality	AEW (g.eq -1 )	Melting point (°C)	Density, 25 °C (g.cm -1 )	Appearance
	4, 4' -DDS	4	63	174-178	1.3	White powder
	3, 3' -DDS	4	63	166-170	1.3	Light brown powder

Table 4 Formulations of the model systems

 4 

	System		Stoichiometry Epoxy monomers	Curing agent	TP
	System A System B	A1 A2 B1 B2	0.9 1.15 0.9 1.15	TGDDM TGAP	4, 4'-DDS	PES-5003P

Table 5 Formulations of application systems (containing two epoxy monomers)

 5 One to one system comparison studies will be performed in order to put forward key parameters which influence the final morphology.

	System	Epoxy	Curing agent	Thermoplastic
	System 1	EpoxyLV +EpoxyMV	4, 4'-DDS	PES-reac
	System 2	EpoxyLV +EpoxyMV	4, 4'-DDS	PES-nonreac
	System 3	EpoxyLV +EpoxyHV	4, 4'-DDS	PES-reac
	System 4	EpoxyLV +EpoxyMV	3, 3'-DDS	PES-reac

Table 6 Flory interaction parameters in initial uncured model systems

 6 

	System	Epoxy monomers	Thermoplastic (TP)	Flory interaction parameter () at 120 °C
	A B	TGDDM TGAP	PES-5003P	0.27 0.03
	System	Curing agent	Thermoplastic (TP)	Flory interaction parameter () at 120 °C
	A and B	4,4'-DDS	PES-5003P	0.32

Table 7 Flory interaction parameters in initial uncured systems of interest

 7 

	System	Epoxy monomer	Thermoplastic	Flory interaction parameter () at 120 °C
	1, 2	EpoxyLV		0.12
	1, 2	EpoxyMV	PESreac and PESnon-reac	0.49
	3	EpoxyHV		0.02
	System	Epoxy monomer	Curing agent	Flory interaction parameter () at 120 °C
	1, 2, 3	EpoxyLV		0.63
	1, 2, 3	EpoxyMV	4, 4'-DDS and 3, 3'-DDS	1.49
	3	EpoxyHV		0.13
	System	Curing agent	Thermoplastic	Flory interaction parameter () at 120 °C
	1, 2, 3, 4	4, 4'-DDS and 3, 3'-DDS	PESreac and PESnon-reac	0.20
	System	Epoxy monomer	Epoxy monomer	Flory interaction parameter () at 120 °C
	1, 2, 4	EpoxyLV	EpoxyMV	0.11
	3	EpoxyLV	EpoxyHV	0.27

Table 8 Bands of interest (wavenumber and wavelength); * obtained from MCR

 8 

	Specie	Wavenumber (nm)	Wavelenght (cm -1 )
	-OH	1429	6998
	Amine I & II	1496	6688
	Amine II*	1519	6583
	Epoxy	1698	5889
	Amine III*	1734	5767
	Amine I	1971	5073

Table 9 Neutron scattering length of isotopes.

 9 

	Isotope	Neutron coherent scattering length (cm)
	C	6.65×10 -13
	O	5.80×10 -13
	S	2.90×10 -13
	N	9.36×10 -13
	1H	-3.74×10 -13
	2H	6.67×10 -13

Table 10 Theoretical coherent neutron scattering length and SLD of epoxy precursors and of polyethersulfone

 10 

	Component	Neutron scattering length (cm)	Neutron scattering length density (cm -2 )
	TGDDM	9.59×10 -12	1.57×10 -10
	TGAP	6.12×10 -12	1.61×10 -10
	4, 4'-DDS	6.81×10 -12	2.15×10 -10
	PES-5003P	7.01×10 -12	2.49×10 -10

Table 11 Theoretical coherent SLD contrast in the different systems System Neutron scattering length density contrast (cm -4 )

 11 

	System A1	5.61×10 -19
	System A2	5.18×10 -19
	System B1	4.85×10 -19
	System B2	4.41×10 -19
	System 1, 2, 4	5.31×10 -19
	System 3	5.15×10 -19

Table 12 Flory interaction parameters in initial uncured systems

 12 

	System	Component 1	Component 2	Flory interaction parameter  at 120 °C
	A		TGDDM	PES-5003P	0.27
	B		TGAP	PES-5003P	0.03
	A, B	4, 4'-DDS	PES-5003P	0.31
	2.2	Characterization of the systems before curing

