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La taille et la distribution des bulles de gaz dans la pâte dépendent fortement de nombreux paramètres liés à la formulation et au processus de panification. La complexité des mécanismes impliqués dans l'établissement de la structure cellulaire de la pâte fait qu'il est difficile de contrôler entièrement tous les phénomènes qui se produisent pendant la panification. Cette difficulté se traduit par le développement d'outils d'aide à la décision pour l'industrie de la panification. Ces outils servent d'une part à améliorer la compréhension du procédé et d'autre part à apporter un soutien à des innovations ciblées. C'est le cas de Chopin Technologies, leader mondial dans la conception de machines de qualification de la farine pour la panification. Cependant, ces outils bien qu'ils qualifient la farine, restent implicites et ne permettent pas d'avoir une bonne compréhension des mécanismes intervenant lors de la cuisson.

La panification fait appel à de nombreuses disciplines, de la microbiologie à la mécanique des matériaux, en passant par le génie des procédés alimentaires, la science des aliments et les sciences informatiques, ce qui fait du couplage de tous ces domaines un travail considérable. La panification comporte en gros trois étapes de traitement : le pétrissage, la fermentation et la cuisson. Les bulles gazeuses (Gas cell en anglais) sont incorporées à la pâte lors du pétrissage. Les bulles se développent pendant la fermentation et la cuisson. La structure de la pâte se transforme d'une mousse viscoélastique fermée en une structure solide poreuse ouverte (pain). L'élément qui est mécaniquement sollicité pendant l'expansion des bulles est la matrice gluten-amidon comprise entre deux bulles : la paroi de pâte (Gas cell wall en anglais). Le volume et la structure finale du pain dépendent fortement de quand et comment ces fines parois, à l'état extrême de films, se rompent au cours de la cuisson. L'effondrement de la pâte en expansion est observé lorsque la rupture a lieu trop tôt tandis qu'un pain collapsé sur lui-même est obtenu au refroidissement, par contraction des gaz dans les cellules restées fermées lorsque la rupture du film de pâte n'est que partielle en fin de cuisson (Grenier et al., 2021).

L'épaisseur de la paroi de pâte à des étapes avancées de la panification, c'est-à-dire du milieu de la fermentation à la fin de cuisson est réduite à l'épaisseur d'une dizaine à un seul grain d'amidon. À cette échelle, la paroi est considérée comme un milieu hétérogène. L'analyse de la rupture doit donc être réalisée à l'échelle des constituants. L'objectif de la conduite des analyses de la rupture à l'échelle des constituants est de pouvoir décrire les interactions des différents phénomènes qui ont lieu au cours de la cuisson tels que la gélatinisation de l'amidon et la dénaturation du gluten.

Sur le plan expérimental, la rupture de la paroi a été toujours évaluée à l'échelle de la pâte par des méthodes indirectes [START_REF] Neff | Simultaneous measurement of viscoelastic changes and cell opening during processing of flexible polyurethane foam[END_REF][START_REF] Singh | Development of dynamic modulus and cell opening of dough during baking[END_REF][START_REF] Miś | Identification of baking expansion phases of leavened dough using an experimental approach[END_REF]. Ces méthodes bien qu'elles permettent de rendre plus ou moins compte de la rupture du film au cours de la cuisson (déterminer le moment en cours de cuisson qui par le biais d'une mesure conjointe de température peut être reliée à des évènements biochimiques prenant place en cuisson), ne permettent pas de réellement aborder le phénomène. Quelques artefacts expérimentaux dus à la maitrise de la pâte ont été reportés lors des essais. Un des manquements lors ces essais mécaniques est la reproduction des conditions de cuisson (température, humidité, vitesse de déformation, déformation et nature de sollicitation) autour de l'échantillon. En raison du caractère évolutif de la pâte au cours du temps (physico-chimique, perte d'eau, etc.), la reproduction des conditions de cuisson lors des essais de caractérisation est essentielle afin de garantir une bonne prédiction des propriétés mécaniques. Il est donc important de mettre en place un protocole expérimental en mesure de reproduire au mieux les conditions de cuisson pour la caractérisation du comportement de la paroi.

Sur le plan de la modélisation, peu de paramètres mécaniques sont disponibles dans la littérature pour la prédiction du comportement mécanique de la paroi. Les essais mécaniques sont souvent réalisés en dynamique, en cisaillement ou encore dans des conditions différentes de celles que rencontre la paroi dans la pâte au cours de la panification (amplitude de déformation, vitesse de déformation, nature de la sollicitation). L'essai mécanique qui permet au mieux de décrire le comportement de la paroi est la technique de soufflage [START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF][START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF][START_REF] Bloksma | A calculation of the shape of the alveograms of some rheological model substances[END_REF]. Pour reproduire le comportement de la paroi, il est important de connaitre les propriétés mécaniques de ses constituants (principalement le gluten et l'amidon) et les interactions impliquées entre les constituants. Peu de données existent dans la littérature sur les propriétés mécaniques du gluten et de l'amidon en condition hydrique telles que présent dans la paroi (Mohammed et al., 2013). Ces auteurs, partant d'une comparaison de données expérimentales issues de tests mécaniques avec les simulations d'un modèle micromécanique ont reconstitué le comportement de la pâte à 20°C. Ils ont souligné 1.2 Objectif de la thèse l'existence d'interactions entre le gluten et l'amidon pour une bonne description du comportement mécanique de la paroi par le modèle micromécanique. Toutefois, ce travail n'a pas analysé la rupture en tant que telle.

Objectif de la thèse

L'objectif de cette thèse est d'essayer de mieux comprendre les mécanismes impliqués dans la rupture mécanique des parois de pâte à pain (GCW) pendant la cuisson. La rupture se voudra être évaluée à l'échelle du grain d'amidon (centaines à dizaine de µm) et dans des conditions de cuisson telles que la température, l'humidité et la mécanique (vitesse de déformation, déformation et nature de la charge) aussi proche que possible de la réalité. Le but de la conduite des études à l'échelle du grain d'amidon est de pouvoir étudier la rupture tout en tenant compte des réactions biochimiques intervenant au cours de la cuisson : la gélatinisation de l'amidon et la dénaturation du gluten, qui déterminent indirectement (via la distribution de l'eau au sein de la paroi) le comportement mécanique de ces constituants.

Organisation du manuscrit de thèse

La rupture mécanique du film de pâte est abordée suivant deux approches. La première approche dite expérimentale (Partie II) est basée sur la mise en place d'un dispositif permettant de caractériser le comportement mécanique d'une paroi de pâte d'épaisseur avoisinant celle en fin de fermentation (environ 300 µm). Le but de cette partie est d'observer l'évolution du gluten et de l'amidon au cours de la déformation du film dans les conditions de cuisson et aussi de caractériser le comportement mécanique du film (analyse d'image et courbe contraintedéformation). La seconde approche (Partie II) consiste en la prédiction du comportement mécanique d'un film de pâte réduit à la taille d'un grain d'amidon. L'objectif de cette approche est d'arriver au moyen d'un modèle de type éléments finis (modèle visco-hyperélastique pour les grandes déformations) à localiser les endroits potentiels d'initiation de la rupture au sein du film de pâte par l'analyse des champs de contrainte de von Mises.

Les avancées acquises sur chacune de ces deux approches constituent les parties II et III de ce manuscrit. La partie I est consacrée à l'état de l'art sur la panification et plus concrètement sur les mécanismes de rupture de film de pâte. Tout d'abord, la microstructure multi-échelle de la pâte, de l'échelle macroscopique (pâte) à l'échelle microscopique (film de pâte) est présentée. La nature et l'évolution en cours de cuisson de chaque constituant de la pâte, principalement le gluten, l'amidon et la phase gazeuse, sont présentées. Le chapitre 2 se termine avec l'évolution de la microstructure de la pâte pendant la panification (phase gazeuse, épaisseur des parois, taille des bulles, etc..). Le chapitre 3 traite du comportement thermomécanique du gluten, des grains d'amidon et de la paroi (GCW) à travers un résumé des méthodes rhéologiques et des modèles constitutifs ; la nature de l'interaction entre le gluten et l'amidon est aussi évoquée dans ce chapitre. Le chapitre 4 présente les propriétés mécaniques à la rupture du film de pâte, les mécanismes de rupture et les techniques expérimentales de caractérisation de la rupture du Introduction générale film de pâte, à température ambiante ou en conditions de chauffage. L'ensemble de cette partie I est basée sur la revue bibliographique (Grenier et al., 2021).

Part I

Bibliographical review

Introduction

After mixing, wheat dough consists of a dispersion of discrete gas cells (GCs) that were embedded in a continuous and hydrated viscoelastic gluten-starch matrix Fig. 1.1 a. During fermentation and baking, Gas Cell Walls (GCWs) are stretched in response to the increase in gas cell volume resulting from carbon dioxide, ethanol and water vapour production. In the first minutes of baking, dough volume increases rapidly and reaches the loaf maximum size (Turbin-Orger et al., 2015;[START_REF] Hoseney | The formation and properties of wheat flour doughs[END_REF][START_REF] Lucas | Modeling of bread baking with a new, multi-scale formulation of evaporation-condensation-diffusion and evidence of compression in the outskirts of the crumb[END_REF][START_REF] Nicolas | Modeling bread baking with focus on overall deformation and local porosity evolution[END_REF]. In the meantime, some GCWs thin down to the size of one starch granule and in favourable cases to the size of a gluten or liquid film until rupture (Sandstedt, 1954;Stokes and Donald, 2000;Hayman et al., 1998a). When such a size is reached, thin GCWs must be considered as heterogeneous (Hydrated gluten and hydrated starch granules) if one wants to describe the mechanisms of rupture within GCW. [START_REF] Gan | The microstructure and gas retention of bread dough[END_REF].

End of baking

Loss of Gas

Introduction

At advanced baking stages the bread dough undergoes a structural transformation from foam to an open sponge (see Fig. 1.1 a and c) due to starch gelatinisation and gluten denaturation. It results in the increase in tensile stress and thin GCWs rupture when they can no longer withstand this stress (see Fig. 1.1 c). Bread crumb structure strongly depends on how well GCWs are stabilized upon extension and to which extent the dough can withstand expansion without GCW opening when the dough is still too soft to sustain its own weight (Hayman et al., 1998a;[START_REF] Eliasson | Cereals in breadmaking: a molecular colloidal approach[END_REF]. [START_REF] Sandstedt | The function of starch in the baking of bread[END_REF], (case2) GCW rupture in dough prepared with wheat flour of good breadmaking performances [START_REF] Sandstedt | The function of starch in the baking of bread[END_REF], (case 3) Later GCW rupture or no rupture of GCW, in dough prepared with reconstituted flour using tapioca starch [START_REF] Kusunose | Role of starch granules in controlling expansion of dough during baking[END_REF]. GCW rupture illustrated by Grenier et al. (2021).

Three types of loaves can be obtained depending on when the GCWs ruptured :

• Early rupture (< 55°C) : dough collapse and large cells where pressure forces are low compared to gravity is obtained for early GCW ruptures (see Fig. 1.2, case 1).

• Rupture of GCWs at temperatures where dough can withstand its own weight so as not to compromise fineness of crumb and uniformity of density (see Fig. 1.2, case 2). GCW must be enough stiffened when the structure predominantly opens, hence minimizing the collapse phenomenon. Breads made from wheat flour of good breadmaking quality leads to that kind of loaf and it is quite impossible to make bread out of potatoe starch.

• No rupture : loaf shrinkage due to the lowering gas pressure at the cooling stage occurs when a certain proportion or even most of GCWs lacked to rupture. (see Fig. 1.2, case 3) (Hayman et al., 1998a;Grenier et al., 2021). Breads made from tapioca starch lead to that kind of loaf [START_REF] Kusunose | Role of starch granules in controlling expansion of dough during baking[END_REF].

The "green" tendency of using dough formulation with new proteins, and new types of starch from non-gluten cereal flours, increases the interest in understanding the gas cell opening.The "green" tendency consist of increasingly reducing nitrogen inputs in soil (chemical fertilizers) during wheat cultivation. This reduction in nitrogen inputs results in the low amount of gluten in the wheat flour.

The use of baking processes such as microwave baking or vacuum baking offers opportunities to produce or desolubilize gas at different times in the process, and so at different advancements in ingredient biochemical transition, that were not reachable with conventional baking. With vaccum baking GCWs can be solicited very early (flat bread) or late (to open a still closed porous structure) during baking, independently from the increase in temperature. Mastering of gas cell opening is a key point in driving vacuum baking.

The following short review aims at summarizing what is necessary to know on GCWs compositions (Chapter 2), mechanics (Chapter 3) and rupture (Chapter 4), before reintroducing the objective of the thesis with the methodology that has been chosen. It is mainly based on a review that recently focused on gas cell wall opening in bread dough by Grenier et al. (2021) which can be referred to as soon as one wants to know more about the circumstances that lead to this thesis or get deeper in gas cell opening in bread dough. Some parts (in italic) of the article of the review were directly extracted from the review and will be reinforced when crucial points such as rupture mechanisms will be considered. 

T

he preferential use of wheat compared to other cereals in breadmaking relates to the cohesive structure of wheat flour dough due to high molecular weight compounds such as gluten and their positive effects on gas cell stabilization [START_REF] Shewry | Biotechnology of breadmaking: unraveling and manipulating the multi-protein gluten complex[END_REF]. In the followings, dough is considered as composed of air pockets or gas cells dispersed into a continuous phase constituted of hydrated gluten, hydrated starch granules and an aqueous phase in which minor compounds are dissolved. This continuous phase is also called Gas Cell Walls (GCWs) and its composition and organisation will be further described in the following sections. This review only deals with bread dough made out of wheat flour, water and yeast.

GCWs composition

The chemical composition of wheat flour in relation to the extraction rate flour, is presented in Table 2.1. Major constituents are polysaccharides (starch) and proteins (gluten). The flour sugars are mainly the starch polysaccharide (60%-80%) and non-starch polysaccharides including pentosans (2%-3%). The proteins (7%-10%) of wheat flour are divided into two categories: soluble proteins (15%) and insoluble proteins (85%) (Table 2.1). Gluten is part of the insoluble proteins and is responsible for the formation of a viscoelastic network in the dough. Gluten and starch are the mains constituent of dough that play a key role in the mechanical behaviour of dough during the baking. Lipids (1%-2%), ash (< 2%) and fibers (< 0.5%) are essential minor flour constituents relevant to bread production and quality. They will play a role in the liquid lamella, which will be discussed, later in section 2. 1.3 (Eliasson and Larsson, 1993;[START_REF] Mills | Bubble formation and stabilization in bread dough[END_REF] [START_REF] Eliasson | Cereals in breadmaking: a molecular colloidal approach[END_REF].

process builds a multi-scale structure that has been summed up by Della [START_REF] Valle | Basic knowledge models for the design of bread texture[END_REF](see Fig. 2.1). To the naked eye, (> 10 -3 m), dough appears to be a continuum (see Fig. 2.1 a). At the scale of the millimetre, gas cells (GCs) (gray-colored in the Xrays images) and glutenstarch matrix (dark-colored in the Xrays images) become visible (see Fig. 2.1 b). GCs are separated by GCW of which thickness is 240 µm on average [START_REF] Babin | Fast x-ray tomography analysis of bubble growth and foam setting during breadmaking[END_REF]. The thickness of the thinnest GCW can reach the size of a starch granule (Bloksma, 1990;Van Vliet et al., 1992;Sandstedt, 1954). At the scale of a dozen of micrometres, hydrated gluten (phase1) and individual hydrated wheat starch granules (phase 3) (A-type, B-type) can be distinguished within a GCW (see Fig. 2.1 c). A third continuous aqueous phase (phase 2) surrounds all the hydrated phases and possibly line the GCWs' internal surface forming a liquid lamella. The existence of the liquid lamella is rather assumed than directely evidenced, by analogy to other foams elaborated from cereals like beer and given the role of stabilisation played by some minor flour constituents such as proteins and pentosans dissolved in the dough aqueous phase and, perhaps more importantly, non-starch polysaccharides in the formation and stabilisation of gas cells [START_REF] Gan | Gas cell stabilisation and gas retention in wheat bread dough[END_REF][START_REF] Mills | Bubble formation and stabilization in bread dough[END_REF]. In the following, we adopted the GCW organization depicted by [START_REF] Eliasson | Cereals in breadmaking: a molecular colloidal approach[END_REF], namely a core wall constituted of close-packed starch granules suspended in an aqueous solution ("aqueous granular phase"), sandwiched between the Dough composition and microstructure continuous films of hydrated gluten, behind the liquid lamellae (see Fig. 2.3 b). This review will focus on the GCW constituents (hydrated starch granules, hydrated gluten, the aqueous phase including the liquid lamella) as well as their structural evolution from the end of fermentation (at "room" temperature) to the end of baking.

(a) (c) (b) Gluten (Dark-colored) and starch (gray-colored) from [START_REF] Babin | Fast x-ray tomography analysis of bubble growth and foam setting during breadmaking[END_REF]; (c) Schematic representation of GCW composition by Grenier et al. (2021).

Hydrated starch granules

At room temperature

Starch constitutes the major component of wheat flour, representing 60%-90% of the total weight on a dry basis, depending on the extraction rate [START_REF] Eliasson | Cereals in breadmaking: a molecular colloidal approach[END_REF][START_REF] Šramková | Chemical composition and nutritional quality of wheat grain[END_REF]. During fermentation, starch provides the yeast with fermentable sugars, and it contributes to the structure of the crumb and the structure and colour of the crust. The starch granule is a mixture of two main macromolecules: amylose and amylopectin with approximate proportions of 15%-30% and 85%-70%, respectively for usual wheat starch [START_REF] Montgomery | Separation of amylose from amylopectin of starch by an extraction-sedimentation procedure[END_REF]. The amount of amylopectin depends on the species and the cultivars [START_REF] Jane | Anthology of starch granule morphology by scanning electron microscopy[END_REF].

Starch granule size varies according to the variety of flour used [START_REF] Jane | Anthology of starch granule morphology by scanning electron microscopy[END_REF]. The wheat starch granule size distribution is recognized to be bimodal, as well as of those of rye and barley starches: A-type and B-type starches. The A-type, largest granules are lenticular, 5-15 µm in thickness and 22-36 µm in diameter [START_REF] Jane | Anthology of starch granule morphology by scanning electron microscopy[END_REF]. The smallest granules (B-type) are spherical, and their diameters ranges up to 15 µm. B-type granules account for 27% of the total starch in weight, but for 97% in number [START_REF] Jane | Anthology of starch granule morphology by scanning electron microscopy[END_REF][START_REF] Gallant | Microscopy of starch: evidence of a new level of granule organization[END_REF]. Wheat starch granule size distribution is sometimes considered as trimodal, with an additional C-type starch of < 5 µm in thickness [START_REF] Wilson | Measurement of wheat starch granule size distribution using image analysis and laser diffraction technology[END_REF].