Table 13 Formulations of the model systems studied

 13 

	System		Stoichiometry	Epoxy monomers	Curing agent	TP	T g uncured +/-1 (°C)	Degree of cure
	System A System B	A1 A2 B1 B2	0.9 1.15 0.9 1.15	TGDDM TGDDM TGAP TGAP	4, 4'-DDS	PES-5003P (15 wt%)	20 27 -2 4	1 0.89 0.95 0.97

Table 14 Gel point characterization for all systems System Gel point temperature (°C) Value tanδ at gel point Degree of cure at gel point Theoretical degree of cure at gel point (Flory

 14 

	)

Table 15 Estimation of epoxy conversion at phase separation based on scaling model of gelation

 15 

	System	Epoxy conversion at phase separation
	A1	0.08
	A2	0.11
	B1	0.41
	B2	0.38

Table 16 Thermodynamic composition of each phase for systems A and B System N at onset of phase separation Volume fraction of TP in TP- rich phase 𝝋 𝟏 Volume fraction of epoxy in epoxy-rich phase 𝝋 𝟐

 16 

	A	3	0.48	1
	B	50	0.74	0.88

Table 17 Characteristics of the phase separation and of the gel point of systems A and B System Determination of gel point temperature (rheology) and degree of cure (DSC) Determination of onset of phase separation temperature (rheology) and degree of cure (DSC) Determination of onset of phase separation by phase diagram study

 17 

		GP temperature +/-1 (°C)	Degree of cure at GP	Curing temperature at phase separation +/-1 (°C)	Degree of cure at phase separation	𝑁 𝐸𝑃𝑂𝑋𝑌 at phase separation	Degree of cure at phase separation	Curing temperature at phase separation +/-1 (°C)
	A1	173	0.33	not observed	/	3	0.13	156
	A2	167	0.42	not observed	/	3	0.16	151
	B1	166	0.49	161	0.41	50	0.42	162
	B2	157	0.47	153	0.38	50	0.40	154

Table 18 Fitting parameters for systems A Variables Continuum of solutions (fit)

 18 

		A	B	C	D	E	F	G	H	I	J	K	L	M
	ξ (nm)												
	𝛗 𝟐𝐄𝐩𝐨𝐱𝐲 1.00 0.99 0.98 0.97 0.96 0.95 0.94 0.93 0.92 0.91 0.90 0.89 0.88
	𝛗 𝟏𝐓𝐏	0.18 0.19 0.19 0.20 0.21 0.22 0.23 0.25 0.27 0.30 0.34 0.49 0.70
	∅ 𝟏	0.72 0.67 0.65 0.59 0.53 0.47 0.41 0.33 0.26 0.19 0.13 0.05 0.02

19.5 19.5 19.5 19.5 19.5 19.5 19.5 19.5 19.5 19.5 19.5 19.5 19.5

Table 19 Fitting parameters for systems B1 according scenario 2 Variables Continuum of solutions (fit)

 19 

		A	B	C	D	E	F	G	H	I	J
	ξ 1	340	340	340	340	340	340	340	340	340	340
	𝛗 𝟐𝐄𝐩𝐨𝐱𝐲	0.99	0.98	0.97	0.96	0.95	0.94	0.93	0.92	0.91	0.90
	𝛗 𝟏𝐓𝐏	0.36	0.39	0.42	0.45	0.48	0.55	0.60	0.65	0.79	0.92
	∅ 𝟏	0.34	0.30	0.26	0.22	0.19	0.14	0.11	0.09	0.06	0.04
	BB1	4	4	4	4	4	4	4	4	4	4
	ξ 2in1	22	22	22	22	22	22	22	22	22	22
	𝛗 𝟐𝐢𝐧𝟏𝐄𝐩𝐨𝐱𝐲	0.95	0.91	0.89	0.86	0.84	0.82	0.80	0.78	0.76	0.74
	∅ 2in1	0.13	0.16	0.20	0.22	0.25	0.29	0.31	0.33	0.35	0.37
	BBhq	4	4	4	4	4	4	4	4	4	4

Table 20 Fitting parameters for systems B2, according scenario 2 Variables Continuum of solutions (fit)

 20 

		A	B	C	D	E	F	G	H	I	J
	ξ 1	180	180	180	180	180	180	180	180	180	180
	𝛗 𝟐𝐄𝐩𝐨𝐱𝐲	0.99	0.98	0.97	0.96	0.95	0.94	0.93	0.92	0.91	0.90
	𝛗 𝟏𝐓𝐏	0.36	0.39	0.42	0.45	0.48	0.55	0.60	0.65	0.79	0.92
	∅ 𝟏	0.34	0.30	0.26	0.22	0.19	0.14	0.11	0.09	0.06	0.04
	BB1	4	4	4	4	4	4	4	4	4	4
	ξ 2in1	22	22	22	22	22	22	22	22	22	22
	𝛗 𝟐𝐢𝐧𝟏𝐄𝐩𝐨𝐱𝐲 0.95	0.91	0.89	0.86	0.84	0.82	0.80	0.78	0.76	0.74
	∅ 2in1	0.13	0.16	0.20	0.22	0.25	0.29	0.31	0.33	0.35	0.37
	BBhq	4	4	4	4	4	4	4	4	4	4

Table 21 Characteristic values for the description of the mechanism of phase separation in system B1

 21 

		T process +/-1 (°C)	𝛗 𝟐𝐓𝐏	𝛗 𝟐𝐄𝐩𝐨𝐱𝐲	T g, epoxy-rich phase +/-1 (°C)	𝝉  (s)	𝑫 𝑻𝑷 (m².s -1 )	△t (s)	ξ (m)
	0.41	162	0.12	0.88	92	1×10 -6	3.8×10 -15	234	4.5×10 -7

Table 22 Calcul of TP concentration in the TP-rich phase in system B1

 22 

		T process +/-1 (°C)	ξ (m)	△t (s)	𝑫 𝑻𝑷 (m².s -1 )	𝝉  (s)	T g, TP-rich phase +/-1 (°C)	𝛗 𝟏𝐓𝐏
	0.41	162	2.2×10 -7	234	4.5×10 -16	1×10 -5	112	0.53

Table 23 Calcul of A1 morphology size considering fast diffusion

 23 

		T process +/-1 (°C)	𝛗 𝟐𝐓𝐏	𝛗 𝟐𝐄𝐩𝐨𝐱𝐲	T g, epoxy-rich phase +/-1 (°C)	𝝉  (s)	𝑫 𝑻𝑷 (m².s -1 )	△t (s)	ξ (m)
	0.13	156	0.13	0.87	47	1×10 -7	3×10 -14	1020	1.5×10 -6

Table 24 Calcul of TP concentration in the TP-rich phase in system A1

 24 

		T process +/-1 (°C)	ξ (m)	△t (s)	𝑫 𝑻𝑷 (m².s -1 )	𝝉  (s)	T g, TP-rich phase +/-1 (°C)	𝛗 𝟏𝐓𝐏
	0.13	156	1.1×10 -8	1020	1×10 -20	3×10 -1	148	0.78

Table 25 Description of the four formulated systems studied

 25 

	System	Epoxy	Curing agent	Polyethersulfone	Stoichiometry
	System 1	EpoxyLV + EpoxyMV	4, 4'-DDS	PES-reac	0.9 ; 1 ; 1.1
	System 2	EpoxyLV + EpoxyMV	4, 4'-DDS	PES-nonreac	0.9 ; 1 ; 1.1
	System 3	EpoxyLV + EpoxyHV	4, 4'-DDS	PES-reac	0.9
	System 4	Epoxy LV + EpoxyMV	3, 3'-DDS	PES-reac	0.9

Table 26 Interaction parameters between two components in formulated systems

 26 

		Component 1	Component 2 PES	Interaction parameter  𝟏𝟐 at 120 °C 0.12
		EpoxyLV	EpoxyMV EpoxyHV	0.11 0.27
			DDS	0.63
		EpoxyMV	PES DDS	0.49 1.49
		EpoxyHV	PES DDS	0.02 0.12
		PES	DDS	0.20
	3 Influence of the TP
	3.1	Reactivity of TP end-groups

Table 27 Characteristics of initial formulation of Systems 1 and 2 cured at a stoichiometry of 0.9, for two different amount of TP (10 and 20 wt%) System Sample name Stoichio- metry TP amount TP T g uncured +/-1 (°C) Degree of cure

 27 

	System 1	Sys1_0.9_10%	0.9	10	PES-reac	7	0.93
	System 2	Sys2_0.9_10%	0.9	10	PES-nonreac	8	0.93
	System 1	Sys1_0.9_20%	0.9	20	PES-reac	13	0.90
	System 2	Sys2_0.9_20%	0.9	20	PES-nonreac	13	0.90

Table 28 Characterization of gel point and phase separation for Systems 1 and 2 cured at a stoichiometry 0.9, with 20 wt% TP

 28 

	System	Sample name	GP temperature +/-1 (°C)	Degree of cure at GP	tanδ	Curing temperature at phase separation +/-1 (°C)	Degree of cure at phase separation
	System 1 (PES reac)	Sys1_0.9_20%	173	0.37	0.61	Not observed	Not observed
	System 2 (PES non-reac)	Sys2_0.9_20%	174	0.37	0.79	168	0.27