When in contact with water, starch granules swell due to the strong hydrophilic nature of their constituent macromolecules. At or close to ambient temperature, hydration mainly involves the amorphous parts made up of amylose [START_REF] French | Organization of starch granules[END_REF] and leads to moderate swelling. It is all the more reduced in the case of dough due to moderate levels of hydration. In the following, we will neglect this swelling at ambient temperature and consider that the sizes of starch granules characterised in flour still aply at the beginning of baking. The swelling power (SP) of 1.43 in excess water at 20°C (SP being expressed in gram of the hydrated starch granules per gram of the dry original granules) has been reported by Grenier et al. (2021).

In the temperature range of baking

Starch granules in presence of sufficient water gelatinize above the transition temperature (from 55°C to 65°C). During the gelatinization, the starch intermolecular bonds hydrolyse and hydrogen binding sites (hydroxyl and oxo groups) exchange with the water molecules. The gelatinization reaction is irreversible, and water acts as a solvent. In excess of water, the volume of the gelatinized starch granules increases by about 10 to 12-fold [START_REF] Kulp | Characteristics of small-granule starch of flour and wheat[END_REF]. However, at the moderate levels of hydration (40%-50% water content in dry matter basic), swelling is reduced to 2.5 at maximum (Grenier et al., 2021;[START_REF] Schirmer | In situ monitoring of starch gelatinization with limited water content using confocal laser scanning microscopy[END_REF].

Swelling is accompanied by leaching out of molecules from the starch granules towards the extra-granular aqueous phase. The few available studies dealt with water in excess and reported predominant leaching at high temperatures (> 85°C). At high temperature and under low shear, the granules will desintegrate. There exists an extensive literature showing the impact of starch swelling and leaching on the rheology of starch-water suspensions (see Chapter 3). Starch also plays an important role in the mechanical properties of dough walls during baking (Dreese et al., 1988), although it has not been disentangled at the scale of the granule or the extragranular water phase as finely as in the case of excess water. At the end of baking, the granular phase which has become very viscous, contributes to the rigidity of GCW and hence bread crumb firmness (e.g. against collapsing of the open porous structure). Often this rigidity is also related to the cessation of loaf expansion during baking.

Hydrated gluten

Gluten is a major protein in wheat flour dough that gives dough the ability to rise properly during breadmaking. Gluten consists of two major subcomponents, glutenin and gliadin. Glutenin is a macropolyper consisting of 20% high molecular weight (HMW) subunits and 80% low molecular weight (LMW) subunits [START_REF] Edwards | Role of gluten and its components in determining durum semolina dough viscoelastic properties[END_REF]. Gliadin is a glycoprotein present in wheat and it is about 60% soluble in ethanol. Glutenin consists of long molecules whereas gliadin consists of short twisted molecules located between the long glutenin molecules.

At room temperature

When hydrated, the mobility of protein chains (glutenin and gliadin) increase, the glutenin and gliadin proteins almost immediately bind, formation of highly extensible protein fibrils (probably of the gliadin) form, and the mixing passes from a glassy to a rubbery state to form gluten [START_REF] Auger | A parametric and microstructural study of the formation of gluten network in mixed flour-water batter[END_REF]. Although hydration happens quickly, it takes time to form the chemical bond that knit gluten proteins together into a strong network. During mixing, the spatial configurations of the proteins are rearranged, non-covalent bonds are formed between proteins and other flour constituents, and disulphide bonds are broken and reformed.

Dough composition and microstructure

The longest glutenin pieces link up with each other via disulfide bonds to form strong, stretchy units of molecules. These interlinked strands are among the largest protein molecules yet identified. More compact gliadin proteins allow the dough to flow like a fluid, whereas glutenins contribute to the strength of the dough. Proteases (protein-snipping enzymes) begin cutting strands of gluten into smaller pieces that are able to make additional connections. Protease is found in very small amounts in wheat flour; an excess of it would cut gluten strands too much and have the opposite effect on the gluten network.

In the temperature range of baking

Beyond 60°C, the stiffening of the gluten appears to be caused by a heat-induced crosslinking of gluten proteins driven by thiol oxidation, thiol/disulfide exchanges and hydrophobic interactions. In the range 62°C-75°C, protein unfolding allows exposure of buried intra-molecular disulfide bonds, which can exchange with others forming new inter-chain disulfide bonds (Grenier et al., 2021). During the cooking process, the gluten coagulates. The coagulated gluten, along with the starch, stabilizes the shape of the final product. It is generally believed that during the denaturation process, the gluten releases water that is then absorbed by the gelatinizing starch (Grenier et al., 2021). The way these molecules influence the mechanical properties of the hydrated gluten at room temperature and in the range of baking temperature will be further discussed in Chapter 3.

Aqueous phase

At room temperature

During dough mixing, water first hydrates the gluten and starch granules. The gluten forms a network depending on the amount of water available (Fig. 2.2 a, b and c). The dough becomes smoother, more homogeneous and firm when enough water is incorporated. The excess water i.e. not necessary to the hydration of starch and gluten is charged with soluble constituents present in the dough to form the aqueous phase. Electrical conductivity measurements have shown that the water content beyond 0.35 wb (or 0.54 db) forms a continuum within the dough [START_REF] Macritchie | The liquid phase of dough and its role in baking. pascalfrancis[END_REF]. Beyond the optimal hydration, a loss of the rheological properties of dough is noticed; dough weakens (collapses) and becomes sticky [START_REF] Létang | Characterization of wheat flour-water doughs. part i: Rheometry and microstructure[END_REF].

The water repartition between flour components mainly starch and gluten, needs to be known to ensure the amount of water added to flour constituents. Water repartition between flour components has been assessed using the simple liquid addition method also called Solvent retention capacity (SRC), the water vapour absorption method, and controlled atmosphere microbalances and dynamic automated sorption methods [START_REF] Roman-Gutierrez | Distribution of water between wheat flour components: A dynamic water vapour adsorption study[END_REF]. The theoretical water distribution among flour components for a strong wheat flour type was found to be approximately 88% for starch and 12% for gluten and others components at 60% relative humidity with water vapour absorption method, 52% for starch and 48% for gluten and others 2.1 GCWs composition components at 60% with simple liquid summation method; all at 25°C (Mohammed et al., 2013).

The aqueous phase suspends starch granules [START_REF] Eliasson | Cereals in breadmaking: a molecular colloidal approach[END_REF] and is also called the aqueous granular phase. It is also believed to feed the liquid lamella that lines GCWs (Fig. 2.3 c) (Grenier et al., 2021). There is indirect evidence of the liquid lamella at the gas/dough interface, the most convincing being the high impact of minor, surface-active components on loaf volume e.g. of the works of [START_REF] Sroan | Mechanism of gas cell stabilization in bread making. i. the primary gluten-starch matrix[END_REF]. However, little is yet known about its composition which is assumed to be that of the dough liquor extracted by ultracentrifugation [START_REF] Courtin | Arabinoxylans and endoxylanases in wheat flour breadmaking[END_REF][START_REF] Mills | Bubble formation and stabilization in bread dough[END_REF][START_REF] Primo-Martin | The role of the gluten network in the crispness of bread crust[END_REF]Grenier et al., 2021). The gas/liquid interface is most probably stabilized by a mixed layer of lipids and proteins. The rare work that evidenced the liquid lamella is that of Turbin-Orger et al. (2015) who revealed the presence of a high amount of lipids in some very thin GCWs (< 5 µm) (see "L" in Fig. 2.3 b) that could match with the presence of a liquid lamella.

In the temperature range of baking

The amount of water is not locally constant throughout the baking. The amount of water in the crust decreases and the rheological properties of the GCW during baking are locally affected [START_REF] Vanin | Effect of the drying rate on the complex viscosity of wheat flour dough transforming into crust and crumb during baking[END_REF]. Water also migrates due to the evapo-condensation-diffusion phenomenon from hot areas where the water vapour pressure is great to cold areas where the water vapour pressure is low. Water content in dough hence increases at the core at early baking stages. This phenomenon can possibly enrich the liquid lamella lining gas cells located at the core. The denaturation of proteins is accompanied by the release of water [START_REF] Eliasson | Viscoelastic behaviour during the gelatinization of starch i. comparison of wheat, maize, potato and waxy-barley starches[END_REF]. Likewise, starch will sorb water in its immediate environment, making it unlikely that the liquid lamella will persist at advanced stage of baking. This thesis work focused on the deformation and rupture behaviour of GCW without taking into account the forces developed by the liquid lamella, neither the possible water loss nor enrichment due to the crust formation (drying) and the evapo-condensation-diffusion phenomenon respectively. [START_REF] Mills | Bubble formation and stabilization in bread dough[END_REF].

Gaseous phase

The state variables of the gaseous phase are governed by the ideal gas law (Eq. 2.1).

P V = nRT (2.1)
The gaseous phase evolves from moist air at the end of mixing to a blend of nitrogen in small amount, CO 2 and ethanol during fermentation and baking [START_REF] Chiotellis | Proving of bread dough i: modelling the evolution of the bubble size distribution[END_REF].

Oxygen is rapidly removed and replaced by carbon dioxide and ethanol at the beginning of fermentation due to yeast activity [START_REF] Chamberlain | Chorleywood bread process-roles of oxygen and nitrogen[END_REF]. Sugars (mass loss of the order of 2% to 3% of the dry matter) are transformed into alcohol and carbon dioxide (Chargelegue et al., 1994). The CO 2 released by yeast partially goes within gas cells and partially dissolves into the surrounding liquid phase until it is saturated [START_REF] Chiotellis | Proving of bread dough i: modelling the evolution of the bubble size distribution[END_REF][START_REF] Gan | Gas cell stabilisation and gas retention in wheat bread dough[END_REF][START_REF] Bloksma | The relation between the thiol and disulfide contents of dough and its rheological properties[END_REF]. The CO 2 solubilized into the aqueous phase then progressively desolubilizes with the increasing temperature during baking. The gaseous phase expands in the meantime and the order of magnitude of the gas pressure was found to be close to 2.2 kPa during baking (Fig. 2.4) [START_REF] Ploteau | Experimental investigation of french bread baking under conventional conditions or short infrared emitters[END_REF][START_REF] Baker | Effect of temperature on dough properties, i[END_REF]Grenier et al., 2010a,b). The low 2.3 Size distributions in GCs and GCWs and strain and strain rate during mixing, fermentation and baking value of pressure in GCs could be justified by the fact that most of gas released by the increasing temperature rather generates volume than pressure due to the low mechanical resistance of the dough.

C. The temperature reached formation zone at the end of ent with previous works [4,10]. ar the crumb/crust interface at ater content of the crumb, the creased up to that of water rded at the center of the bread cted.

in the oven at the time of steam at the air reached saturation in initial mass; on average 59 g during a traditional baking operation (22 min).

Pressure and volume expansion

Two phenomena cause the increase of pressure and volume expansion. The first is the release of CO2 by yeast below 55 C [19]. The overpressures as well as the temperatures recorded during baking are presented in Fig. 7. When the temperature exceeds 70 C, pressure can reach peaks of 2000 Pa, higher by 25% than that Figure 2.4: Evolution of the relative pressure and the local temperature in the dough (crumb). From [START_REF] Ploteau | Experimental investigation of french bread baking under conventional conditions or short infrared emitters[END_REF].

Size distributions in GCs and GCWs and strain and

strain rate during mixing, fermentation and baking

Gas fraction and gas cell size

Levels of gas fraction, defined as the volume of gas per total volume of dough, and GC size were reported in Table 2.2 for different breadmaking stages. In complement to its function of hydrating flour constituents and forming the gluten network, mixing incorporates air into the dough [START_REF] Campbell | Bread aeration. Bread making: improving quality[END_REF][START_REF] Gan | Gas cell stabilisation and gas retention in wheat bread dough[END_REF][START_REF] Gan | The microstructure and gas retention of bread dough[END_REF]Bloksma, 1990). Fig. 2.5 shows the change in air content during mixing in four laboratory-scale mixers. The number of gas cells increases with the mixing duration until it decreases when coalescence or disproportionation occurs which is related to excessive mixing. According to [START_REF] Campbell | Bread aeration. Bread making: improving quality[END_REF], the type of mixer (energy provided) can produce different levels of air incorporation and bubble size distributions (Fig. 2.5). The amount of air trapped during mixing results in a gas fraction greater than 0.1 and the diameters of GCs may vary between 10 µm to 100 µm at the end of mixing.

Each discrete gas cell expands in response to CO 2 production during fermentation. Larger GC size at the fermentation stage results from gas release as described above, but also some coalescence which is initiated during fermentation [START_REF] Babin | Fast x-ray tomography analysis of bubble growth and foam setting during breadmaking[END_REF]. Gas release and coalescence continue until the end of fermentation. When there is too much coalescence, a crumb of coarse texture with very large bubbles is observed. At the end of fermentation, the gas fraction has increased from 0.1 to about 0.7 and the GC diameters ranges from 400 µm to 700 µm Dough composition and microstructure (Turbin-Orger et al., 2015;[START_REF] Bloksma | Flour composition, dough rheology, and baking quality[END_REF]. During baking, a rapid increase in bread dough volume is observed until 50°C, followed by a slight decrease due to the drying of the crust and stabilization for temperatures higher than 75°C [START_REF] Vanin | Crust formation and its role during bread baking[END_REF][START_REF] Nicolas | Modeling bread baking with focus on overall deformation and local porosity evolution[END_REF]Miś et al., 2016)(Fig. 2.6). The gas fraction still slightly increases up to about 0.87 in bread crumb, about 0.6 in the bread crust and the diameter of GCs may reach values greater than 1 mm at the end of baking (Besbes et al., 2013). (Chin and Campbell, 2005;[START_REF] Chiotellis | Proving of bread dough i: modelling the evolution of the bubble size distribution[END_REF][START_REF] Hailemariam | A mathematical model for the isothermal growth of bubbles in wheat dough[END_REF]Turbin-Orger et al., 2015;[START_REF] Babin | Fast x-ray tomography analysis of bubble growth and foam setting during breadmaking[END_REF]Besbes et al., 2013;[START_REF] Bellido | The bubble size distribution in wheat flour dough[END_REF], b [START_REF] Babin | Fast x-ray tomography analysis of bubble growth and foam setting during breadmaking[END_REF]Grenier et al., 2021;Bloksma, 1990).

Breadmaking stage Gas fraction (%)

Table 2.2: Gas fraction and gas cell diameter during breadmaking.

GCW thickness

The GCW thickness ranges from 300 to 500 µm at the end of mixing (Bloksma, 1990;[START_REF] Chakrabarti-Bell | Computational modeling of dough sheeting and physical interpretation of the non-linear rheological behavior of wheat flour dough[END_REF][START_REF] Bellido | The bubble size distribution in wheat flour dough[END_REF]. It decreases to 240 µm on average [START_REF] Babin | Fast x-ray tomography analysis of bubble growth and foam setting during breadmaking[END_REF] at the end of fermentation and from place to place may reach the size of some starch granules (Fig. 2.7 b-c) (Bloksma, 1990;Grenier et al., 2021;Van Vliet et al., 1992). The observations of dough at different fermentation stages using scanning electron microscopy (Fig. 2.8) showed holes in the gluten-starch matrix surrounding GCs evidencing that, for some greatly hydrated dough, some of the GCWs were already very thin and probably filled with a liquid lamella at the end of fermentation and will vanish during the preparation steps before From Babin et al. (2006).

the observation of the sample. The proportion of very thin GCWs was estimated to occupy less than 0.5% of the dough volume at the beginning of baking. This value was estimated by Grenier et al. (2021) using data reported by Turbin-Orger et al. (2015).

At the end of baking the average thickness of GCWs reaches 200 µm [START_REF] Babin | Fast x-ray tomography analysis of bubble growth and foam setting during breadmaking[END_REF]Bloksma, 1990). The thickness of the thinnest GCWs was found to be of the order magnitude of the size of large starch granules (type A), 15-30 µm (Fig. 2.7 b, c). (Bloksma, 1990); at the end of proofing (b) 50 µm, to (d) 10 µm thick, varying locally according to the size of the starch granule embedded in the gluten film (Sandstedt, 1954). Magnification × 400 for all except (b) and (c) ( × 200). [START_REF] Gan | The microstructure and gas retention of bread dough[END_REF].

Deformation, strain and strain rate

Table 2.3 presents the type of deformation, the Hencky strain and the strain rate undergone by the dough around the GC for each breadmaking step. The Hencky strain was estimated using GC radius measured at each breadmaking steps (R) [START_REF] Babin | Fast x-ray tomography analysis of bubble growth and foam setting during breadmaking[END_REF]Turbin-Orger et al., 2015;[START_REF] Turbin-Orger | Mécanismes d'alvéolation de pâtes à pain en cours de fermentation[END_REF] using eq. 2.2.

ε H = ln(1 + dR R ) (2.2)
During mixing, dough is sheared and uniaxially elongated at strain rates of the order of 70 s -1 -100 s -1 and is associated with great deformations (Hencky strain of 1.2, Table 2.3). A gluten network is developed with significant adhesion with starch granules [START_REF] Zheng | Rheological properties of dough during mechanical dough development[END_REF]Turbin-Orger et al., 2015;[START_REF] Macritchie | The liquid phase of dough and its role in baking. pascalfrancis[END_REF]. During fermentation and baking, the dough is mainly deformed biaxially. This is why the bubble inflation technique is usually used to characterize GCW mechanical behaviour when dealing with fermentation and baking steps [START_REF] Dobraszczyk | Strain hardening and dough gas cell-wall failure in biaxial extension[END_REF] (Chin and Campbell, 2005;[START_REF] Chiotellis | Proving of bread dough i: modelling the evolution of the bubble size distribution[END_REF][START_REF] Turbin-Orger | Mécanismes d'alvéolation de pâtes à pain en cours de fermentation[END_REF][START_REF] Babin | Fast x-ray tomography analysis of bubble growth and foam setting during breadmaking[END_REF]Besbes et al., 2013;[START_REF] Bellido | The bubble size distribution in wheat flour dough[END_REF], b [START_REF] Babin | Fast x-ray tomography analysis of bubble growth and foam setting during breadmaking[END_REF]Bloksma, 1990;Grenier et al., 2021), c Estimated using eq. 2.2.

Table 2.3: Hencky strain, strain rate and type of deformation in GCW at different stages of breadmaking evaluated using the eq. 2.2.

between the beginning and the end of fermentation is a bit different and reaches values of 2.4 while it reaches 0.6 during baking. The associated strain rates is of the order of 10 -4 -10 -3 s -1 during fermentation and 10 -3 -10 -2 s -1 during baking (Lucas et al., 2020) (Table 2.3). These range of strain rate will be considered in GCW during its deformation until the rupture in this work.

Chapter 3

Mechanical properties and models for starch, gluten and the reconstituted gluten-starch matrix T he investigation of stress concentration within GCWs makes it necessary to focus on gluten and starch separately and try to identify possible mechanical interactions between phases in conditions (strain, strain rates, water content and temperature) as close as possible to those encountered around GCWs during baking.