Table 29 Morphologies obtained for System 1 with different amount of TP (10, 20, 30, 35 wt%) System Type of morphology Average size of the morphology (nm)

 29 

	Sys1_0.9_10%	Sea-island	80
	Sys1_0.9_20%	Sea-island	90
	Sys1_0.9_30%	Sea-island, co-continuous	100
	Sys1_0.9_35%	Co-continuous	200

Table 30 Characteristics of initial formulation of systems 1 and 3 cured at a stoichiometry 0.9, for neat resins (no thermoplastic) and with 20 wt% TP

 30 

	System	Sample name	Stoichio-metry	Epoxy	T g uncured (°C)	Degree of cure
		Sys1_0.9_0%	0.9	EpoxyLV + EpoxyMV	-1	0.95
	System 1	Sys1_0.9_20%	0.9	EpoxyLV + EpoxyMV	13	0.90
		Sys3_0.9_0%	0.9	EpoxyLV + EpoxyHV	10	0.99
	System 3	Sys3_0.9_20%	0.9	EpoxyLV + EpoxyHV	38	0.93

Table 32 Characteristics of initial formulation of Systems 1 and 4 cured at a stoichiometry 0.9, for neat resins (no thermoplastic) and with different amount of TP

 32 

	System	Sample name	Curing agent	TP amount	T g uncured +/-1 (°C)	Degree of cure
		Sys1_0.9_0%		0	-1	0.95
		Sys1_0.9_10%		10	7	0.93
	System 1	Sys1_0.9_20% Sys1_0.9_30%	4, 4'-DDS	20 30	14 24	0.90 0.90
		Sys1_0.9_35%		35	29	0.89
		Sys4_0.9_0%		0	-10	0.96
		Sys4_0.9_10%		10	-6	0.94
	System 4	Sys4_0.9_20% Sys4_0.9_30%	3, 3'-DDS	20 30	0 16	0.94 0.93
		Sys4_0.9_35%		35	23	0.91

Table 33 Characterization of gel point and phase separation for System 1 and 4 cured at a stoichiometry 0.9, for the neat resins and for different TP amount

 33 

	System	Sample name	GP temperature +/-1 (°C)	Degree of cure at GP	tanδ
		Sys1_0.9_0%	168	0.40	2.1
		Sys1_0.9_10%	170	0.43	1.7
	System 1	Sys1_0.9_20%	173	0.37	1.4
		Sys1_0.9_30%	178	0.35	1.0
		Sys1_0.9_35%	181	0.36	0.8

Table 36 Characteristics of initial formulation of Systems 1 and 2 cured at three different stoichiometry

 36 

	System	Sample name	Stoichiometry	T g uncured +/-1 (°C)	Degree of cure
		Sys1_0.9_20%	0.9	8	0.93
	System 1 (PES-reac)	Sys1_1_20% Sys1_1.1_20%	1 1.1	14 17	0.94 0.92
		Sys2_0.9_20%	0.9	13	0.90
	System 2 (PES-nonreac)	Sys2_1_20% Sys2_1.1_20%	1 1.1	14 16	0.91 0.90

Table 38 Considerations for characterizing the onset and end of the three main reactions involved in epoxy polymerization

 38 

	Chemical reaction	Onset	End
	Reaction 1	Epoxy + AmI	Epoxy < 0.99	AmI < 0.01
	Reaction 2	Epoxy + AmII	AmIII > 0.03	AmII < 0.03
	Reaction 3	Epoxy + OH	dx/dy > 1	??

Remerciements

x xi assume that the epoxy conversion at phase separation calculated for A1 and A2 are also conservative estimates.

Resulting morphology of the resins

After curing, the morphology of all formulations is characterized. The reaction-induced phase separation in TP/TS blends is due to the increase of the molecular weight of the growing thermoset. The morphologies observed which have a definite length scale and are homogeneous on larger scales are relevant to spinodal decomposition rather than nucleation and growth mechanisms. Spinodal decomposition occurs when the system goes into the unstable region of its phase diagram [START_REF] Girard-Reydet | Reaction-induced phase separation mechanisms in modified thermosets[END_REF][START_REF] Rico | Influence of the molecular weight of a modifier on the phase separation in an epoxy thermoset modified with a thermoplastic[END_REF]. The resulting morphology may be co-continuous or sea-island if a percolation to cluster mechanism permits to reduce the interfacial energy of the system [7,[START_REF] Oyanguren | Development of bicontinuous morphologies in polysulfone-epoxy blends[END_REF]. Scanning Electron Microscopy (SEM) on cured systems after chemically labelling the TP-rich phase permits to bring out clearly the phase separation in systems B. TP-rich phase is dispersed in the epoxy matrix. In Figure 53 the morphologies obtained for systems B are presented. Systems B have also been prepared for SEM observation by acid etching method in which the thermoplastic is dissolved, in order to confirm the observed morphologies (Figure 54). with acceptable resolution (error <7%) when comparing the area under the experimental curve and the area under the fitted curve. From the fitted curves two relaxation temperatures are given for each curve corresponding respectively to the TP-rich phase and the TS-rich phase. A1 shows 258 °C and 276 °C and A2 262 °C and 275 °C respectively.

Thus small-angle neutron scattering has been chosen to investigate nanometre scales. Results for systems A1 and A2 of samples quenched at 20% of epoxy conversion and of samples after the curing process are presented in Figure 60.

 Visualization of the morphology growth by TP diffusion through epoxy-rich phase

The growth of the morphology characteristic size is controlled by the diffusion of the TP in the epoxyrich phase as illustrated in the schema below (Figure 80). The polymer chains diffuse in the epoxy-rich phase to gather at the boundaries of high-T g thermoplastic-rich phase. As a consequence, the domains of the thermoplastic-rich phase grow. The increase of the concentration of the TP-domain is driven by the diffusion of the TP within the TP-rich phase. The TP diffuses from the interface of the TP-rich phase to the inside of the morphology so that the average concentration of the TP-rich phase increases (Figure 81). The mechanisms for phase separation for systems B and A are discussed below. Both the morphology size and the TP-rich phase composition are determined.

It is observed that for System 1, as described before, the incorporation of 20wt% TP reduced the kinetics of epoxy curing. This dilution effect is not observed for System 3; the kinetics of epoxy curing is similar with 0 and 20 wt% of TP, and it is comparable to the kinetics of System 1 without TP. So the epoxy curing is faster in Sys3_0.9_20% than in Sys1_0.9_20%.

When regarding the neat resins (without TP), we understand that the epoxy curing kinetics is the same whatever the epoxy chosen in the formulation. When TP is added, it slows down the epoxy curing in System 1 whereas it does not influence the curing kinetics in System 3. In order to compare the reactivity of PES-reac with EpoxyHV (System 3) and with EpoxyMV (System 1), a further nIR study of epoxy curing mechanisms would be interesting for this system. We may suppose that an early phase separation in System 3 (as determined in the following paragraph, Section 4.1.3), allows the global epoxy polymerization to evolves as if there was no TP. It may be due to a poor compatibility between PES-reac and epoxy monomers in System 3, or because of a completely different mechanism of phase separation as discussed in Section 4.1.4.

Characterization of the system gelation and phase separation

By combining in situ DSC and in situ dynamic rheology studies (at 1 °C.min -1 ), the determination of the gel point and approach on the onset of phase separation are investigated on neat resins and on systems with 20 wt% of TP (Table 31). No feature of phase separation is observed on dynamic rheology curve for System 1. On the other hand, a change of slope in viscosity curve is observed for Sys3_0.9_20%, for all frequencies. The onset of phase separation occurs early, at =0.14. Thus the elapsed time between the onset of phase separation (T=147 °C) and the gel point (T=160 °C) is a long period of 13 min.

Morphology

The morphologies of System 4 resins are displayed in Figure 93 as a function of PES-reac content. The TP-rich phase is dissolved by acid treatment. As seen previously, the size of the morphology of System 1 increases with the TP amount from 80 (10wt% TP) to 200 nm (35 wt% TP). It is a result often seen and discussed in literature [START_REF] Rico | Influence of the molecular weight of a modifier on the phase separation in an epoxy thermoset modified with a thermoplastic[END_REF] and explained earlier in this chapter (Section 3.2). Sys4_0.9_10% and Sys4_0.9_20% have nodules of 90 nm and 70 nm, respectively. Surprisingly, the size of the nodules decreases in that range of TP amount.

From 30 wt% of TP, both systems exhibit complex morphologies which are a mix of different morphology type, sea-island, co-continuous but also phase inverted for Sys4_0.9_35%. It may be due to a significant increase of the viscosity with the TP amount which makes difficult the phase separation and the percolation-to-cluster process. It is not discussed in more details.

Characterization of the kinetics of curing

All resins, including a reference system with no thermoplastic are characterized by DSC using a 1 °C.min -1 ramp in order to mimic the curing cycle used in the whole study. The degree of cure is plotted along temperature by integrating the exotherm (Equation 19) (Figure 94). The degree of cure at gel point is about 0.40 +/-0.04 whatever the systems is. It is independent of the amount of TP and of the curing agent reactivity.