Introduction

There are many tests used to measure the rheological properties of dough. One can categorize rheological techniques according to the type of strain imposed : e.g. compression, extension, shear, dynamic oscillation, stress relaxation, creep recovery tests, biaxial extension, uniaxial extension and also the relative magnitude of the imposed deformation, e.g. small or large deformation [START_REF] Sliwinski | On the relationship between gluten protein composition of wheat flours and large-deformation properties of their doughs[END_REF]) (Table 3.1). The main techniques used for measuring dough mechanical properties have been divided into descriptive empirical methods and fundamental measurements. The empirical tests do not fulfill the requirements of a fundamental rheological test [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF]. Empirical rheological properties depend on the measuring equipment whereas fundamental rheological properties are independent of the method used. From the empirical tests, it is not easy to accurately define stress, strain, Young modulus or Poisson's ratio. The sample geometry is variable and often not well defined, and the stress and strain rates are uncontrolled, complex and non-uniform. The best example being that of the bubble inflation technique for which it is hard to estimate the thickness of the film under deformation [START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF]. This is why we are not going to further detail these tests at the exception of the bubble inflation and the two chambers apparatus for the rheological and mechanical analysis of materials of [START_REF] Cicerelli | Apparatus and method for the rheological and mechanical analysis of materials[END_REF], which will be considered in the next chapter (section 4.3 of Chapter 4), because it fits the objective of offering a device for the observation of rupture. An extensive overview of rheological methods used in cereal science was already given by [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF]. Only the common fundamental techniques for dough mechanical characterization were briefly summarized in Table 3.1. In the following sections, the extension and compression tests that were performed to identify the mechanical parameters of the hydrated starch-gluten matrix and its constituents, usable for modeling purpose, were reviewed only. The choice was also made not to get too much into the investigation of dynamic tests (time frequency sweep, shear) which deal with a large literature for gluten, gluten-starch blends and dough. The main reasons are that both the effect of strain and strain rate are entangled and that the strain rates applied are often several orders of magnitude (10 -2 s -1 -1 s -1 ) greater than those encountered during proving or baking (10 -4 s -1 -10 -2 s -1 ). They will only be briefly discussed when trends in mechanical behaviour were involved. This chapter is divided into four sections. The first one deals with the mechanical properties of starch granules specifically, the second section is specific to hydrated gluten, the third focuses on the interactions between starch and gluten and the last one reviews the mechanical models applied to the gluten-starch matrix as a whole.

Starch granule

There is little data available on the mechanical properties of starch granules at temperatures, water content and strain rates relevant to bread dough baking (Grenier et al., 2021). Most of the literature has focused on aqueous suspensions of starch, which implies that the amount of water available in the starch granule environment is not as in bread dough dur- 2011) and [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF].

ing baking, neither are the biochemical reactions inside the starch granule with impact on its mechanical behaviour. Studies on the deformation of a single starch granule are scarce due to the small size of starch; most of them have been performed on individual starch granules still placed in the environment of the wheat kernel at ambient temperature. Closer to our concern are the studies performed by Carrington et al. (1998), Fisher et al. (1997) and Desse et al. (2010) who investigated the mechanical behaviour of isolated potato starch granules after immersion in excess water at the gelatinization temperature (60°C-70°C). In spite of this, we will try to derive orders of magnitude for our study, distinguishing between mechanical properties at room temperature and at baking temperatures.

At room temperature

To our best knowledge, the only mechanical tests carried out on wheat starch at limited amount of water with relevance to bread dough that were not performed dynamically such as those of Jekle et al. (2016) or Dreese et al. (1988), is that of Mohammed et al. (2013). Mohammed et al. (2013) first extracted both starch and gluten from a strong wheat flour using the water-washing technique. They hydrated starch at 0.62 db on the basis of the water distribution found in bread dough (88% gluten and 12% starch) at 60% relative humidity at 25°C [START_REF] Roman-Gutierrez | Distribution of water between wheat flour components: A dynamic water vapour adsorption study[END_REF]. The starch paste obtained by mixing 62 g of water with 100 g of dry wheat starch was easily shaped into cylinders of 40 mm in diameter and 20 mm in height. Further details about the experimental procedure can be found in [START_REF] Mohammed | Mechanical characterisation, processing and microstructure of wheat flour dough[END_REF]. The cylindrical sample of hydrated wheat starch granules was then placed on the rheometer (Instron 5543 100 N load cells) taking care to reduce as much as possible the friction between the sample and the loading surfaces (Polytetrafluoroethylene (PTFE) plates) using silicon oil (dynamic viscosity of 0.5 × 10 -3 m 2 .s -1 ). According to [START_REF] Charalambides | Effect of friction on uniaxial compression of bread dough[END_REF], the effect of friction on the compression data was largely eliminated and the resulting deformation was uniform. The sample was also covered by paraffin oil in order to limit dehydration during the test. The sample was allowed to relax for 45 minutes before testing. They used three replicates for each loading condition.

Starch granule

Compression at 0.1, 0.5 and 1 Hencky strain (Fig. 3.1), compression-relaxation, compression loading-unloading and cyclic compression were performed. In the followings we only considered the mechanical test used for the identification of the mechanical properties in relation to the mathematical model retained for describing the starch mechanical behavior (viscoplastic) i.e. the cyclic compression (Young's modulus) and the compression-relaxation (initial yield stress) tests.

True strain -0.1

True strain -0.5 True strain -1.0 20 mm 

Cyclic compression

For cyclic-compression tests, the sample was compressed and subsequently unloaded to zero stress at a strain rate of -5 min -1 (-0.083 s -1 ). An additional Polytetrafluoroethylene (PTFE) film of 25 µm in thickness was positioned between the top of the sample and the plate as an extra precaution to ensure that zero tension was applied on the sample during the unloading phase of the test. True stress-strain curve of cyclic compression test is presented in Fig. 3.2. During unloading, a low strain recovery was observed for starch. Mohammed et al. (2013) considered that starch behaves like a viscoplastic material. A Young's modulus of 90 kPa was identified through the slopes of the cyclic loading-unloading compression. This modulus or approaching in value will be used in Part III (Chapter 8).

Compression-relaxation

Samples were also compressed to Hencky strain values of -0.05, -0.2, -0.5 and -1 at a constant strain rate of -0.083 s -1 and held fixed for 1,000 s while the stress decay was recorded. The stress in starch showed an almost instantaneous reduction (< 1 s) at low strain (-0.05) as soon as the relaxation experiments began. [START_REF] Mohammed | Mechanical characterisation, processing and microstructure of wheat flour dough[END_REF] used the compressionrelaxation experiment at Hencky strain of -1 to identify the initial yield stress of 0.8, which is the horizontal simulated line in red (viscoplastic model) observed after 20 s in Fig. 3.3 b. Note that the stress presented in Fig. 3.3 a and b has though not reached a plateau even after 1,000 s. This means that starch could possibly tend to relax all the stress if sufficient time was given. A visco-hyperelastic model would allow fitting the decrease in stress still observed after 1,000 s. This test was very close to the step-response of the material, it could have been even closer if the strain rate applied have had been greater, and could have been used Mohammed et al. (2013).

as such for the identification of the viscoelastic parameters (Ng, 2007;[START_REF] Laridon | Identification of broad-spectrum viscoelastic parameters: influence of experimental bias on their accuracy and application to semihard-type cheese[END_REF]. The hydrated-starch granule considered in Part III of this thesis is going to be tentatively described using visco-hyperelasticity instead of visco-plasticity. Such a choice was also made in the perspective of the study of starch granules at elevated temperatures where starch granules are expected to soften if water is available in sufficient amount. In such a situation, starch will not be plastic anymore. High and low values are going to be considered for the elastic modulus in the Maxwell element respectively for stiff hydrated wheat starch granule, with relevance to ambient temperature or even early baking temperatures, and for gelatinized and softened starch granule, with relevance to late baking temperatures.

as soon as the relaxation experiments begin. However, ficant after 1000 seconds for all the applied strains. It is r dough reduced more than starch and gluten after 1000 ted that the instantaneous reduction of stress in dough tarch, whereas the long time stress relaxation is caused -1, -0.5, -0.2, -0.05; (b) Compression-relaxation at hencky strain -1, comparison between the simulated and experimental stress. All at -0.083 s -1 strain rate. From Mohammed et al. (2013).

In the temperature range of baking

The works of Carrington et al. (1998) and Fisher et al. (1997) were devoted solely to the identification of Young modulus for a single swollen potato starch granule. Unfortunately no work was found on wheat starch of which transition in phase and mechanical properties occur at very distinct temperatures upon heating compared to potato starch. The potato starch granule was heated in excess water at 61°C (temperature at which the granules were considered by the authors to be fully swollen) and then cooled down to ambient temperature (Fisher et al., 1997). Fisher et al. (1997) were able to make direct measurements of the deformation of the individual starch granule as a function of the applied force using two micropipettes, one holding the granule and the other, slightly modified, applying the force. Compression, indentation, and hydrostatic manipulations showed that the swollen granule acted like an elastic body and was highly deformable. Fisher et al. (1997) reported Young moduli of the order of a few hundreds Pa. A similar study involving a single potato starch granule pre-heated at 69°C and then tested at ambient temperature was conducted by Desse et al. (2010) using a counter rotating plateplate rheo-optical shear cell; the measured Young moduli were similar as those reported by Fisher et al. (1997), a few hundreds Pa, 1.5 kPa at most. Although these pioneering studies on swollen starch granules are not free of bias, due to the measurement performed on cooled samples, their findings leave little doubt that swollen starch granules became easily deformable under the stresses at play in bread baking, with an order of magnitude of 1.7 kPa (Grenier et al., 2010a). Note also that it arises from this study that some parts of the granule could be less elastic or less resistant to mechanical stress than others. Such a heterogeneity of the granule deformation was also suggested by Fisher et al. (1997) who questioned the role of the envelope in the mechanical resistance of the swollen and cooled starch granule. Jekle et al. (2016) performed shear tests at increasing temperatures on an agglomerate of hydrated wheat starch granules (0.49 wb or 0.96 db); they evidenced a great decrease in complex modulus at temperatures greater than 65°C which could be partly due to the softening/disintegration of wheat starch granules consecutively to the melting of the crystalline structure. This interpretation was consistent with the well-known loss of granule integrity of wheat starch granules in excess water above 70-80°C under shearing conditions, yielding a steep increase in viscosity [START_REF] Debet | Three classes of starch granule swelling: Influence of surface proteins and lipids[END_REF]; note that softening and disintegration are often interchanged in the literature, while to our point-of-view, softening could occur well before disintegration. This was followed by a decrease of firmness as temperature further increased, with a stabilization at 90°C, which was not further commented by the authors (Jekle et al., 2016).

From this above, it appears that the temperature range for the transition between rigid and soft wheat starch particles during gelatinization is still not known exactly. The above reports for potato starch are not indicative for wheat starch, which gelatinizes over a different (yet higher) range of temperatures than potato starch; starch gelatinization is also dependent Mechanical properties and models for starch, gluten and the reconstituted gluten-starch matrix on the water available and excess water is far from the configuration of wheat starch granules in bread dough where water is limited in amount.

Gluten

At room temperature

As a polymer, the ability of gluten to be extended without rupturing depends on its average molecular weight, on the spacing of entanglements, on the rate at which molecular chains can slip past one another in response to deformation (Grenier et al., 2021). During dough mixing, gluten protein molecules (glutenin macropolymer mainly) hydrate and interact to form a threedimensional cohesive and elastic network structure [START_REF] Schofield | Wheat proteins: structure and functionality in milling and breadmaking[END_REF], which is decisive for the mechanical properties of GCW in the further processing steps (Fig. 3.4 a).

The viscoelastic properties of the hydrated gluten-starch mixture partly depend on the good balance between gliadins and glutenins, which differs between wheat cultivars and growth conditions [START_REF] Sroan | Mechanism of gas cell stabilization in bread making. i. the primary gluten-starch matrix[END_REF]. The gliadins contribute mainly to dough viscosity and extensibility. Glutenin is responsible for dough strength and elasticity [START_REF] Rosell | Effect of temperature and consistency on wheat dough performance[END_REF]) (Fig.

a).

The large molecular weight of the glutenin macroplymers is essential to form a critical number of interactions which gives elasticity to GCW. Covalent disulphide bonds and noncovalent hydrogen/ hydrophobic interactions both play an important role in the formation of this gluten network, but their exact nature and properties imparted to this network is still unclear in the literature (Bloksma, 1990;[START_REF] Shewry | Biotechnology of breadmaking: unraveling and manipulating the multi-protein gluten complex[END_REF] et al. (2016).

two works that have investigated the mechanical properties of gluten, at strain and strain rate 3.3 Gluten relevant of bread baking, were retained in water hydration close to that possibly undergone by gluten within dough (Mohammed et al., 2013;Ng, 2007). Ng (2007) studied dough and gluten alone or charged with glass beads. They used the step-response of the hydrated gluten to identify the viscoelastic parameters of the gel they used for modelling gluten. Nevertheless, Ng (2007) did not present the viscoelastic parameters specifically identified on gluten; only those identified on dough were presented. We chose to stay close to the work of [START_REF] Mohammed | Mechanical characterisation, processing and microstructure of wheat flour dough[END_REF].

As for starch, [START_REF] Mohammed | Mechanical characterisation, processing and microstructure of wheat flour dough[END_REF] also performed compression tests on cylinders made of hydrated gluten. Water vapour absorption method was used to estimate the water content in gluten [START_REF] Mohammed | Mechanical characterisation, processing and microstructure of wheat flour dough[END_REF]. Gluten was hydrated at 0.52 db or 0.34 wb. This water amount was lower than that used by other workers like Dreese et al. (1988) who used gluten hydrated at 1.25 db or 0.56 wb or Ng (2007) who considered gluten hydration of 1.72 db and 0.63 wb, a value which is close to that expected for hydrated gluten in dough [START_REF] Morel | Insight into gluten structure in a mild chaotropic solvent by asymmetrical flow field-flow fractionation (asflfff) and evidence of non-covalent assemblies between glutenin and ω-gliadin[END_REF]. One should hence remind that the hydration retained by [START_REF] Mohammed | Mechanical characterisation, processing and microstructure of wheat flour dough[END_REF] was rather low and could possibly lead to an overestimate of the mechanical properties of gluten in the dough environment. Only cyclic compression was used for the identification of the mechanical properties. During the unloading period, it can be seen that the strain does not recover completely its initial state (Fig. 3.5). Mohammed et al. (2013).

Gluten showed nonlinear unloading curves even though the loading curves were approximately linear. According to Ng (2007) and [START_REF] Mohammed | Mechanical characterisation, processing and microstructure of wheat flour dough[END_REF] gluten can be modeled as a visco-hyperelastic gel. Such a visco-hyperelastic model is going to be used for gluten in Part III. The parameters of the visco-hyperelastic model (5-elements generalized Maxwell model) were identified using the cyclic-compression test and a least squares method [START_REF] Goh | Determination of the constitutive constants of non-linear viscoelastic materials[END_REF][START_REF] Charalambides | Large deformation extensional rheology of bread dough[END_REF]. They are reported in Table 3.2. The Young modulus was estimated at 9 kPa. A very low contribution of time-independent elasticity was estimated (63 Pa) with about 86% of the stress relaxed within the first second. The method first suggested by Ng (2007) and [START_REF] Ng | Power law gels at finite strains: The nonlinear rheology of gluten gels[END_REF] to derive the discrete Prony series terms from the power law fit to relaxation or storage modulus obtained from a dynamic experiment was found not to fit the experimental in a reasonable way especially when large strain was reached. This reinforces the argument that dynamic tests are hardly usable when dealing with the identification of model parameters relevant to baking at low strain rates and large deformation.

Parameters Values

Young's modulus (kPa) 9 λ 0.867, 0.092, 0.042, 0.004, 0.028, 0.007 Time of relaxation (s) 0.1, 1, 10, 100, 1000, ∞ (Mohammed et al., 2013).

At baking temperature

Mechanical properties of gluten are expected to be rather different at baking temperatures compared to ambient temperature since gluten undergoes severe heat-induced denaturation in this range of temperature (Chapter 2, section 2.1.2). Studies on gluten mechanical behaviour at water content, strain and strain rates and temperatures relevant of GCW during dough baking are still quite scarce in the literature. The orders of magnitude of mechanical parameters were estimated from dynamical tests, as there were the only available at these temperatures. Dynamical shear (Dreese et al., 1988) and tensional (Attenburrow et al., 1990) tests were performed on gluten hydrated at 1.25 db or 0.56 wb and the authors reported storage modulus G' (elasticity) within the range 2 to 8 kPa. G' of gluten decreased with temperature down to 60°C, due to the remaining starch granules (Attenburrow et al., 1990), then stabilized before increasing steeply above 90°C in relation to the formation of new cross-links -only Attenburrow et al. (1990) did study these high temperatures. Above 90°C, the Young modulus of gluten as estimated from G' and G" was found to be of the order of 62 kPa (Kokelaar et al., 1996) or to vary from 25 to 300 kPa (Attenburrow et al., 1990). In Part III gluten will be considered to be quite stiff at the late baking stage (E = 100 kPa).

Gluten-starch interactions during baking

It is generally accepted that gluten and starch are incompatible phases and that there is no interactions between them in dough (Grenier et al., 2021). Though, the nature of interactions between gluten and starch remains controversial in the literature. [START_REF] Dedey | Comparison of small and large deformation measurements to characterize the rheology of wheat flour doughs[END_REF] considered that, on applying mechanical action during mixing, hydrated gluten aggregates, partially dissociates, unfolds, and stretches to form a gluten phase throughout the dough. The starch granules and gluten phase then interact by forming starch-starch, starch-gluten and gluten-gluten interactions, as shown in Fig. 3.6. Starch-starch 3.5 The reconstituted gluten-starch matrix and starch-gluten interactions are considered as an important source of elasticity in the dough that depends on the starch fraction (Dreese et al., 1988). These interactions store potential energy upon deformation and thus contribute to the elastic behaviour of dough.

The composite micromechanic model of [START_REF] Mohammed | Mechanical characterisation, processing and microstructure of wheat flour dough[END_REF] (further presented in Chapter 3, section 3.5) considered some interaction between gluten and starch. This was modelled using the Elastic layer boundary condition. The elastic thin layer (ETL) boundary conditions allow modeling cohesive and non-cohesive bounding between gluten and starch. More details on the ETL boundary conditions will be presented in Part III. The stress simulated using the dough composite model agreed with experimental stress in a much better extent in the case of cohesive interaction than in the case of non-cohesive interaction between gluten and starch. These authors also found that the effect of the interaction between gluten and starch was the strongest when the hydrated starch-gluten matrix was subjected to compression. The possible debonding at the gluten/starch interface was though supported by Cryo-SEM images of stretched dough when tension and shear were involved [START_REF] Mohammed | Mechanical characterisation, processing and microstructure of wheat flour dough[END_REF]. 

The reconstituted gluten-starch matrix

Most of the models used to describe the hydrated starch-gluten matrix considered a continuum without accounting for its constituents. In addition, relatively little work has been done on the mathematical description of the hydrated starch-gluten matrix when large strains (> 0.1 Hencky strain) and low strain rates (< 0.003 s -1 ) are involved. The Lodge Rubberlike model (Tanner et al., 2011;Ng, 2007;[START_REF] Ng | Power law gels at finite strains: The nonlinear rheology of gluten gels[END_REF] or visco-hyperelastic models [START_REF] Tanner | Bread dough rheology in biaxial and step-shear deformations[END_REF][START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF][START_REF] Mohammed | Mechanical characterisation, processing and microstructure of wheat flour dough[END_REF] have been proposed for modeling the extensional behaviour of the gluten-starch matrix.

Mechanical properties and models for starch, gluten and the reconstituted gluten-starch matrix

The Lodge rubber-like model (Eq. 3.2) combines the linear viscoelastic relaxation modulus of a critical gel with finite strain (Ng, 2007;[START_REF] Tanner | Bread dough rheology in biaxial and step-shear deformations[END_REF][START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF]Mohammed et al., 2013). At the critical gel point, the stress relaxation modulus G(t) follows a power-law-like decay in time and is described by the following equation (Eq. 3.1):

G (t) = St -n (3.1)
where S is the gel (dough) strength and n is referred to as a gel index. The stress is given by (Eq. 3.2) :

σ (t) = t -∞ G (t -t ) . γ (t, t ) dt (3.2)
where .

γ is the finite strain rate tensor (Ng, 2007). The resulting set of Eq. 3.1 to Eq.3.2 can be integrated for different kinematics in order to evaluate the dough's tensile stress at large strains.

The only work that considered the hydrated gluten-starch matrix as heterogeneous, i.e. constituted of individualized starch granules interacting with a gluten network, was that developed by Mohammed et al. (2013) and performed at a volume fraction of starch equal to 45% as estimated experimentally from Cryo-SEM images. The hydrated starch-gluten matrix consisted of periodic single 2D cylindrical starch filler surrounded by a gluten matrix (Fig. 3.7). As previously mentionned, starch and gluten were modelled as viscoplastic and visco-hyperelastic respectively and the interaction between starch and gluten was modelled using the Elastic Thin Layer (ETL) boundary conditions.

errors are very large for shear at 0.5/min (RMSPE = 71.2 %). A probable reason is that the cohesive zone parameters could be rate dependent [ Geiβler and Kaliske 2010]. In order to check the rate dependence possibility, Figure 5.13 shows the numerical curve for shear loading at 0.5/min with no debonding allowed. By comparing this curve with the experimental data, it is apparent that debonding occurs at a stress of n this chapter, GCW is still considered as a composite material, constituted of hydrated gluten, which forms a primary continuous phase in dough, and hydrated starch granules suspended in an extragranular aqueous phase, which form a second continuous phase and possibly feed a liquid lamella at the gas/matrix interface. This second phase may become discontinuous at certain stages of GCW extension; likewise, at some points or stages of GCW extension, gluten and starch granules may come into direct contact and interact. The stress and Hencky strain at rupture are first briefly reviewed. GCW rupture and opening were then discussed at the light of the knowledge acquired in Chapter 3. The GCW rupture mechanisms were examined by considering different configurations, such as the nature of interaction at the starch/gluten interface and their mechanical moduli ratio.

Indirect measurements of GCW rupture in bread dough

Other measurement methods, complementary to those described in Chapter 3, have been applied at the scale of the cellular structure of dough; either with the aim of visualizing the cells and the cell walls in the volume and assessing the degree of connectivity at different stages of the bread-making process, or with the aim of estimating the moment of GCW rupture and, by association with a temperature measurement, associating it with heat-induced reactions in dough constituents.

The most used method is the heated parallel-plate rheometer method directly applied onto a fermented dough sample [START_REF] Miś | Identification of baking expansion phases of leavened dough using an experimental approach[END_REF][START_REF] Singh | Development of dynamic modulus and cell opening of dough during baking[END_REF][START_REF] Neff | Simultaneous measurement of viscoelastic changes and cell opening during processing of flexible polyurethane foam[END_REF]. Experiments carried out on heated parallel-plate rheometers show that pore opening in bread dough occurs at temperatures close to gluten denaturation and to the sudden rise in dough elastic modulus caused by starch gelatinization. Those results have to be considered with caution because these experiments are subjected to bias due to the difference in temperature between the setting and that undergone within the dough disk under testing. Special attention to temperature measurements must be paid when using such techniques. The main interest of the heated parallel-plate rheometer method is to measure the gas development, gas pressure and GCW failure in conditions very close to those encountered by GCWs in dough during baking. Its main drawback is that there is no information about the thickness of the GCWs at rupture and the precise location where it initiates and takes place. The interpretations must be confirmed using other techniques.

More recently, pore opening has been studied by measuring connectivity between cells using 3D X-ray tomography. Pore opening has been estimated after thresholding of dough/crumb images [START_REF] Babin | Fast x-ray tomography analysis of bubble growth and foam setting during breadmaking[END_REF]Turbin-Orger et al., 2015). Very high values of connectivity were found in bread crumb, as expected, > 98%, but also, more surprisingly in fully proofed dough, > 85%. A tiny hole in the GCW is sufficient to connect neighboring cells and the detection of holes is considerably affected by the spatial resolution used for the acquisition of 3D images as well as the signal-to-noise ratio in the images to be analyzed. Given the spatial resolution in these studies (at best 5 µm), opening in GCW might have been digitally created.

Fundamental mechanical tests of rupture applied to dough or dough constituents

First of all, no relevant work dealing with rupture was found at water content close to those of gluten and starch alone in bread dough especially at temperature relevant to late baking (> 60°C). When heated at temperature greater than 90°C, hydrated gluten within the range 0.45 wb to 0.62 wb was cooled down and tests were conducted at ambient temperature (Attenburrow et al., 1990(Attenburrow et al., , 1992) ) . The nature of such a gluten is certainly not exactly that of gluten in bread dough at temperature higher than 60°C before cooling.

Table 4.1 reports the scarce values of rupture stress and rupture strain exploitable for the purpose of our investigation, measured with various mechanical tests, and different strains and strain rates were reviewed for dough and gluten and summarized in Table 4.1 (Dunnewind et al., 2003;Attenburrow et al., 1990;[START_REF] Mohammed | Mechanical characterisation, processing and microstructure of wheat flour dough[END_REF][START_REF] Sliwinski | On the relationship between gluten protein composition of wheat flours and large-deformation properties of their doughs[END_REF]Attenburrow et al., 1992). They only give an order of magnitude of what could be the lower and upper thresholds of these values and they must be handled with caution and not directly used as criterion for evaluating the aptitude of starch or gluten at rupturing in baking conditions. No values were found for starch granules.

For dough, the values of stress at rupture of 30-450 kPa [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF]Ng et al., 2006;[START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF][START_REF] Tschoegl | Rheological properties of wheat flour doughs i.-method for determining the large deformation and rupture properties in simple tension[END_REF] and lower than 4 kPa [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF][START_REF] Tschoegl | Rheological properties of wheat flour doughs i.-method for determining the large deformation and rupture properties in simple tension[END_REF] were found for temperatures relevant to room temperature (25°C) and late baking (> 60°C) respectively. Hencky strain at rupture of 2-3 for early baking temperatures (20°C-60°C) decreases to 0.25-2 at 60°C [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF]Ng, 2007;[START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF][START_REF] Tschoegl | Rheological properties of wheat flour doughs i.-method for determining the large deformation and rupture properties in simple tension[END_REF] (Table 4.1).

For gluten, the values of stress of rupture of 200-300 kPa and Hencky strain of rupture of 1-1.3 were found at room temperatures. Gluten stress of rupture decreases to 50kPa with increasing temperature while the Hencky strain of rupture increase up to 2 (Attenburrow et al., 1990). Extension [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF], (Ng et al., 2006), [START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF], (Dunnewind et al., 2003), [START_REF] Mohammed | Mechanical characterisation, processing and microstructure of wheat flour dough[END_REF], [START_REF] Sliwinski | On the relationship between gluten protein composition of wheat flours and large-deformation properties of their doughs[END_REF] Rupture Hencky strain 2-3 0.25-2 Gluten Rupture Stress (kPa) 0.45-0.62 100-200 200-300 (Attenburrow et al., 1990), (Ng et al., 2006), [START_REF] Uthayakumaran | Small and large strain rheology of wheat gluten[END_REF] Rupture Hencky strain 2-3 1-1.3 

Empirical mechanical tests for measuring dough rupture in the condition of bubble inflation

In this section, we are looking for the mechanical tests that best mimic bubble growth during baking and make the observation of the deformation and the rupture at the scale of the constituents conceivable in controlled atmosphere. Bread dough rheologists all agree to say

Empirical mechanical tests for measuring dough rupture in the condition of bubble inflation

that, among all the tests available to qualify dough, bi-extensional tests are those best fitting the deformation of GCWs during fermentation and baking.

Likewise, the best way to analyse GCW rupture is to be able to observe how it deforms and how gluten and starch granules evolve during deformation. The elements of the rheometer are in direct contact with the dough sample during bi-extensional tests and impede any observation; likewise, such configuration makes it hard to reach low strain-rates.

The only tests allowing bi-extension with the two faces of the dough film exposed to the gaseous environment (Fig. 4.1 a) with controlled temperature are the devices proposed by Stable Micro Systems (TAXTPlus, Stable Micro Systems Ltd., Godalming, UK) [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] and the two chambers apparatus for the rheological and mechanical analysis of materials [START_REF] Cicerelli | Apparatus and method for the rheological and mechanical analysis of materials[END_REF].

The bubble inflation devices (Alveograph, Alveolab ® and TAXTPlus, Stable Micro Systems) offer the possibility to determine empirical parameters on dough at ambient temperature that are quite well related to its breadmaking performances (Fig. 4.1). For instance, the identification of the maximum pressure (P) to extensibility (L) ratio and the strength (W) of the flour (Table 4.2) makes it possible to classify flour from weak to strong. Flour types are classified according to alveograph values. Details on parameters calculation and flours classification have been estabilished globally as AACC and ICC standard methods [START_REF] Dubat | Mixolab: A New Approach to Rheology[END_REF]. Polymer scientists [START_REF] Bloksma | A calculation of the shape of the alveograms of some rheological model substances[END_REF][START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF][START_REF] Tanner | Bread dough rheology in biaxial and step-shear deformations[END_REF][START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF]) also used the bubble inflation technique to estimate fundamentals parameters of dough film i.e. stress, strain. Details on the hypotheses governing such a more fundamental approach and on the theory for controlling strain rate and estimating stress and strain together with the limits of the assumptions will be given later in Part II (experimental part). The device proposed by Stable Micro Systems allowed investigating strain-hardening of bread dough from different cultivars under excess humidity at temperatures varying from 20°C to 60°C [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF]. The oven surrounding the inflating bubble is though too large to conceive its association with an observation tool capable of separating starch granules and microbubbles incorporated within the dough film. [START_REF] Dubat | Mixolab: A New Approach to Rheology[END_REF].

The device proposed by [START_REF] Cicerelli | Apparatus and method for the rheological and mechanical analysis of materials[END_REF] involves two chambers separated by the dough film (Fig. 4.2 a). Each chamber is connected to an injection device controlled in motion (Fig. 4.2). In this device the inflation can occur through gas injection either in the upper or in the lower chamber. This device is associated with a laser above the top chamber (Fig. 4.2 for their relationship to the dough quality). Adapted from [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] and [START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF].

rupture properties such as stress and strain (Fig. 4.2 b and c) can be estimated the same way as in a classical bubble inflation device but also by solicitating the film alternatively through the two chambers (Fig. 4.2 d). The bubble inflation can also be conducted within a gaseous atmosphere controlled in temperature, which was part of the patent claims (Fig. 4.2 a). However, the authors were not interested in observing the dough film rupture, neither the evolution of gluten and starch during the deformation of the film. Interestingly, the device imagined by [START_REF] Cicerelli | Apparatus and method for the rheological and mechanical analysis of materials[END_REF] can be reduced in size compared to the other bubble inflation devices. The laser at the top can be replaced by a Low-to-Mid Range Magnification Digital Microscope. The experimental part of this thesis is focused on the adaptation of the device imagined by [START_REF] Cicerelli | Apparatus and method for the rheological and mechanical analysis of materials[END_REF] in order to fit as much as possible the conditions undergone by a GCW in bread dough during baking. The particularities of the developed device compared to that of [START_REF] Cicerelli | Apparatus and method for the rheological and mechanical analysis of materials[END_REF] are :

• The small thickness of the film between 240-1000 µm (about the thickness of a film at the end of fermentation);

4.4 GCW stabilization before rupture

• The reproduction of the gaseous atmosphere (temperature and composition) around the film by putting additional dough pieces into the two chambers;

• The deformation of the film at very low strain rates and great strain as encountered during fermentation and baking; sufficiently time is given to allow the observation of gluten and starch under deformation. 

GCW stabilization before rupture

Bread dough made out of wheat flour is a viscoelastic material with nonlinear behaviour that exhibits strain-hardening properties [START_REF] Tschoegl | Rheological properties of wheat flour doughs i.-method for determining the large deformation and rupture properties in simple tension[END_REF]. Strain hardening is a phenomenon whereby the stress increases more than proportionally to the strain (at a constant strain rate) (Van Vliet et al., 1992). The entanglements within high molecular weight polymeric chains such as glutenins give rise to the steep increase in stiffness with strain. According to [START_REF] Dobraszczyk | The physics of baking: rheological and polymer molecular structurefunction relationships in breadmaking[END_REF] the stability or failure behaviour of GCWs depends strongly on extensional properties of dough and especially on its strain hardening ability. Van Vliet et al. (1992) suggested that the strain hardening at high strain levels increases the resistance to biaxial extension as the gas cell walls become thinner. This increase in resistance prevents premature failure and increases the stability of GCWs. Doughs that exhibit great strain-hardening tend to get more uniform in GCW thickness, avoid local thinning prone to rupture, and to be much more stable against coalescence. [START_REF] Sroan | Mechanism of gas cell stabilization in bread making. i. the primary gluten-starch matrix[END_REF] studied the effect of gluten proteins (glutenin and gliadin) on the strain hardening behaviour. The phenomenon of strain hardening was found to be dependent of the balance between strength and extensibility of the entangled network of gluten. The authors conclude that the optimum balance between gluten proteins (glutenin/gliadin = 1.5) was needed for obtaining good hardening properties of the primary gluten-starch matrix.

Temperature also influences strain hardening and failure strain of GCWs. [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] have performed bubble inflation tests at temperatures ranging from 20°C to 60°C. They evidenced that bread doughs with good strain hardening properties at 20°C remained stable longer during baking within the range of 50°C-60°C. The strain-hardening ability of GCW ready to rupture at 50°C-60°C helps to keep gas retention until dough is able to sustain its weight. In other words, GCWs, in good bread making dough, remain stable and retain their strain hardening properties at temperatures of 50°C-60°C while GCWs in poor breadmaking dough become unstable at 45°C-50°C.

Mechanisms leading to GCW rupture

GCW rupture during fermentation and baking has often been attributed to an excess in pressure gradient between GCs or an excess in surface forces at the liquid/gas interface (Hayman et al., 1998a,b). Pressure measurements in bread dough during baking did not reveal relevant pressure gradients at advanced stages of baking (Grenier et al., 2021). The difference in pressure between adjoining GCs is the greatest at the beginning of baking where differences in bubble size is the greatest (Grenier et al., 2021;Van Vliet et al., 1992). The greatest difference in pressure of 3 kPa can be reached between two GCs of extremely different diameters, 50 µm and 1 mm. Using a surface tension of γ = 40 mN/m [START_REF] Salt | Composition and surface properties of dough liquor[END_REF], this difference in GCs size results in a Laplace pressure (2γ/r , where r is the radius of the sphere) of 0.08-3.2 kPa. This is of the order of magnitude of about 1-30% of the modulus of elasticity of the dough. The GCW may bend slightly between the two gas cells at this early breadmaking stage. Note however that the contribution of surface forces is expected to decrease during baking as the cell size increases and becomes more even (Grenier et al., 2021).

GWC rupture are most plausibly triggered where the stress at rupture is reached. The stress at rupture is most likely reached where the gluten film thickness approximates the size of starch granules. The decrease in thickness induces a sharp increase in stress within the GCW that eventually leads to rupture in the thinnest GCWs once the mechanisms of stabilization are no longer efficient (Grenier et al., 2021).

Gluten-starch matrix mechanical behaviour based on the interpretation of stress-strain curve

The absence of interactions at the gluten-starch interface during fermentation and early baking is the one most defended by the cereal chemists who consider gluten and starch as quasi-immiscible phases. Nevertheless, as elaborated in Chapter 3 (section 3.5), some interactions have also been considered between starch and gluten by some authors. Within this framework, the increase in stress as a function of strain that eventually leads to the GCW rupture has been split into four stages (Fig. 4.3). Each region is influenced by three mechanical interactions, starch-starch, gluten-starch and gluten-gluten interactions.

i-Pre-yield zone : The increase in stress is driven by starch-starch and starch-gluten interactions [START_REF] Dedey | Comparison of small and large deformation measurements to characterize the rheology of wheat flour doughs[END_REF]. The starch-starch and gluten-starch interactions are typically of van der Waals/hydrogen bond type, and will thus mostly be active at small distances and hence at small strains (Amemiya and Menjivar, 1992). Under large strains, the addition of small quantities of starch to wheat flour was found to have a diluting effect on the gluten proteins, resulting in much lower shear and extensional viscosity values [START_REF] Laridon | Identification of broad-spectrum viscoelastic parameters: influence of experimental bias on their accuracy and application to semihard-type cheese[END_REF][START_REF] Uthayakumaran | Small and large strain rheology of wheat gluten[END_REF].

ii-Plateau zone : starch-starch and gluten-starch interactions start to break down due to excessive deformation [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF]. Based on the theory of polymer melts, glutengluten disentanglement allows gluten chains to move more freely and tend to act more as a viscous liquid.

iii-Strain hardening zone : The first break down of the short-range interactions which favors movements in region ii is now relayed by the longer-range resistance of gluten-gluten interactions which induces strain-hardening (Amemiya and Menjivar, 1992). iv-Post fracture zone : the stress reaches a peak, the rupture stress is reached and glutengluten interactions break down (Mohammed et al., 2013).

Mechanical rupture mechanisms of GCW

In this section, the description of GCW rupture will be discussed before and after the onset of starch gelatinization using both assumptions of none-cohesion or cohesive interactions between starch and gluten (in this order) and with or without the presence of a liquid lamella.

Before starch granule gelatinization

Before starch gelatinization, starch granules are assumed to remain stiff and uncompressible, and more rigid than gluten (Fig. 4.4). The fact that starch granule acts like an inclusion in the gluten film has soon been raised in the literature (Bloksma, 1990;Mohammed et al., 2013;Van Vliet et al., 1992). When the thinnest GCWs are stretched, stress in the gluten increases in the vicinity of the starch granule to a greater extent than that in the surrounding; starch granules act as stress concentrators (Bloksma, 1990) and both strain rate and strain are higher next to the starch granules than elsewhere (Van Vliet et al., 1992). (2).