System

It is interesting to notice the change in the tanδ value at gel point. It is only equal to 1 (G' and G'' crossover technique) for 30 wt% of PES-reac and that in both systems. Tanδ value seems to decrease while the TP content increases. In Winter's works [101], it was discussed that the network rigidity increases and the mesh size decreases with the decrease of tanδ value at gel point. It would be interesting to complete this line of investigation in a further study.

For Systems 1 and Systems 4, phase separation is not detected on the dynamic rheology curves.

Regarding the similarity of their components (3, 3'-DDS and 4, 4'-DDS have the same solubility parameters in Hoy method), we can suppose that it occurs for a same epoxy conversion for all systems.

DMTA study on Systems 4 and Systems 1

For the comparisons of the two systems, DMTA experiments are performed and optimized in order to distinct the alpha-relaxations of the TP-rich phase and of the epoxy-rich phase which are very close in temperature. The alpha-relaxation corresponds to segmental movements (several monomers); the betaand gamma-relaxations correspond to local motions. The tanδ signal has a better resolution than E' and E'' signals, so that the relaxations are determined as tanδ peaks. In this study we focus on -relaxations, experiments were done in duplicate for an applied frequency of 0.1, 1, 10 and 75 Hz. The tanδ curves collected for System 4 with 20 wt% of PES-reac at 75 Hz is given in Figure 95. The results obtained for the systems cured with 3, 3'-DDS (System 4) are summed up in Table 34, for a frequency of 75 Hz. In order to attribute the contribution of the TP-rich phase and of the epoxy-rich phase, the same experiment is performed on a sample of neat TP and on a sample of neat thermoset.

Thus the left and less intense peak is attributed to the -relaxation of the TP-rich phase and the right and coarser peak is attributed to the -relaxation of the epoxy-rich phase. Indeed the epoxy-rich phase is the majority phase so that its contribution is more important. The -relaxation temperatures of the TP-rich phase are higher than the -relaxation temperature of the neat TP. It means that a non-negligible amount of epoxy is present in the TP-rich phase in its final stage. The formation of the epoxy network inside the TP-rich phase at late curing stage increases the glass transition temperature of the TP. The -relaxation temperatures of the epoxy-rich phase is identical to the one of the neat resin, and that whatever the PES-reac content in System 4. It indicates that the epoxy-rich phase is almost pure in the final cured system.

For System 4, two Gaussian functions are used in order to fit the experimental data at high temperature (with less than 4% error by comparing the area under the curve) (Figure 96, left). On the contrary for System 1 cured with 4, 4' -DDS, three Gaussian functions are needed to fit properly the experimental data (less than 4% error) (Figure 96, right). Between the -relaxation of the TP-rich phase and of the epoxy-rich phase, System 1 shows a third relaxation. The -relaxation temperature of the TP-rich phase in Sys1_0.9_20% is higher than the one in neat TP. It is due to an epoxy network developed inside the TP-rich phase. The -relaxation temperature of the epoxy-rich phase with and without TP is similar. Also, a third -relaxation temperature is observed in Sys1_0.9_20% at 270 °C, just below the epoxy-rich phase relaxation temperature (277 °C). It may As expected, both Systems 1 and Systems 2 cured with a stoichiometry of 1 or 1.1 have a faster kinetics than cured with a stoichiometry of 0.9. At 180 °C the epoxy conversion for Sys1_0.9_20% and Sys2_0.9_20% is 0.50 whereas it is 0.70 for the stoichiometry 1 and 1.1. Thus the excess of curing agent does not influence the epoxy curing kinetics (for both systems) certainly due to the increased viscosity.

Characterization of the system gelation and phase separation

By combining in situ DSC and in situ dynamic rheology studies (at 1 °C.min -1 ), the determination of the gel point and approach on the onset of phase separation are investigated on System 1 and 2 with 0.9, 1 and 1.1 stoichiometry (Table 37). A feature of phase separation is clearly observed on System 2 (Figure 109, Appendix IV) whatever the stoichiometry is. The times elapsed between the onset of phase separation and the gel point, are of 5 min for System 2 resins for all stoichiometry.

For System 1 resins, no signature of phase separation is observed on the viscosity curves. The structure of the epoxy precursors and of the TP are similar in all three Systems 1, so that we can suppose that their phase diagrams are identical and thus their onset of phase separation occurs for a same epoxy conversion. The time between phase separation and gel point can be supposed reasonably similar. It cannot be the dominant parameters which influence a so large difference in morphology (from hundreds of nanometre nodules to a few microns co-continuous phases). Thus for both system we can suppose that it is not the time for phase separation to occur which controls the morphology size but rather the kinetics of morphology growth.