In the pre-yield region (region i in Fig. 1(a)), short range starch-starch and starchgluten interactions are likely to dominate the response measured (1 and 2 in Fig. 1(b)) whilst gluten-gluten interactions (3) have a minor effect. In the plateau region (region ii in Fig. 1(a)), starch-starch and starch-gluten interactions start to break down due to deformation (4 and 5 in Fig. 1(b)). It is likely [Dobraszczyk and Morgenstern (2003)],

based on the theory of polymer melts, that disentanglement in gluten-gluten interactions at some point may permit the gluten chain to move about freely and act as a viscous liquid. When the dough enters the strain hardening region (region iii in Fig. 1 granule surrounded by gluten in the situation close to rupture, when stress concentration is the greatest in the GCW. The gluten region with lower tensional stress will feed the regions where tensional stress is the highest. This phenomenon of gluten movement is even favored in the absence of interactions at the gluten-starch interface. Gluten slips at the edges of the starch granule and progressively become thinner on the surface of the granule than in the gluten film alone. The rupture of GCW happens at the spot where the stress is the greatest, most probably at the edge of the starch granule in the case of no interaction between gluten and starch (Fig.

a, window "A"

). If extremely high interaction was believed between starch and gluten, the cohesive bond at the granule-gluten interface would enhance the gluten film resistance because the starch granule is stiffer than gluten in this range of temperature (Fig. 4.4 b). Stress in stiffed starch would be directly transmitted to gluten. The GCW will likely rupture, in the gluten film deprived of starch granules (Fig. 4.4 b, window "B"). Unfortunately, there is no numerical analysis of stress concentration within the GCW that could reinforce this rationale which still remains based on assumptions.

Once the gluten has ruptured, a hole is created in place of the GCW, allowing connection between adjoining gas cells. In crumb, the existence of gluten strings devoid of starch granules across some of these holes is noticed (Fig. 4.5, arrows in the photo on the right-hand side). These strings may counteract the increase in the size of the holes. In holes devoid of strings, the holes slowly become round in shape (Fig. 4.5, B-C-D) at a rate that mainly depends on the viscosity of the dough, as evidenced in the case of metal foams (Grenier et al., 2021). (a,b,c). The image of the complex structure of holes with strings crossing them was captured from [START_REF] Gan | The microstructure and gas retention of bread dough[END_REF]. From Grenier et al. (2021).

: Cross-section (A) of a GCW without liquid lamella and (B, C, and D) evolving crosssection of a rupturing GCW, along with what can be seen from the corresponding lower-case letters

Once the gluten film has broken, at the gluten film deprived of starch (Fig. 4.5 b, B), and at prolonged proving times or early baking, the liquid lamella may patch the hole left by gluten withdrawal. Liquid lamella acts as a gas barrier, keeping cells closed even after gluten had ruptured [START_REF] Sroan | Mechanism of gas cell stabilization in bread making. i. the primary gluten-starch matrix[END_REF]. The mechanical contribution of the liquid lamella to GCW integrity has been shown to be negligible or low [START_REF] Van Vliet | Strain hardening as an indicator of bread-making performance: a review with discussion[END_REF]. Then, as the GCW extends, at some point, the surface tension within the liquid lamella is not sufficient to sustain the strong increase in stress and the liquid lamella ruptures (Grenier et al., 2021). The mechanical resistance of the liquid lamella is highly dependent on its composition, which has not yet been totally elucidated and that probably evolves during the breadmaking process. According to Grenier et al. (2021), the rupture of the liquid lamella is much more sudden than that of the gluten film alone, due to the sudden release of stored surface energy. Strain rates of the order of 10 1 and 10 2 s -1 have been estimated on proving dough just after crack initiation (Weegels et al., 2003). Image sequences taken during dough proving have shown that the movement of the GCWs occurs on a time scale of the order of several tens of minutes where dough viscosity is low [START_REF] Babin | Fast x-ray tomography analysis of bubble growth and foam setting during breadmaking[END_REF]. From the hole shapes observed in crumb by Stokes and Donald (2000), it can be inferred that the holes had time to widen before the dough stiffened upon heating and hence that they formed well before the end of starch gelatinization and protein denaturation. Indeed, coalescence between cells occurs even in dough prepared with good bread-making performances and starts early in the proving process as evidenced by [START_REF] Babin | Fast x-ray tomography analysis of bubble growth and foam setting during breadmaking[END_REF]. Even if the broken edges of the gluten film have not completely relaxed at the initiation of the hole, the holes being contained within the GCW will grow faster, resulting in a much bigger and rounder hole (Fig. .6: Cross-section of a GCW with liquid lamella. The water already lining the GCW and any water that may be expelled from the gluten matrix reinforce the wall until it ruptures. Starch granules hydrate during baking; the darker the blue, the more hydrated the starch granule. The hole left after the second rupture (that of the liquid lamella) is rounder in shape than that observed when no liquid lamella is present. The round holes visible on the right-hand image had previously contained water that had been sublimated at the sample-preparation steps preceding SEM [START_REF] Gan | The microstructure and gas retention of bread dough[END_REF]. From Grenier et al. (2021).

Beyond the onset of starch gelatinization

Simultaneously with further extension of the GCW upon heating, starch granules begin to absorb any additional water available in their environment, not only from the extra-granular aqueous phase but also, it seems likely, from the liquid lamella. This process starts quite early in the baking process, from 45 to 53°C and is soon limited by the amount of water available in the dough (Grenier et al., 2021). The liquid lamellae will thin after water has been sucked from it and, where the lamella is acting as a patch to contain an emerging hole in the GCW, this thinning process will end with the GCW opening. For this reason, the liquid lamella is not believed to persist long once starch gelatinization has started, neither plays an active role in the stabilization of the GCW at advanced baking stages. Consistently with this overall view, 4.5 Mechanisms leading to GCW rupture loaf volume was found to decrease linearly with increasing water absorption in reconstituted flours (prepared with equal gluten levels, but with different starch origins) measured at 20°C (Grenier et al., 2021). Beyond starch gelatinization temperature, starch granule swells and gets soft (Fig. 4.7). The swelling of starch granules enhances GCW extensibility since the swelling predominantly follows the gluten film direction of tension (Grenier et al., 2021). The thickness of the GCW is little modified (Fig. 4.7). Within the assumption of non-cohesive bond at the gluten-starch interface, the shear stress within gluten might not be greatly affected by starch swelling. When the temperature reaches gluten denaturation temperature (62-63°C for wheat flour gluten), the gluten begins to stiffen and its ability to be stretched progressively decreases upon further heating. Under extension, stiff gluten film will flatten the starch granule. Beyond the gelatinization temperature, starch appears as a weak spot within gluten, which weakens the GCW but might shortly increase its extensibility (Fig. 4.7 a and b, C). The effect of gluten-starch interaction, whether non-cohesive (Fig. 4.7 b) or cohesive (Fig. 4.7 a), on GCW rupture behaviour is very likely negligible in this range of temperatures given that starch will accompagny the gluten in its deformation whatever the condition at the interface. Where the gluten-starch interaction is cohesive, the gluten-starch interface accompanies the surrounding gluten between which it is sandwiched, and the gluten does not need to slip on the gluten to be able to freely extend as when the starch granule was stiff. Under these conditions, the rupture of the GCW will take place at any point in GCW depending on the stress concentration, but most likely, within the gluten where it is the mostly extended, i.e. in the very vicinity of the starch granule (Fig. 4.7 a and b, C)). At the surface of the starch granule this swift increase in strain might cause a sudden increase in stress which might increase more than the rupture stress. 

Conclusion and objectives of the thesis Conclusion : important ideas gained from the early works

The different mechanisms of mechanical rupture of GCW were reviewed and discussed (Fig. 1.2 in Introduction générale 1). Chapter 2 aim was to understand the evolution of the dough structure during breadmaking steps (mixing, fermentation and baking). This allowed us to follow the evolution of the gaseous phase in dough, of the gas-free dough and thus to result in GCW evolution during breadmaking. The impact of gas production, starch gelatinisation and gluten denaturation on GCW mechanical rupture behaviour were reviewed and discussed. During fermentation, GCW is strongly stretched and some of them are reduced in thickness to the diameter of some ten to one starch granule. GCW must be considered as a heterogeneous medium, and it is crucial to take into account the mechanical behaviour of the major constituents (gluten and starch) separately and the nature of the interactions between gluten and starch. Controlling the structure of the dough during baking is therefore a matter of understanding the rupture behaviour of thin GCWs at the scale of the starch granules. Although only a small proportion of the very thin GCW (granule size) was reported in the literature, the rupture of the thinnest GCWs plays a crucial role in the stability of the dough structure during baking.

Several works in the literature have been dedicated to the characterisation of the behaviour of bread dough, both under the mechanical baking conditions (strain, strain rate, nature of solicitation) and the thermal baking conditions (temperature, humidity). Although some works are close to small strain rates (0.003 s -1 ), these rates are not yet close to the strain rates encountered during fermentation and baking (∼ 0.0001 s -1 ). In addition, the reproduction of baking conditions is usually done by controlling the humidity of the air around dough sample, which does not really ensure the gaseous atmosphere as that found around GCWs during baking. The tests were often carried out at the scale of dough, which does not allow a good understanding of the mechanisms involved in the mechanical rupture of GCW. There are quite a few references that deal with either gluten or starch alone (Dunnewind et al., 2003;[START_REF] Baker | Effect of temperature on dough properties, i[END_REF][START_REF] Kusunose | Role of starch granules in controlling expansion of dough during baking[END_REF][START_REF] Schofield | The relationship between viscosity, elasticity and plastic strength of a soft material as illustrated by some mechanical properties of flour dough.-iii[END_REF]. Few works have dealt with the interaction between starch granule and gluten (Jekle et al., 2016;Mohammed et al., 2013). The most relevant works that predict GCW behaviour by considering gluten and starch separately, and evolving interactions between gluten and starch were those of Mohammed et al. (2013). However, the authors did not consider the thin film extension conditions (240 µm as encountered at the end of fermentation) and did not tackle the rupture behaviour of GCW.

This bibliographical study therefore leads to two scientific specific problems concerning the mechanical failure of GCW :

• The scale problem, where it is important to study stress concentration within GCW at starch granule scale (consider the film as heterogeneous);

• The problem of experimental conditions when characterizing the mechanical behaviour of the film (thickness ranging 200-1,000 µm), in baking conditions. Temperature, gas composition, strain, strain rate and nature of loading encountered during baking must be reproduced around GCW to ensure a good mechanical behaviour characterization.

Objectives of the thesis

This thesis intends to better understand the rupture behaviour of GCW at the scale of its main constituents, starch and gluten, and under baking conditions, i.e. humidity, temperature and mechanical solicitation (strain and strain rate). The mechanical rupture of GCW was addressed during this thesis using both numerical and experimental approaches :

Experimental approach

It was based on the development of a device for the observation of the dough film under deformation and its constituents, and for the characterisation of the mechanical behaviour of this dough film in conditions (temperature, gaseous atmosphere, strain, strain rates) as close as possible to those found in real dough during fermentation and baking.

We were inspired from the bubble inflation device imagined by [START_REF] Cicerelli | Apparatus and method for the rheological and mechanical analysis of materials[END_REF] because it allows the control of the gaseous atmosphere, in particular in temperature, and the observation of the dough film from the top, by replacing the laser by a Low-to-Mid Range Magnification Digital Microscope. The particularities of the device to be developed compared to that of [START_REF] Cicerelli | Apparatus and method for the rheological and mechanical analysis of materials[END_REF] are :

• The small thickness of the dough film between 240 µm-1,000 µm (about the thicknesses encountered at the end of fermentation);

• The reproduction of the gaseous atmosphere in both temperature and composition around the dough film, by putting additional dough pieces in direct contact with the ambiance of the two chambers and controlled in temperature;

• The deformation of the film at very low strain rates and great strain as encountered during fermentation and baking while observing the dough film microstructure during the deformation.

Modeling approach

It was based on the development of a visco-hyperelastic model to predict the mechanical behaviour of a GCW reduced to the size of a single wheat starch granule (A-type). The GCW organisation was very simplified for the purpose of modeling. It took into account, as the original geometry an extreme stage of GCW extension where the starch granules have been separated from each other and the extragranular aqueous phase is confined to the very boundary of the starch granule with gluten (and does not form a continuous phase anymore). Neither was taken into account the liquid lamella. Due to the lack of experimental data for wheat starch and gluten at the appropriate water content in dough or temperature, extreme configurations were considered and combined. This modeling approach was conducted at the beginning of the PhD work, in conjunction with the design, development and testing of the small-sized bubble inflation device which included waiting times (for the ordering of raw materials or the 3D printing of device pieces). However, the results obtained by the modeling are presented second (Chapter 8, Part III), which allows to attempt relating our mechanical model for wheat dough to the experimental data acquired during the PhD work with this novel device. These last results are presented in Part III (Chapter 9).

Part II

Apparatus for studying GCW rupture mechanisms Introduction

The objective of this part was to design an apparatus (Fig. 4.8) that makes the observation (refer to the observation system in Fig. 4.8) of a dough film at the scale of its constituents possible under controlled deformation. The thickness of the dough film was to be as close as possible to that of the average thickness of a gas cell wall at the end of fermentation. The longterm objective was to provide an apparatus that could be used for the validation of the model developed in Part III and the analysis of rupture within the range of baking temperatures. The apparatus consisted of two main parts; a small-sized bubble inflation device and an injection system.

The design of the bubble inflation device composed of two chambers separated by a dough film was based on that proposed by Cicerelli et al. (2004) (Fig. 4.8) and required most of the efforts and time (about 60%). The device has also concluded to the writing of a declaration of invention in late 2020.

Brief history of the design and fabrication of the bubble inflation device

The device was designed on a two-year duration with the development of three generations of devices. A fourth has also been conceived and is pending for fabrication for future works. About a tenth of phases of evaluation of performances were conducted all along the development of the device that led to step by step improvements in gas and water tightness, reduction in water condensation (as that observed on the glass windows managed for the observation with the microscope), better temperature control (different piping configurations were tested). This long phase of development inevitably led to delays and the experiments conducted on the device were unfortunately only possible at the end of the three-year duration of the thesis. The first step consisted in addressing the main constraints in the design listed at follow : Introduction 2. The device had to be airtight and watertight in order to prevent any gaseous exchange with the lab's atmosphere and to permit the control of temperature using a warmed water circulating system respectively.

3. The heat exchange had to be directed towards the inner part of the device. This implied that part of the device had to be dedicated to outer thermal insulation. The emissivity was chosen to be as close as possible to that of bread dough and only polymers were so usable as material for the fabrication of the device.

4. The last, but certainly not the least of the technical constraints, was that the composition of the atmosphere surrounding the dough film had to be as close as possible to that encountered in bread dough during baking. This was the major point of improvement compared to the device imagined by [START_REF] Cicerelli | Apparatus and method for the rheological and mechanical analysis of materials[END_REF] which conducted to our declaration of invention. The choice was made to manage 4 dough tanks both in great contact with the atmosphere within the two chambers and in direct heat exchange with the water circulating in the double envelop (which also circulates all around the dough tanks). This was a great challenge to minimize the difference in temperature between the dough film and the dough tanks that is still not completely fulfilled. Any slight difference between the temperature of the film and the dough tanks leads to unavoidable water vapor evaporation at the warmest places and condensation at the coldest ones. Once these constraints have been defined and addressed, a first sketch of the device was designed using computer-aided design (AutoCAD ® , autodesk, USA). The first prototypes were then printed using PLA (polylactic acid) and the layer by layer printing technique. The tightness tests showed leakage between these layers and led us to the choice of glassed-filled Nylon and the use of the 3D Selective Laser Sintering (SLS) technique (SCULPTEO, France). The new prototype did not show any leakage even at 95°C.

The single-glazing separating the Low-to-Mid Range Magnification Digital Microscope (DMS 1000, Leica, Germany) from the upper chamber and the lower lightening LED from the lower chamber, induced cold spots, water condensation and moisture heterogeneities through the chambers during the heating process. The problem of condensation has been solved by replacing the single glazing with double glazing systems in which circulates the same thermoregulated water as that circulating in the double envelop. A more detailed presentation of the device is provided in the Appendix C.

Next part of the development (a four-month work) was devoted to the development of the injection system. The aim was to set up an injection system with a controlled piston displacement that makes possible the control of the strain rate at the top of the bubble. The challenge was also to be able to deform the dough film under a large range of strain rates, from 0.0006 s -1 to 0.09 s -1 in order to cover the range of strain rates encountered in bread dough during fermentation and baking (classical or vacuum baking). The equations reported in the literature for the calculation of mechanical parameters (stress, strain) during bubble inflation have been established in the case of non-constant strain rates only. In this thesis, we reformulated the equations for the case of constant strain rates (Part II, Chapter 6). The equations were then implemented on an Arduino board thanks to a program for the control of the piston displacement (Arduino UNO card programming, Appendice A).

At the final stages of data analysis, the calibration of the injection system was carried out through image analysis. Tracking the distance between two points near the top of the bubble allowed us to estimate the strain rate and identify the magnitude of the deviation between the strain rate estimated from the advance of the syringe and the real strain rate at the top of the film (Chapter 5, Part II). An overview of the apparatus in the lab environment is presented in Fig. 4.9.

At last, an important part of the time spent to the development of the apparatus was devoted to the choice of the initial diameter and thickness of the film, the time initially left for the dough film to relax, the nature of the strain rate (non-constant vs. constant). This step allowed us to choose an initial film thickness of about 400 µm , a radius of 7.5 mm and a resting time of 45 minutes. These choices will be detailed and discussed in Chapter 6 (Part II). An analysis of the uncertainty was also conducted and presented in Chapter 6 (Part II).

Organization of Part II

After this brief summary of the implementation steps for the implementation of the bubble inflation device, Chapter 5 presents the results obtained with this device on wheat flour dough and hydrated gluten at 20°C; the discussion of these results includes a comparison with literature data and an analysis of the limits and potentialities of the approach. This chapter is presented in the form of a publication to be submitted to Journal of Cereal Science, after certain rearrangements. Exploratory trials at 50°C and 70°C are presented at the very end of Part II; this chapter demonstrates the feasibility of evaluating the mechanical behaviour of thin dough films at baking temperatures while highlighting a couple of additional improvements before further experiments. Chapter 6 evaluates the performances of the device (water and gas tightness, temperature homogeneity, effect of geometrical parameters) which provide confidence but also highlights the limits to the interpretation of the results presented in both Chapters 5 and 7. This chapter is aimed to accompany the publication of Chapter 5 to Journal of Creeal Science and will be made available in Archives Ouvertes, the reason why it is presented second in Part II. 

I

n this work, an original small scale bubble inflation device is presented which allows to study the biextentional behavior of gluten films, filled or not with starch granules. Size reduction leads to an overstated stress, compared to the results obtained from more traditional inflation devices (Consistograph, Alveograph). Reduction in film thickness is likely to be at the origin of the stress increase when referring to synthetic polymers. Moreover, the image analysis during the deformation process reveals useful information about the size of the bubbles, the starch granules, illustrating the potential of coupling the image analysis to the bubble inflation device for the analysis of the mechanisms involved in the mechanical rupture of dough films. Keywords : large strain, rheology, rupture, mechanics This Chapter is based on a paper to be published in Journal of Cereal Science.

Introduction

Bread dough is composed of a dispersion of gas cells in a hydrated gluten-starch matrix. Each bubble is separated from the others by Gas Cell Walls (GCWs) which are bi-extended until they rupture and let the gas pass through. Where the gluten-starch matrix is still deformable (low viscosity enough), this rupture leads to coalescence between adjacent cells and a coarse crumb texture after baking. If the rupture occurs closer to the instant of dough stiffening (due to starch gelatinisation and/or gluten denaturation upon heating), the cells remain relatively whole but connected to each other, resulting a relatively open porous structure. Prolonged stability of the GCWs and late opening in bread dough during proving and the first mid-part of the baking process partly control the optimal loaf rise and the homogeneity in density of the crumb (Grenier et al., 2021).

Since the 1920's, the bubble inflation technique has been considered as the mechanical test that best mimics the bi-extension of these GCWs. It makes it possible to both reach low strain rates (10 -3 s -1 -10 -4 s -1 ) and extremely large strains (up to 2.5 Hencky strain). The Alveograph ® and Alveolab ® (Chopin technologies, France) and the inflation rig associated to the texture analyser (TAXTPlus, Stable Micro Systems Ltd., Godalming, UK) have been applied at ambient temperature for better characterizing wheat flours in relation to their use by the bakery industry and the anticipation of the final bread quality. In his pioneer work and under a set of assumptions, [START_REF] Bloksma | A calculation of the shape of the alveograms of some rheological model substances[END_REF] has made the link between the pressure measured during the inflation of a dough bubble and strain-stress history undergone at the top of the bubble. [START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF] showed some limits in the use of the bubble inflation test in the estimation of the stress and strain at the top of the bubble. These authors evidenced a discrepancy between real and estimated bubble thickness at the top of the bubble that induces an error on the estimation of the stress that could reach a factor of four. The greater the strain, the greater the overestimate of the stress. It was concluded that the stress-strain relationship remains quite good until 1.5 Hencky strain was reached. At Hencky strain greater than 1.5, the strain and the thickness at the top of the bubble as well as the radius of the curvature of the bubble at large strains should be measured in addition to the pressure for much more accurate identification of the stress-strain relationship at the top of the bubble. [START_REF] Campbell | Bread aeration and dough rheology: An introduction[END_REF] concluded that although the assumptions currently employed to derive strain-hardening parameters have been criticized, the bubble inflation technique could be extended to a much wider range of dough formulations and ingredients, to quantify the contribution each makes to improving bread quality.

The technique has been improved by the measurement of the height of the bubble, the measurement of the deformation at the scale of the dough using straight lines drawn onto the inflating bubble [START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF][START_REF] Charalambides | Effect of friction on uniaxial compression of bread dough[END_REF] and the use of constant strain rate at the top of the bubble [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF][START_REF] Dobraszczyk | Comparison of predictions of baking volume using large deformation rheological properties[END_REF][START_REF] Tanner | Bread dough rheology in biaxial and step-shear deformations[END_REF]Tanner et al., , 2011)). The inflation device was though never associated with a Low-to-Mid Range Magnification Digital Microscope for the observation of dough constituents under deformation Toward the observation of the microstructure of a bi-extended hydrated gluten-starch matrix and hydrated gluten under large strain and extremely low strain-rate and the measurement of the strain and strain rates within a few mm 2 window. [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] and [START_REF] Dobraszczyk | Comparison of predictions of baking volume using large deformation rheological properties[END_REF] also used the bubble inflation test in association with a thermal cabinet at temperatures ranging from 20°C to 60°C at constant strain-rate in order to get closer to the conditions undergone by GCWs during baking. A first attempt to control the hygrometry of the environment around the bubble was also tried with a water buffer placed in the cabinet, but surely difficult to regulate at the same temperature as the sample given the large volume of the cabinet. [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] showed that the study of strain-hardening at strain rate of 0.1 s -1 and 50°C were the best conditions to rank the bread-making performances of doughs. [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] also evidenced that the greater the strain hardening index at 20°C the greater the temperature at which strain hardening is maintained (> 50°C). Strain hardening at those temperatures makes it possible to prolong GCW stability and retain gas in gas cells sufficiently late in the baking process so that the dough stiffens and supports its own weight and does not collapse consecutively to pore opening. It appears that, without this ability, or even worse, when strain softening is observed at 50°C, bread dough has poor ability to produce well expanded bread [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF]. Strain rates retained in this study as in all other ones remained though at least about 10-fold those encountered during baking before rupture initiates in GCWs.

The general objective of this research was to propose a small-sized bubble inflation apparatus that makes the observation of the dough constituents possible at the scale of some micrometers to some millimeters relying of mechanical solicitation, initial thickness of the film and gas composition close to those really encountered around GCW in bread dough during proving and baking. Working at the low strain rates encountered in bread dough provides a particularly favorable context for the observation of the upward moving bubble (time required for autofocus). To achieve this general objective, this work was inspired by the design of the device proposed by [START_REF] Cicerelli | Apparatus and method for the rheological and mechanical analysis of materials[END_REF], which comprised two gas chambers separated by a dough film. To our knowledge, no study has yet reported data from such a device. The particular objective of the present study was to present the verification stage at room temperature, including comparison with data sets reported in the literature; for this purpose, we varied the quality of the flour and also included tests on hydrated gluten. Novelty was brought by the large range of strain rates including extremely low values (6×10 -4 s -1 ) representative of GCW extension (before crack initiation) during proving and baking (Lucas et al., 2020;Bloksma, 1990). As pointed out above, data on strain hardening are scarce and the influence of strain rate was questioned in one of the previous reports. Novelty was also brought by coupling the inflation device with a Low-to-Mid Range Magnification Digital Microscope, allowing the observation of the constituents of dough and the estimation of the deformations at the top of the bubble in response to the limits pointed out by [START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF].

Materials and methods
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Materials and methods

Sample preparation

Unyeasted dough

The ingredients were 245 g wheat flour, 144.6 g distilled water and 4.9 g salt (La Baleine, France). Two types of flours were tested; F1: Type 65, 0.53% ash, 10.58% proteins, Alveolab ® P/L = 0.66, from Moulins Soufflet Pantin, France, and F2: Type 65 , unknown composition , Alveolab ® P/L = 0.42. According to the P/L ratio criterion F1 was ranked as an intermediate/strong flour and was better for bread making than F2 which was ranked as an intermediate flour. The ingredients were mixed in the kneader of the Chopin alveolab (Alveolab ® , Chopin technologies, France) at 60 rpm for 13 min 30 s. Initial water content was determined from three dough samples after oven-drying at 104 ± 1°C for at least 24 h (44.94 ± 0.13% kg.kg -1 w.b. for F1 and 44.44 ± 0.34% for F2). The dough was removed from the kneader, stored in a sealed box, and allowed to rest for 15 min before testing.

Hydrated gluten

Gluten (79.1% protein, 9.4% sugars of which 5.9 are assimilable (small sugars), 3.4% fibres, 4.1% lipids) (Moulin de Nomexy, France) and distilled water (0.02% NaN 3 ) were manually mixed using a mortar for 5 min. The water content of the hydrated gluten was 61.59% ± 1.12% (wb). After mixing, the gluten was left to rest for 1 hour and then approximately 2 g of gluten was flattened between two plates and left to rest overnight. The overnight water loss of the gluten films placed between the two plates was evaluated and estimated at 3.86% ± 0.91.

Experimental procedure

A piece of sample of about 20 g of dough or 2 g of hydrated gluten was removed from the sealed box or from the two plates before each bubble inflation experiment. Three replicates coming from at least two different dough preparations were used for each strain rate conditions. Thin films of flour dough were then produced by stretching the sample by hands. Hand stretching was preferred over laminating in order not to use anti-adhesive matter on the roller such as oil and also to reach extremely low film thickness. This procedure remains delicate and requires a little training from the operator. Once mastered, the procedure makes it possible to reach an average film thickness with a quite good reproducibility. The bi-extended piece of flour dough was then placed in the receiving clamp of the small-sized bubble inflation device (see section 6.2.2 and Fig. 5.1 b #7). Gluten, on the other hand, was not initially handly stretched and the initial thickness of the gluten film was controlled by the spacing left between the two plates. Relaxation was considered as complete for gluten which had time to relax overnight (section 5.2.1.2), but an additional 45 min rest was managed for dough before testing. The device was then closed and there was no need to cover the film with paraffin oil because the gaseous atmosphere was regulated by thermo-regulated dough tanks of sample within the device (see section 6.2.2.1). Neither water loss nor water uptake by the film was theoretically possible, given the homogeneity in temperature and the quasi absence of communication with the outside atmosphere during the long lasting bubble inflation at extreme low strain rate (see Toward the observation of the microstructure of a bi-extended hydrated gluten-starch matrix and hydrated gluten under large strain and extremely low strain-rate Chapter 6). It was though impossible to check it out given the impossibility to measure the mass of the film during the experiment.

Bubble inflation process and associated measurements

The small-size inflation device developed in this study was manufactured at the laboratory and 3D printed in glass filled Nylon in order to insure dimensional stability and waterproof up to 95°C. It consisted of two similar chambers placed one on top of the other (Fig. 5.1 a #1 and #2) and surrounded by a double envelope in which water flows (Fig. 5.1 a #4). The water temperature was regulated by a cryostat (RP855, Lauda, Germany). Water was even flowing inside the double-glazed windows that were managed at the top and bottom parts of the inflation chamber (Fig. 5.1 a, b, c #5), one for dough macroscopic observation and the other for dough lightening (at the bottom, Fig. 5.1 b #6). The chambers were designed the same size (35 mm in height and 30 mm in diameter) in order to avoid slight temperature inhomogeneity that would inevitably lead to evapo-condensation-diffusion and uncontrolled hydration of the dough film. A dough holding clamp (Fig. 5.1 b #7) consisting of two removable flat rings of 15 mm in inner diameter (initial dough film diameter) and 44 mm in outer diameter insured gas tightness between the upper and lower parts of the bubble inflation chamber (Fig. 5.1 b #8). Dough film is held between the two removable flat rings.

Control in gas composition

The gas composition of the atmosphere surrounding the inflating bubble was regulated by dough tanks (Fig. 5.1 #3, two per chamber) that were filled with 8 g of sample (flour dough or gluten) each (red color in Fig. 5.1 b and c) and put in direct contact with the two chambers (Fig. 5.1 c #9). These dough samples were included in the dough tanks and are therefore controlled at the same temperature as the inflation chamber, which is an important point for controlling the migration of vapor inside the device (see Chapter 6).

Control in strain-rate

A motorized syringe controlled in motion was connected to the device (see Chapter 6) through a small metallic duct of 0.3 mm in inside diameter (Fig. 5.1 c #10). The use of a metallic duct between the inflation chamber and the syringe made it possible not to regulate the temperature of the air within the syringe and limit water vapour transfer between the lower chamber and the syringe due to possible differences in temperature. The diameter of the metallic duct was sufficiently large to insure gas pressure balance between the gas in the syringe and that in the lower chamber. The stepper motor (3 axis CNC control board, stepper motor, 2phase 4-wire, Huizhou Bachin Electronic Technology Co., Ltd, China) of the motorized syringe was controlled using a controller (Uno, Arduino, Italy) coupled with shield motor (Motorshield, Arduino, Italy) that was programmed for exponential movement of the plunger and constant strain-rate control at the top of the bubble.

Gas pressure

Two calibrated miniaturized pressure transducers of 9.5 mm in length, 2.4 or 2.6 mm in diameter (XCQ-093-25A, Kulite, USA), one connected to the metallic duct of the syringe at the lower chamber and the other to a metallic duct connected to the upper chamber. As the upper chamber was connected to the outer atmosphere, the pressure transducer connected to the upper chamber was only used to check that no great variations in atmospheric pressure occurred during bubble inflation. The pressure P used for stress calculation was that measured in the lower chamber; it was expressed relatively to the atmospheric pressure. The overall uncertainty on pressure measurement was estimated to be lower than 0.05 kPa (see section 6.2.4.2).

Temperature

Two calibrated thermocouples per chamber (T-type, 0.2 mm in diameter, TC SA, France) were used. The temperature within the chamber was 20 ± 0.2°C throughout the bubble inflation experiment (mean calculated over all experiments).

Data acquisition

A data logger was used (Almemo ® , Ahlborn, Germany) and the acquisition frequencies were 10 Hz or 1 Hz respectively when strain rates of 0.0006 s -1 and 0.003 s -1 or 0.03 s -1 and 0.09 s -1 were applied.

Low-to-Mid Range Magnification Digital Microscope

The 39 mm depth of field of the Low-to-Mid Range Magnification Digital Microscope (DMS1000 B, Leica, Germany) made it possible to observe and record a video of the top of the bubble from the beginning to the rupture of the bubble. Four images were extracted from the video in order to evaluate the strain and strain rate of the hydrated gluten-starch matrix (see section 6.2.4.2). Images of interest were also extracted in order to identify the ingredients at play (starch granules, insoluble pentosans,etc.) and observe the hole left after bubble rupture and locations for possible stress concentration (see section 6.3.2). The focus was insured manually at this stage.

Other measurements

Alveolab ®

Flours F1 and F2 were qualified using the reference protocol AACC 54-30 (Alveolab ® , Chopin technologies, France) [START_REF] Dubat | Mixolab: A New Approach to Rheology[END_REF].

Initial thickness of the dough/gluten film

The initial thickness T(t=0) of the films were measured using a digital micrometer on sample films dedicated to this estimation and dried for 24 hours at 105°C. The initial dry thickness was found to be 404 ± 98 µm on average over 24 dough film samples for flour F1 and F2. Taking into account the initial hydration, the thickness of the hydrated film was about (1.305) 1/3 -fold that of the dry film. The initial dry thickness for gluten was found to be 663 ± 19 µm.

Strain and strain rate

The Hencky strain (Eq.5.1) and strain rate (Eq.5.2) at the top of the bubble was estimated by image analysis and monitoring the relative increase in distance D between two identifiable rigid particles (see the example in section 5.3.3 for a strain rate set at 0.09 s -1 ) at the top of the bubble (D(t) < 3 mm) within a known time gap δt (Eq.5.2).

ε H = ln(1 + D(t) -D(t = 0) D(t) ) (5.1) ε = ln(1 + D(t) -D(t = 0) D(t) ) * 1 δt (5.2)
The measurements were carried out on 4 images of the top of the bubble taken from 3 replicates throughout the whole bubble inflation at a same strain rate. The measured strain rates were then averaged (ASR -Averaged Strain Rate) and that at 0.09 s -1 was used for the calculation of the semi-experimental data presented in section 5.3.4 . In the followings the settings in strain rates will be presented in Fig. 5.6 a to d.

Theory

This section summarizes the works of [START_REF] Bloksma | A calculation of the shape of the alveograms of some rheological model substances[END_REF] and Charalambides et al. ( 2006) on the theory.

Height of the bubble

The height of the bubble h(t) can be estimated by calculation using [START_REF] Bloksma | A calculation of the shape of the alveograms of some rheological model substances[END_REF] assumptions. The inflating bubble was assumed to be spherical, dough to be incompressible and the distribution in thickness of the bubble from the clamping device to the top of the bubble to be non-uniform (Fig. 5.1 d). Under these assumptions, the Hencky strain ε(t) at the top of the bubble at time t writes Eq. 5.3.

ε(t) = ln(1 + h(t) 2 a 2 ) (5.3)
where a was the radius of the dough holding clamp (Fig. 5.1 b and d). The differential equation (Eq. 5.4) to be solved to estimate the height of the bubble was obtained by time-deriving Eq. 5.3.

2 a 2 h ḣ - ε a 2 h -ε = 0 (5.4)
It then comes the height of the bubble (Eq. 5.5) by solving Eq. 5.4 :

h = a √ e εt -1 (5.5)
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Control and measurement of constant strain rate at the top of the bubble

The advance of the plunger d(t) was calculated assuming that gas compression was quasinull within both the syringe and the lower gas chamber and that the volume of the bubble V b (t) at time t (Eq. 5.6) equalled the decrease in gas volume V p (t) within the syringe at time t. V p (t) is a function of the plunger advance at time t (Eq. 5.7).

V b (t) = π 6 h(t)(3a 3 + h(t) 2 ) (5.6) V p (t) = S.d(t) (5.7)
where S was the area of the plunger (201 mm 3 ). The plunger advance (Eq. 5.8) was deduced from Eq. 5.5-Eq. 5.7.

d(t) = π 6 a 3 (e εt -1(2 + e εt )/S (5.8)
The plunger advance d(t) was controlled by the stepper motor. Details on the calculation were presented in Chapter 6.

Thickness at the top of the bubble

The maximum strain rate decreases from the top of the bubble to reach zero at the dough holding clamp where the dough film was hold. The relationship between the initial thickness of the film (T (t = 0)) and its thickness at any time t at the top of the bubble, T (t), is given by Eq. 5.9 [START_REF] Bloksma | A calculation of the shape of the alveograms of some rheological model substances[END_REF][START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF].

T (t) = T (t = 0)(1 + h(t) 2 a 2 ) -2
(5.9)

Stress at the top of the bubble

Assuming the strain to be equal in all directions, the stress σ(t) at the top of the bubble is given by Eq. 5.10.

σ(t) = P (t).R(t) 2T (t) (5.10)
where R(t) (Eq. 5.11) was the radius of the bubble and P (t) the pressure relative to the atmospheric pressure.

R(t) = a 2 + h(t) 2 2h(t)
(5.11)

Validity of the theory

Bloksma's theoretical approach was based under the assumptions that dough was incompressible, the bubble was spherical and that there was a non-uniform distribution in thickness of the bubble from the clamping device to the top of the bubble [START_REF] Bloksma | A calculation of the shape of the alveograms of some rheological model substances[END_REF]. [START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF] evidenced that the real distribution in bubble thickness was much more uniform than that calculated using Eq. 5.9. In this work the thickness at the top of the bubble after rupture was even found to be 8 to 10-fold that calculated. The theoretical stress was estimated to be about 7-fold that the real one at 2.5 Hencky strain in the present study. The uncertainties on the other inputs used for calculation, i.e. initial bubble radius and thickness, gas pressure and the strain-rate, which were estimated at 5%, 30%, 5%, 30% respectively affected the results in a much smaller extent and mostly influenced the stress at strain values higher than 3.5 where the relative error reached 26% at the greatest strain-rate applied (0.09 s -1 ) (see Chapter 6). In the followings, the stress was first presented up to rupture (Hencky strain > 2.5) in order to show how repeatable the results were. Then, only the stress up to 1.5 Hencky strain was considered for the estimation of stress-strain comparison with the literature and strain hardening indexes.

Strain hardening index (n)

The strain-hardening behavior law of a material is usually written as Eq. 5.12.