Discussion

First System 1 resins are discussed in detailed (a), it is then the turn of System 2 resins (b).

(System 1 resins -a) While submicronic nodules (≤ 100 nm) are observed for System 1 resins with a stoichiometry of 0.9 or 1, large TP-domains of about 5 μm are obtained with a stoichiometry of 1.1. Moreover TP-rich nodules are present in the epoxy-rich phase and epoxy-rich nodules are present in the TP-rich domains. The amine excess has a dramatic effect on the morphology.

When stoichiometry is of 1.1, high residual unreacted amines remain at phase separation (primary amine). A part of the DDS amine is in the epoxy-phase but it also phase separate inside the TP-rich phase due to the good DDS-TP affinity (=0.2) [114]. The DDS small molecule may act as a plasticizer for both epoxy-rich and TP-rich phases. It lowers the T g of the two separated phase, so that T-T g becomes larger than 100 °C. Thus their mobility is increased and the diffusion coefficient is more than 10 -13 m².s -1 . The kinetics of concentration of TP in TP-rich phase is faster and the kinetics of morphology growth by TP diffusion through epoxy-rich phase is faster. The TP-rich phase reaches some micron scale at the gel point (in 5 min); no percolation to cluster is possible, and then secondary phase separations occur in both primary phases when reaction extent increases. It is a standard spinodal decomposition. The content of unreacted curing agent (primary amine) that remains in the epoxy-rich and TP-rich phases at phase separation could be determined by near-infrared spectroscopy (Appendix III Approach of the mechanisms of curing by in situ near-infrared spectroscopy). Even if a few quantity of primary amine can be present in the systems with 0.9 and 1 stoichiometry at phase separation, it is probably significantly less than with an initial excess of curing agent.

On the opposite, Systems 1 cured at a stoichiometry of 0.9 or 1 are composed of an epoxy-rich phase and TP-rich phase with a higher T g (there is less unreacted amines), closer to the curing temperature. Thus the diffusion of the TP is considerably slowed down; the spinodal decomposition is coupled with

Appendices

Appendix I T g fit of epoxy/TP blends with equations from theory of blends

Different model equations are used to fit the experimental data obtained (Figure 101).

Fox equation [6] is the simplest and the most used model for predicting the T g of a mixture (Equation 47):

Where T g is the glass transition temperature of the blend, 𝑇 𝑔1 , 𝑇 𝑔1 , 𝑤 1 and 𝑤 2 are the glass transition temperatures and the mass fractions of the components 1 and 2 respectively.

A thermodynamic approach is the Couchman-Karasz equation [START_REF] Couchman | A Classical Thermodynamic Discussion of the Effect of Composition on Glass-Transition Temperatures[END_REF] (Equation 48). It considers the heat capacities at the glass transitions:

With 𝑘 0 =△ 𝐶 𝑝2 /△ 𝐶 𝑝1 where △ 𝐶 𝑝1 and △ 𝐶 𝑝2 are the heat capacities at the glass transition step for the components 1 and 2 respectively.

Another model, the Lu-Weiss equation [START_REF] Lu | Relationship between the glass transition temperature and the interaction parameter of miscible binary polymer blends[END_REF] (Equation 49), is the only model that takes into account the interactions between the component, it introduces the Flory interaction parameters:

where  12 is the Flory-Huggins interaction parameter, R is the molar gas constant, 𝑀 1 and 𝑀 2 are the molar mass of component 1 and 2 respectively, and 𝑘 0 =△ 𝐶 𝑝2 /△ 𝐶 𝑝1 .

Figure 101 shows the fits of the three models to the T g experimental data. None of the model fits properly the experimental results, so that the best fitting is found for a Couchman-Karasz-based equation with an adjustable k parameter (Equation 35, Chapter IV).

k is found to be 2.68 and 5.48 for system A1 and B1 respectively. 

Appendix II T g of binary unreacted blend TP/DDS as function of DDS mass fraction

The T g of the TP blended with different amount of DDS is measured (Figure 102). The affinity of the TP with the DDS is good enough to obtain a homogeneous blend upon mixing in high temperature. 4, 4'-DDS and 3, 3'-DDS plasticizer capacity is compared. The TP is the TP-nonreac (very high T g ) in order to exclude any reaction of the TP end-group. With more than 40wt% TP, it becomes difficult to obtain an homogeneous blend.