σ = Kε n
(5.12)

The strain hardening index denoted n was the exponent value obtained using an algorithm of exponential fitting on stress-strain data.
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Stress vs. Hencky strain at the top of the bubble

Repeatability and limits to the analysis at high Hencky strains

Fig. 5.2 presents replicates of the stress at the top of the bubble vs Hencky strain for doughs prepared with wheat flour F1 (Fig. 5.2 a) and hydrated gluten G (Fig. 5.2 b) and inflated at the two extreme strain rates of 0.0006 s -1 and 0.09 s -1 . Results showed a quite good repeatability. The deviations observed between replicates over 1.5 Hencky strain were in agreement with the level of model uncertainty estimated in this range according to section 5.3.1.2. Indeed, the greater the strain, the less accurate the assumption of non-uniform distribution. For the same reason, some replicates reached high stress levels when the Hencky strain was greater than 4 , 5,500 kPa for flour dough and even 100 MPa for gluten. Those values were clearly overestimated. As expected, the assumption of thickness non-uniformity was less accurate for pure gluten than for wheat flour dough. Indeed, the thinning at the top of the bubble induces the movement of gluten molecules to feed the region where the stress has increased the most Toward the observation of the microstructure of a bi-extended hydrated gluten-starch matrix and hydrated gluten under large strain and extremely low strain-rate in a greater extent than for dough prepared from wheat flour F1. Analysis in the following sections 5.3.1.2 and 5.3.1.3 will hence focus on the Henchy strain values lower than 1.5; this threshold value of 1.5 will be further discussed in section 6.3.2. 

Comparison to literature data at moderate Hencky strains

Fig. 5.3 a presents the stress at the top of the bubble against Hencky strain for doughs prepared with wheat flours F1, F2 and hydrated gluten G, at 0.09 s -1 and that obtained by [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] using a strong wheat flour (Hereward) at similar strain rate (0.1 s -1 ) and the same operating temperature (20°C). Below 1.5 Hencky strain, where the comparison remains valid (see the discussion of results displayed in Fig. 5.2), the order of magnitude of the stress was found about 2-fold (F2) and 4-fold (F1) that found by [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF]. This was mostly explained by the initial thickness of the sample disk used in our experiment (404±98 µm) compared to that of 1.5 mm used by [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF]. This effect of the initial thickness was also observed in the analysis carried out in Chapter 6. Let us recall that such a low initial thickness was retained in the present study to get as close as possible to the average thickness of GCWs at the end of proving, which was reported at 240 µm on average [START_REF] Babin | Fast x-ray tomography analysis of bubble growth and foam setting during breadmaking[END_REF]. The counterpart was that the stress increased more swiftly with the strain than when a larger initial thickness is used. The glutenin molecules were probably already stretched at the end of stage (ii) such as defined by Mohammed et al. (2013). The disentanglement phase within gluten, allowing gluten chains to move more freely and enhance its ability to flow, was probably already all achieved at the beginning of our bi-extentional test. Starch-starch and gluten-starch interactions suggested by Mohammed et al. (2013) were also probably all broken down in this already highly stretched situation of thin film representative of the end of proving and the beginning of baking. Fig. 5.4 compares the effect of the strain rate on the average stress against Hencky strain and the strain hardening index (n) for the different 74 samples under study (F1, F2 and G). Results showed strain-hardening even at extremely low strain rate ( ε = 0.0006 s -1 ). The strain-softening observed by Ng et al. (2006) at low strain rates of 0.003 s -1 was though not clearly evidenced by our experiments whatever the strain-rate and the flour used. This could also be due to the fact that the gluten was already pre-stretched as previously discussed. If already at the end stage ii such as defined by Mohammed et al. (2013) there is no way that the mechanisms involved in strain-softening could be revealed. The conclusions were the same for gluten. The overestimation of the strain rate in the present study (section 6.3.2) also partly explained this discrepancy.
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Effect of flour type, comparison to gluten (with low starch proportion)

The order of magnitude of the stress at 1.5 Hencky strain was found the greatest for dough prepared with flour F1; it was about 1.5-fold that found for dough prepared with flour F2 and 2.5-fold that found for gluten at 0.09 s -1 (Fig. 5.4). This difference was even increased when extremely low strain rate of 0.0006 s -1 was applied, the stress at 1.5 Hencky strain for flour F1 was found 2.5-fold that found for flour F2 and gluten (Fig. 5.4).

The use of low strain rate also erased the difference between the gluten and flour F2. It looks like the use of low strain rate, where time-dependent stress had more time to relax, made it possible to reveal the high extensibility of dough prepared with flour F2 relatively to flour F1 in a greater extent than at high strain rates. However, dough prepared with flour F2 exhibited less elasticity than that with flour F1 and only the time-independent elastic response was exhibited at low strain-rate; this elasticity was found to be similar to that of gluten alone for dough prepared with flour F2. The role of inclusion played by starch granules within the gluten network [START_REF] Edwards | Role of gluten and its components in determining durum semolina dough viscoelastic properties[END_REF]Ng, 2007) was not found in dough prepared with flour F2. For flour F1, the presence of starch granules within the gluten films improved the strain-hardening Toward the observation of the microstructure of a bi-extended hydrated gluten-starch matrix and hydrated gluten under large strain and extremely low strain-rate properties of the starch-gluten matrix by enhancing the effects of the time-depending elasticity of the gluten which was strained along the starch granules in a greater extent than when deprived of starch granules. The strain really experienced by the charged hydrated gluten was greater than the macroscopic strain (Ng, 2007). Note though, that the use of a gluten coming from the same flours would be necessary to fully conclude.

The average strain-hardening indexes (F1, F2 and G) were found of the order of 2.53 ± 0.21 and did not depend on the strain rate applied as expected. The average strain-hardening indexes were 2.53 ± 0.05, 2.55 ± 0.39 and 2.50 ± 0.08 for F1, F2 and G respectively. Strain hardening indexes of the wheat flours were found the same but the standard deviation for dough prepared with flour F2 was greater. Strain hardening indexes identified using the stress-strain relationship measured on the Alveolab ® were also found to be the same for the two wheat flours under study (F1: 1.70 ± 0.01 and F2: 1.72 ± 0.05), but were lower than those evaluated with
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the small-sized bubble inflation device, consistently to the higher thickness of the film used with the Alveolab ® . The brightness of the image increased, as the film thickness decreased; this is well noticeable in Fig. 5.6 showing a sequence of images of the same dough film at different stages of bi-extension. This also explained the differences in contrast between images displayed in Fig. 5.5. The uniformity of the brightness in the images taken at the top of the bubble (4 mm 2 ) in Fig. 5.5 b was in agreement with the fact that the thickness of the gluten was uniform close to the top of the bubble.

The benefits of imaging

Images of hydrated gluten (Fig. 5.5 a, see letters "H" and "P") showed inclusive, large-sized elements of elongated shape, assigned to hairs of brush coming from wheat grains (from about 80 to 320 µm in length and 20-30 µm in diameter) or of round shape, but yellow-orange color assigned to insoluble pentosans. Since gluten extracted from wheat flour is known to contain a low, but significant proportion of remaining starch granules (in the present study 9.4%), isolated starch granules were also visible from place to place in the gluten film (Fig. 5.5 a, "S, A-type"); the outlines of these starch granules were well-contrasted due to light reflection at the rim of the granule. At last, large-sized round and brighter elements (300 µm) were also visible in the images of hydrated gluten films ("Discontinuons LW" in Fig. 5.5 b). Their brightness suggested less material than elsewhere in the film. We hypothesized that a liquid lamella almost continuously lined/covered the gluten film [START_REF] Gan | The microstructure and gas retention of bread dough[END_REF][START_REF] Sroan | Mechanism of gas cell stabilization in bread making. i. the primary gluten-starch matrix[END_REF], but could present some discontinuities from place to place. The roundness of these discontinuities was consistent with the liquid and tensioactive character of this layer. These discontinuities were well outlined in dark; this meant poor transmission of the light, which could be explained by the presence of a meniscus in accordance with the above interpretation of a liquid lamella lining the gluten film. Note in Fig. 5.5 c that as the gluten film further extended, these round holes reduced in size, suggesting either a feeding with water from the extended gluten (Grenier et al., 2021) or a thinning of the liquid lamella with the increase in strain and the subsequent closure of the discontinuities due to the enhanced effect of tensioactive molecules with the decrease in lamella thickness.

The distinction of individual constituents was more tenuous in dough films than in hydrated gluten films (Fig. 5.6 a-d), because of the high(er) proportion of starch granules. This was however possible with the extreme thinning of dough films (Fig. 5.6 e, f) because of better transmission of light, and separation of the elements at some places; this opens the possibility perhaps to link a constituent to the initiation of the rupture to a given constituent rather than another and will constitute our next step of investigation.

Toward the observation of the microstructure of a bi-extended hydrated gluten-starch matrix and hydrated gluten under large strain and extremely low strain-rate In Fig. 5.6 e, a small hole that appeared after bubble rupture was about 100-120 µm in diameter and a narrow border of gluten deprived of starch granules (2 µm-6 µm wide) was observed on the left-hand side of the rim of the hole (black arrows associated with the letter G ). This was possibly due to the fact that the gluten stretched a lot and was deprived of starch granules just before rupturing. Looking at the rim of the hole, it looked like the thickness of the bubble film around the hole was about the thickness of one or two starch granules. This was the order of magnitude of the thickness (37 ± 11 µm) estimated at the end of bubble inflation using the semi-experimental thickness (Fig. 5.6 c to be discussed later on). When moving away from the hole the thickness of the bubble looked much thicker, but it remained hard to evaluate by how much. B-type starch granules (< 10 µm) looked in a greater number than A-type ones (25 µm-32 µm in large diameter) close to the rim of the hole; this could be due to their lower proportion in number in the wheat flour. The hole presented in Fig. 5.6 f was about the same size, 70 µm-110 µm in diameter. No gluten border was observable at the rim of the hole. This hole appeared close to large insoluble pentosans encompassed in the hydrated gluten-starch matrix. This insoluble pentosan could possibly have acted as stress concentrator. A-type starch granules in Fig. 5.6 f looked in a greater number than in Fig. 5.6 e, this is though only a feeling and was impossible to confirm without image processing and statistical analysis. 

Recalculation of strain, and strain rates from image analysis

The distance D used for strain and strain rate calculation (see section 5.2.3.3) was estimated by tracking two particles colored in red in . The averages of strain rate and their associated standard deviation were 5×10 -4 ± 1×10 -4 s -1 (instead of 6 × 10 -4 s -1 ), 2 × Toward the observation of the microstructure of a bi-extended hydrated gluten-starch matrix and hydrated gluten under large strain and extremely low strain-rate 10-3 ± 8 × 10 -4 s -1 (instead of 3 × 10 -3 s -1 ), 2 × 10 -2 ± 5 × 10 -3 s -1 (instead of 3 × 10 -2 s -1 ) and 4 × 10 -2 ± 2 × 10 -3 s -1 (instead of 9 × 10 -2 s -1 ) . The strain rates measured at the top of the bubble were found to be lower, from 24 to 60%, than those estimated according to the guidelines in section 5.2.3.3. The greatest discrepancies were observed when the strain rate was set at 0.09 s -1 . This illustrates how much this is important to continuously measure strain and strain rate in order to well evaluate the stress-strain relationship using a bubble inflation device [START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF]. Fig. 5.7 a presents the evolution of the analytical strain for a constant strain rate theoretically set at 0.09 s -1 , that measured using image analysis developed in section 6.3.2 (blue color) and that estimated using the average strain rate, calculated over the three replicates and over the four images (ASR), in the calculation (dash line) with its minimum and maximum value (std deviation on strain rate). The semi-experimental approach that consisted in substituting experimental data of strain in the analytical expression of thickness [START_REF] Charalambides | Large deformation extensional rheology of bread dough[END_REF] and bubble height made it possible to see how much accurate the measurement of the strain must be. In Fig. 5.7 b and c, it was evidenced how quickly the analytical estimation of the bubble height and dough thickness at the apex deviated from that recalculated using the measurement of the strain by image analysis. Lastly, the analysis of the stress vs Hencky strain (Fig. 5.7 d) confirmed the limits of the analysis at high Hencky strains as highlighted previously in section 5.3.1.1 and by [START_REF] Charalambides | Large deformation extensional rheology of bread dough[END_REF] earlier, but gave confidence in the results presented in sections 5.3.1.2 and 5.3.1.3.

Estimation of rupture strain, stress and film thickness at rupture

For the typical sample chosen among three samples explored semi-experimentally at 0.09 s -1 , the strain, the height , the thickness and the stress at puncture (the last blue colored point in the Fig. 5.6 a, b, c, and d) could be estimated much appropriately than in the figures previously presented in the study. First of all, the Hencky strain at rupture was found of the order of 1.23 ± 0.25 instead of 3.2 if one considers the analytical values. The thickness of the dough film at rupture (37 ± 11 µm) was found to be of the order of that evaluated using the Low-to-Mid Range Magnification Digital Microscope on dried dough films, about 30-60 µm. The stress which was found to be overestimated in section 5.3.3 was recalculated by mapping the distance between two points (ideally at the top of the bubble) (Fig. 5.6 a-d). The stress at 1.23 Hencky strain, i.e. that of rupture was found to be of the order of 50-100 kPa. The values were still found to be slightly greater than those found in the litterature which dealt with stress on larger discs at constant strain rate of 0.1 s -1 (2.67 mm in initial thickness and 55 mm in initial diameter) which were of the order of 45 kPa at 1.2 Hencky strain (Chin and Campbell, 2005). Stress at 1.2 Hencky strain was about 40 kPa also in [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] work (Fig. 5.3). 80 
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Conclusion and perspectives

The present study aimed at presenting an affordable 3D printed and small-sized bubble inflation setup associated with a Low-to-Mid Range Magnification Digital Microscope. Bubble inflation was applied to two flours and gluten deformed at strain rates theoretically ranging from 0.0006 s -1 to 0.09 s -1 and great strain (up to 1-2.5) such as those really undergone by GCWs during the expansion of bread dough. The objective was to get as close as possible to real GCW deformation and to hydro-thermal conditions found around GCWs in bread dough during proving or baking.

In this first validation stage at 20°C, our results confirmed strain hardening in dough and gluten at very low strain rates and greater stress-strain relationship in initially pre-stretched Toward the observation of the microstructure of a bi-extended hydrated gluten-starch matrix and hydrated gluten under large strain and extremely low strain-rate and very thin dough films (< 0.7 mm) compared to thicker dough films used in the previous studies.

It was also shown that it looked possible to quite well estimate stress and bubble thickness at the top of the bubble when strain and strain rate were measured using image analysis at the top of the bubble within a window of a few mm 2 located at the top of the bubble. The association of the small-sized bubble inflation device with a Low-to-Mid Range Magnification Digital Microscope made it possible to measure deformation locally, but also to observe the localisation of dough constituents (protein, starch, water phase, insoluble pentosans, etc.) and to identify those possibly involved in rupture initiation. The hole created after bubble rupture was observable under bi-extension. The size of the small hole created at rupture was found to be of the order about 70 µm-120 µm in diameter. This setup paves the way for the study of fracture and fracture propagation.

The small-sized two-chamber inflation device also provides a tool for preparing thin samples of dough or hydrated gluten under know deformation and homogeneous temperature. The reduction in size of the bubble inflation device makes it also possible the control of the gaseous ambiance around the inflating bubble by using dough tanks that forces the gas composition to be close to that really found in bread dough; this is a significant advance that allows the study of film deformation at low strain rate without significant drying artefacts. The visualization of the liquid lamella lining the gluten film is a proof of the relatively appropriate control of hygrometry. This liquid lamella will constitute the object of future investigations; for instance, it could be envisaged to partly disentangle the effect of gluten network from that of the lining liquid lamella during mechanical testing by varying the nature of tension-actives. The effect of temperature is another track to follow in future investigations. Before that, the development of an autofocus and continuous image analysis of the very top of the bubble using optical flow will improve the estimate of stress-strain relationship and of the thickness at film puncture. Thanks to this improvement and in combination to the control in temperature and gaseous atmosphere, such measurements could then be used to validate mathematical models within the range of baking temperatures. This Chapter is drafted to be published in Archives ouvertes INRAE in parallel to the paper of Chapter 5.

Introduction

In this study the analysis of the experimental biases associated to the small-sized bubble inflation device presented in Chapter 5 was carried out. The first part of the work was devoted to the analysis of gas tightness at 20°C and 70°C and the uniformity in temperature at high temperature (70°C) after stabilization. The gradients in temperature inevitably encountered within the upper and lower chambers and the dough tanks used to set the gaseous conditions close to those undergone in bread dough during baking were investigated. On the one hand, gas tightness of the small-sized two-chamber inflation device is crucial as long as the strain and strain rate are deduced from the advance of the syringe. On the other hand, uniformity in temperature guarantees the constancy of water content in the film sample. A sensitivity of the stress-strain relationship to the time left to the dough film to relax its stress before bubble inflation, as well as to the initial geometry of the dough sample (diameter and thickness of the dough disk) was also conducted in a second part. Both theoretical and experimental approaches have been implemented where relevant. The sensitivity analysis was theoretically performed on the basis of the set of analytical equations available for the calculation of height and radius of the bubble, as well as the thickness, strain and stress at the top of the bubble. These equations developed by [START_REF] Bloksma | A calculation of the shape of the alveograms of some rheological model substances[END_REF] were revised by [START_REF] Charalambides | Large deformation extensional rheology of bread dough[END_REF] and were adapted during this study to be used for constant strain rate. The objective of this sensitivity study was to help in the design of the experimental procedure and the small-sized two-chamber inflation device, but also the interpretation of the stress-strain curves reported in Part II (Chapter 5). Last improvement of the small-sized bubble inflation device during this PhD thesis work consisted in the mastering of constant strain rate at the apex of the bubble during inflation. The objective was to make the estimation of the mechanical behaviour of dough more accurate (see Chapter 5). The advance of the syringe for achieving constant strain rate was described in the Appendix A.

Materials and methods

The same procedure as that presented in Chapter 5 was used. It was though briefly reminded here to avoid too many back and forth between the two studies.

Sample preparation

245 g wheat flour (F1: Type 65, 0.53% ash, 10.58% proteins, from Moulins Soufflet Pantin, France), 144.6 g water, and 4.9 g salt (La Baleine, France) were mixed using the kneader of the Chopin Alveolab ® at 60 rpm for 12.5 min. The initial water content (0.448 ± 0.002 wb) was determined from three dough samples after oven-drying at 104±1°C for at least 24 h, and found to be very close to that in Chapter 5 (0.449 ± 0.0034 wb). The dough was removed from the kneader, stored in a sealed box, and allowed to rest for 15 min at least and 4 hours at most before testing.
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General description of the small-sized two-chamber inflation device

The small-sized bubble inflation device consisted of two similar chambers placed one on top of the other (Fig. 6.1 #1 and #2), separated by a dough film and the whole (chambers and dough film) is surrounded by a double envelope in which thermoregulated water flows (Fig. 6.1 #3). Let us remind that water was even flowing inside the double-glazed windows that were managed at the top and bottom chambers (Fig. 6.1 #1). The chambers were designed the same size (35 mm in height and 30 mm in diameter) in order to limit slight temperature inhomogeneity that would inevitably lead to the evapo-condensation-diffusion mechanism (heat pipe mechanism) and uncontrolled or biased hydration of the dough film. The two chambers were assembled using four wing nuts (Fig. 6.1 #7) and a O-ring silicone flat gasket was placed between the chambers to ensure a tight seal. A holding clamp (Fig. 6.1) consisting of two removable flat rings insured gas tightness between the upper and lower parts of the small-sized bubble inflation device and the holding of the dough film in between.