Figure 102 T g of TP/DDS blends as function of DDS mass fraction

The T g of the pure TP is very high but it is lowered by the DDS. For each system blend, the T g decreases with the amount of curing agent. For each composition, 3, 3'-DDS allows lowering the TP T g of 25 °C more than 4, 4'-DDS lowering. 3, 3'-DDS is a better plasticizer which can be explained by a difference in free volume. 3, 3'-DDS has a higher free volume because of its group in meta-position so a lower T g .

Appendix III Approach of the mechanisms of curing by in situ near-infrared spectroscopy

In order to complete the understanding of the epoxy curing kinetics study by DSC, in situ near-infrared (NIR) spectroscopy has been developed. Being selective to the functional groups, NIR spectroscopy promises to give details of the polymerization mechanism. Indeed, the oxirane group (epoxy) can react with primary amine (AmI), secondary amine (AmII), and alcohol (OH) through an etherification reaction. Secondary amines, tertiary amines (AmIII) and alcohol are formed. The respective bands are read in the region 4000 to 7000 cm -1 . The different reaction involved (Figure 6 

The NIR probe has been set-up in a programmable curing oven in order to monitor in situ the epoxy curing, according to the curing cycle with (1°C.min -1 ramp up to 180 °C). Two technical issues have been overcome:

-Good control of the optical path length: use of a Hellma cell as resin container instead of glass slides.

-Good duplicability of the essays.

-Ignore temperature effect on spectra: application of a correct pre-treatment.

-Compare a specie band between systems: Each absorbance band has been normalized (from 0 to 1) by SNV (Standard Normal Variation).

This Appendix allows presenting the promising method of in situ NIR spectroscopy, during nonisothermal curing process. It does not contribute to the global understanding of phase separation mechanism discussed in the manuscript. To illustrate the method, four systems have been studied: RefTGDDM (TGDDM + 4, 4'-DDS at stoichiometry of 1), RefTGAP (TGAP + 4, 4'-DDS at stoichiometry of 1), System 1 with reactive TP (Sys1_0.9_20%) and System 2 with non-reactive TP (Sys2_0.9_20%). The continuous acquisition of spectra during the curing is illustrated in Figure 103, the absorption bands of interest are indicated at the corresponding wavelength.
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Monomer kinetics

To start with, the reaction kinetics of neat TGDDM-resin and TGAP-resins are studied. The system refTGAP is composed of TGAP and 4, 4'-DDS at a stoichiometry of 1. The system RefTGDDM is composed of TGDDM and 4, 4'-DDS at a stoichiometry of 1. There is no thermoplastic.

The global epoxy conversion (peak 1698 nm) measured by NIR and normalized by SNV has been compared to the epoxy conversion measured by DSC (Figure 104), during the 1°C.min -1 ramp. 

Conclusions

To conclude with, a correlation between DSC and NIR results for the determination of the global epoxy conversion promises the good accuracy of the NIR method to go further inside the understanding of epoxy reaction mechanisms. A qualitative description only gives insight into the complexity and simultaneity of the epoxy reactions that occur in these systems. The onset and end of each reactions can be visualized as function of time process (or temperature) and global epoxy conversion. Some information given by the NIR study is given below:

in situ NIR spectroscopy when compared to NIR quench method presents some input such as an increase in the number of spectra, a time saving, a reproducibility improvement (better control of the optical path length and better control of the temperature of measurement), improvement of signal resolution and a measurement in real process condition. Nevertheless it also brings some complications with the need to proceed of a pre-treatment to ignore the temperature effect on the bands.

Appendix IV Dynamic rheology: gel point and phase separation determination

For some systems, both the gel point (tanδ crossover) and the phase separation can be identified by dynamic rheology. The phase separation can be determined as a significant change of slope on the G' and G'' curves for all frequency but also as a small peak on the tanδ curve. It is exemplified for Sys2_1.1_20% in Figure 109. Appendix V Neutron scattering experiment at different time from gel point to final state: growth of a secondary morphology System 3 (Sys3_0.9_20%) was studied by small-angle neutron scattering at different epoxy conversion after quenching the samples from the curing oven at different time (Figure 110). At the gel point (=0.30), the principal morphology is fixed at around 760 nm (the scattering peak is in the limit of the low-q range). Then, from the gel point until the final state (=0.93) a weak peak is evolving in the high-q range. It shifts to the left (to smaller q), it represents the growth of a secondary morphology up to 26 nm. We attribute it to small sub-inclusions noduli of epoxy (EpoxyHV) inside the TP-rich phase.