Gas tightness between the two chambers (orange color in the upper drawing in Fig. 6.1) was insured using grease. A space of 100 µm was managed in both the upper and lower rings in order to only squeeze the piece of dough close to the outer rim of the sample. The shape of the ring was designed in order not to expose sharp angles to the dough that could initiate undesired rupture of the dough bubble at the holding clamp level.

A piece of sample of about 20 g of dough was removed from the sealed box before each bubble inflation experiment. Trials were carried out on dough samples not systematically coming from the same preparation. Three replicates were used for each condition. Thin films of flour dough were then produced by stretching the sample by hands except for the film inflated in the alveograph which was prepared according to the alveolab ® procedure using the dedicated rolling pin. The bi-extended piece of flour dough was then placed in the holding clamp of the small-sized bubble inflation device. The device was then closed and two times left for the sample to relax were investigated before bubble inflation such as presented in Chapter 5. The bubble was then inflated at the two extreme out of four settings of constant strain rates (0.09 s -1 and 0.0006 s -1 ) used in Chapter 5 using the small-sized bubble inflation device.

Verification of temperature uniformity

For the study of the uniformity of temperature, the bubble was not left to relax and not inflated, a hole (< 1 mm in diameter) was managed in the middle of the dough film to ensure gas to communicate chamber to chamber. No gas was injected and chambers remained in contact with the surrounding atmosphere through the small metallic ducts. The temperature was measured during a heating from 20°C to 70°C at a rate of 5°C/min which was then followed by a plateau at 70°C.

Verification of gas tightness

No dough film or dough tanks was used, the device was free of dough. The small-sized bubble inflation device was first stabilized at 20°C or 70°C for 15 minutes and then the two chambers were sealed before increasing the pressure to a maximum of 2 kPa using a syringe. All the injection ports were then closed and both pressure and temperature were recorded. 

Alveolab ®

Bubble inflation was also carried out using the reference protocol AACC 54-30 (Alveolab ® , Chopin technologies, France). The initial thickness of the dough sample used in the Alveolab ® was close to 5 mm. The stress-strain relationship was automatically calculated by the Alveolab ® software [START_REF] Dubat | Mixolab: A New Approach to Rheology[END_REF]. The results were used for the comparison with the results obtained using the small-sized bubble inflation device.

Measurements in the small-sized bubble inflation device

Temperature

When gas tightness was under study, the temperature was measured using four thermocouples (T-type, 0.2 mm in diameter, TC SA, France): T1, T2 and T3, T4 were located in the upper chamber and lower chamber respectively (Fig. 6.2 a). This temperature measurement was necessary in order to take into account the gas pressure change due to possible temperature variations.

For the other studies, such as the study of temperature uniformity, T1 was placed within the dough tanks that was the most exposed to the gaseous environment (Fig. 6.2 c). T4 was placed at the coldest spot of the dough tank, i.e. the spot that was not directly in contact with the regulating bath, at the bottom of the dough tank (Fig. 6.2 c). T2 and T3 were placed at about 2 mm away from the dough film within both the upper and lower chambers (Fig. 6.2 b).

Gas pressure

A calibrated miniaturized pressure transducer of 9.5 mm in length (2BXCQ-093-25A, Kulite, USA), was connected to the metallic duct of the syringe at the lower chamber. The and sensitivity analysis of stress-strain relationship upper chamber was connected to the outer atmosphere except for the study of gas tightness. The pressure P used for stress calculation was that measured in the lower chamber, it was expressed relatively to the atmospheric pressure. That pressure was corrected from temperature variation bias (section 6.2.4.2) when gas tightness of the small-sized two-chamber inflation device was under consideration. 

Data acquisition

A data logger was used (Almemo ® , Ahlborn, Germany) and the acquisition frequencies were 10 Hz or 1 Hz respectively when strain rates of 0.0006 s -1 and 0.09 s -1 were applied. Data were then extracted and processed by applying the equations of the bubble inflation technique presented in the following section 6.2.4. For the study of gas tightness, the data were recorded at the frequency of 1 Hz for 1h30 which was about the maximum time of experiment for the very low strain rate, 0.0006 s -1 . Three runs were carried out for each temperature.

Theory

Advance of the syringe plunger

The calculations of the stress, height of the bubble (h), thickness of the bubble at the top (T ) at non-constant strain rate were previously presented by [START_REF] Bloksma | A calculation of the shape of the alveograms of some rheological model substances[END_REF] and Charalam-bides et al. (2006). The equation were adapted in the presented paper for constant strain rate. The assumptions and the solving of the differential equation of the height of the bubble was detailed and presented in the following. Let's consider the Hencky strain ε H (Eq. 6.1).

ε H = ln(1 + h 2 a 2 ) (6.1)
The strain rate ε (Eq. 6.2) is obtained by time deriving Eq. 6.1.

ε = 1 a 2h dh dt 1 + h 2 a 2 = 2h a 2 dh dt 1 1 + h 2 a 2 (6.2)
By reorganizing Eq. 6.2, it comes the differential equation Eq. 6.3.

2 a 2 h ḣ - ε a 2 h -ε = 0 (6.3)
By making a change of variable in Eq. 6.3 and assuming y = h 2 with ẏ = 2h ḣ, Eq. 6.3 then writes Eq. 6.4 -Eq. 6.6.

2 a 2 ẏ 2 - ε a 2 y -ε = 0 (6.4) 1 a 2 ẏ - ε a 2 y -ε = 0 (6.5) ẏ = εy -a 2 ε (6.6)
Eq. 6.6 is a differential equation of order 2 with a second member. The solution of such an equation is the sum of the solution of two sub-equations: the homogeneous equation i.e. without second member and the affine equation. The solution of the homogenous equation Eq. 6.6 writes Eq. 6.7.

ẏεy = 0 (6.7)

y 1 = Ke εt -a 2 (6.8)
where K is a constant which will be determined later on using the initial conditions. The solution of the affine equation writes Eq. 6.9.

y 2 = -a 2 (6.9) and sensitivity analysis of stress-strain relationship

The solution to Eq. 6.6 is therefore Eq. 6.10. y = Ke εt -a 2 (6.10) Eq. 6.10 then becomes Eq. 6.11 using the initial conditions (at t = 0 we have y = 0 and so

K = a 2 ). y = y 1 + y 2 = a 2 (e εt -1) (6.11)
The solution of Eq. 6.3 then writes Eq. 6.12. y = h 2 => h = a (e εt -1 (6.12)

As already mentioned, the knowledge of the height of the bubble (h) as a function of time for a given strain rate makes it possible to calculate the plunger advance (d(t)). Eq. 6.13 can be deduced using the assumption that temperature and pressure in the small-sized bubble inflation device and the syringe are equal.

d(t) = π 6 a 3 (e εt -1(2 + e εt )/S (6.13)
The advance speed (v) of the plunger of the syringe (Fig. 6.3 ( 1)) used for programming the rotation speed of the stepper motor (3 axis CNC control board, stepper motor, 2-phase 4-wire, Huizhou Bachin Electronic Technology Co., Ltd, China) (Fig. 6.3 (2)) was Eq. 6.14.

v = d(t) t (6.14)
The use of two motor reductions (Fig. 6.3 (3)) made it possible to reach a large span of strain rates. The programming (appendix A) was managed in Arduino language using the software dedicated for programming the Arduino Uno card (Uno, Arduino, Italy) and its associated motorshield interface (Motor Shield, Arduino, Italy) (Fig. 6.3 (4)).

Correction of the measured pressure due to variation in temperature

Under the assumption of constant volume (V ) within the two chambers and no gas leaks, the perfect gas law reduces to Eq. 6.15.

P T

= constant (6.15)

The pressure P ajust i due to the variation in temperature T i is Eq. 6.16. 2002)). T(t) dough film thickness at the top of the bubble at time t, R the bubble radius, h the bubble height, a initial radius of dough disc, P the pressure inside the bubble.

P ajust i = T i T 0 P 0 (6.16)
where P 0 was the absolute initial pressure in the chambers. T i was the average temperature of T1, T2, T3 and T4. The relative pressure due to the variation in temperature is Eq. 6.17.

P T = P ajust i -P 0 (6.17)

The pressure without the effect of temperature variation in the chambers P p is given by Eq. 6.18.

P r = P T -P m (6. 18) where P m is relative pressure measured by the pressure sensor.
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Theoretical sensitivity analysis

A sensitivity study to the initial thickness of the bubble was first managed assuming that the gas pressure was constant and set at 0.65 kPa, a pressure close to the average of the pressure measured over all the duration of a bubble inflation experiment. The strain rate at the top of the bubble was set at 0.09 s -1 . The initial film thickness was varied from 100 µm to 1,500 µm, with a step of 100 µm, directly in the set of equations. The two average values of film thickness measured in the experiments 445 ± 143 µm, 621 ± 122 µm were considered. The radius of the holding clamp was also varied (7.5 and 10 mm).

Then, the uncertainty analysis on the parameters used in the calculations was performed at the light of the uncertainty evaluated on each parameter. The Monte-Carlo method was applied and 500 inputs for each parameter were randomly selected within their uncertainty range. The uncertainties on the experimental parameters used for calculation, i.e. initial bubble radius (7.5 mm) and initial thickness (404 µm), gas pressure (set at 0.65 kPa) and the strain rate (0.09 s -1 ), were estimated at 5%, 30%, 5%, 30% respectively. At each step-time, each outputs were calculated for the random 500 inputs and the mean, the standard deviation and the relative error (standard deviation to mean ratio) were calculated.

Results and discussions

Gas tightness

Fig. 6.4 shows the evolution of the relative pressure adjusted to the temperature variation in the small-sized bubble inflation device (P r ) over time at room temperature (Fig. 6.4 a) and at 70°C (Fig. 6.4 b).

At 20°C, the analysis of the curves showed that the small-sized two-chamber inflation device was gas tight during at least 1.5 hour of experimentation (Fig. 6.4 a). The decrease in pressure was lower than 5x10 -4 kPa/min. This slight leakage was judged not to affect the analysis of stress-strain relationship at 20°C for the strain rates of 0.09 s -1 , 0.03 s -1 and 0.003 s -1 and even at 0.0006 s -1 which has an experimentation duration of about 1h20 (5,400 s).

At 70°C (Fig. 6.4 b), a rise in relative pressure during the first 1,000 seconds (blue rectangle, Fig. 6.4 b) was noticed after the closure of the injection ports. It was followed by a pressure stabilization to a plateau (red line almost horizontal, Fig. 6.4 b). The rise in pressure during the first 1000 s (about 17 minutes) was due to the thermal expansion of the gas injected in the chamber which was initially at room temperature. The variation in temperature of the gas injected at room temperature was not measured by the thermocouples. For the next generation of devices, the syringe should also be thermoregulated. The small-sized bubble inflation device looked to be more gas tight on average at 70°C than at 20°C (See linear fit). This was probably due to the thermal dilation of the small-sized bubble inflation device that increased the squeezing of the O-ring silicone flat gasket. The discrepancies between trials was however higher at 70°C (±1 kPa vs 0.5 kPa). 92 All for 5,000 s (about 1hours 20 minutes). Mean and standard deviation between three runs.
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Uniformity of temperature within the bubble inflation device

Fig. 6.5 presents the temperature evolution at different spots of the small-sized twochamber inflation device close to the dough film and within the dough tanks. During heating and once stabilized at 70°C, a superimposition of temperatures measured by thermocouples T2 and T3 was noticed, which warrants a temperature homogeneity around the dough film better than 0.8°C. The temperatures measured at the core of the dough tanks (T4) was about 10-15°C lower than those close to the dough film (T2 and T3) for the first 1,000 s of heating (Fig. 6.5 a). Then this difference decreased with the progressive establishment of the thermodynamic equilibrium within the small-sized bubble inflation device following the stabilization of temperature at 70°C or about. The difference of temperature between the core of the dough tank (T4) with the temperature close to the dough film was lower than 0.5°C (Fig. 6.5 b). The difference in temperature between the surfaces of the dough film and the dough tank is indeed the most determinant of the vapour migration within the small-sized bubble inflation device and measurements of temperature at the surface of the dough tank could usefully complete this analysis and demonstrate that the difference is even less than the above mentioned value. After 1,000 s of stabilization, the drying of the dough film due to evapo-condensation from hot spots where the vapour pressure was the greatest to the cold spots where it was the lowest was thought to be minimized. It was considered that this remaining difference in temperature was non-significant and did not allow intensive further drying of the dough film. Mechanical testing of the film was started well after this time of stabilization (> 1,700 s).

Sensitivity of the stress to different factors

In the followings, when not specified, the reference values for the radius of the holding clamp, the time left to the film sample to relax and the initial thickness of the film were a = 7.5 mm, τ = 45 min and T (t = 0) = 445 µm.
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Effect of the time initially left for dough to relax

Fig. 6.6 presents the stress at the top of the bubble versus the Hencky strain for the two resting times allowing the sample to relax before bubble inflation within the small-sized bubble inflation device at 0.0006 s -1 and 0.09 s -1 . No significant effect of the resting time was evidenced up to 1.5 Hencky strain at the two extreme settings of strain rates experienced in this work. 45 min of rest is the time commonly used in the literature before mechanical testing of bread dough film [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF][START_REF] Shewry | Measurement of biaxial extensional rheological properties using bubble inflation and the stability of bubble expansion in bread doughs and glutens[END_REF][START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF] and we have retained this value as a reference for comparison to other works, even if 10 min seemed to be sufficient for relaxation.

Effect of the initial thickness of the film

Experimental

Fig. 6.7 shows stress against Hencky strain at 0.09 s -1 for the two initial average thicknesses of the film, 445 µm (blue line) and 621 µm (red line). The greatest initial thickness was 1.4-fold that of the lowest. The greatest the initial thickness of the dough film, the lower the increase in stress with Hencky strain. At 1.5 Hencky strain, stress decreased about 2-fold from 240 kPa to 120 kPa when the initial thickness of the film increased 1.4-fold (from 445 µm to 621 µm). This makes hard to compare stress-strain curves obtained between reports in the literature. According to the analysis elaborated in Chapter 5, the decrease in stress observed on the small-sized bubble inflation device in comparison to that obtained by [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] was possibly explained by the extent of the initial strain. The current result supports the idea according to which the difference in stress could come from the difference in initial thickness. The lower the initial thickness, the greater the initial strain and the greater the ability of the dough for strain hardening. The results coming from the Alveolab ® for an initial 94 Figure 6.6: Experimental stress vs. Henchy strain using the sealed small-sized bubble inflation device; effect of two resting times of dough (τ = 10 min and 45 min) within the sealed small-sized bubble inflation device at strain rates of 0.09 s -1 and 0.0006 s -1 .

film thickness close to 5 mm (solid red line) also showed that the same dough prepared with the same flour could exhibit different stress-strain relationship according to its initial thickness. Note however that the strain rate applied at the top of the bubble was not constant during the Alveolab ® test and not of the same order of magnitude as that applied in this study with the small-sized bubble inflation device.

Analytical

Fig. 6.7 presents the analytical stress vs Hencky strain under Bloksma's assumptions [START_REF] Bloksma | A calculation of the shape of the alveograms of some rheological model substances[END_REF] and the assumption of a constant pressure set at 0.65 kPa throughout the duration of the bubble inflation experiment for an initial film thickness varying from 100 µm (the smallest thickness expectable by hand stretching) to 1.5 mm (the thickness used in the experiments of [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] and [START_REF] Charalambides | Large deformation extensional rheology of bread dough[END_REF]. Consistently with the experimental trends discussed above, these results exhibited the fact that at great Hencky strain, the stress was very sensitive to the initial film thickness, in particular when one tries to work with dough films lower than 300 µm in thickness, i.e. close to the average thickness of gas cell walls at the end of proving. The stress at the top of the bubble for a film of 100 µm in initial thickness was found about 4-fold that calculated for an initial thickness of 445 µm. This difference decreased as the initial film thickness increased with reference to 100 µm. This analysis shows how much it is important to directly measure strain and stress or bubble thickness if one wants not to make too much error on the calculation of stress.

Effect of the radius of the holding clamp

Gas tightness, uniformity in temperature, effect of the time initially left for dough to relax and sensitivity analysis of stress-strain relationship Effect of the initial film thickness varying from 100 µm to 1.5 mm on the analytical stressstrain curve at 0.09 s -1 strain rate, 45 min resting time and a = 7.5 mm ; comparison to experimental stress strain curves obtained with initial film thicknesses (445 ± 143 µm and 621 ± 122 µm) using the small-sized bubble inflation device at 0.09 s -1 . The stress-strain curve obtained with the Alveolab ® using a dough film of 5 mm thick initially and non-constant strain rate.

Experimental

Fig. 6.8 a shows the stress vs strain for the two initial radii of the holding clamp of 7.5 and 10 mm at the two settings of constant strain rates at the top of the bubble of 0.09 s -1 and 0.0006 s -1 . The effect of the initial radius on the mechanical behaviour of the dough film was low at extremely low strain rate of 0.0006 s -1 ; the curve at the greatest radius (10 mm) was 1.2-fold that at the smallest radius at Hencky strain of 1.5. The effect increased with the increasing strain rate at 0.09 s -1 , the stress was about 1.5-fold using the holding clamp of the smallest radius (7.5 mm) compared to the greatest radius (10 mm). The greater the setting of the strain rate, the greater the effect of the initial radii of the dough film on the stress. We think that this might be due to the fact that for small strain rate (0.0006 s -1 ) the pressure within the bubble was so small that the effect of the initial radius had no effect on the stress at the top of the bubble, the stress had time to relax.

Analytical

Fig. 6.8 b presents the analytical stress vs Hencky strain for an initial thickness of 445 µm and the two radii of the receiving clamp (7.5 and 10 mm) for two settings of constant strain rates at the top of the bubble of 0.09 s -1 and 0.0006 s -1 . The stress for a radius of 10 mm was found to be 1.3-fold that when using a holding clamp of 7.5 mm in radius at 1.5 Hencky strain. This result was in agreement with the experimental data at low strain rate (0.0006 s -1 ). However, it was the opposite of what was experimentally observed at 0.09 s -1 with a variable pressure (Fig. 6.8 a). This observation would probably be due to the constant
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pressure assumption we considered in the case of analytical estimation of the stress while the real pressure measured was greater when using the small diameter holding clamp than when using the largest diameter at great strain rate (0.09 s -1 ). These results once again support the point that the knowledge of the experimental parameters such as pressure, bubble height and especially the initial thickness is crucial for a good estimation of the stress at the top of the bubble. 

Sensitivity study to the uncertainty on all the entry parameters of analytical equations

Fig. 6.9 a presents the mean analytical height and radius of the bubble (black lines), calculated over the 500 combinations of input parameters at each time step. The associated uncertainty is presented in dash red lines. The bubble height first decreased from the infinite (the radius of the initial flat dough film) to the value of 7.5 mm when the bubble turned from an "open" to a "closed" spherical cap where the radius, the height of the bubble and the radius of the holding clamp were all equal. From that point on, the radius increased. In the meantime, the height first quickly increased to the value of 3 mm due to the constant strain rate condition imposed at the top of the bubble. Then it linearly increased up to 14 mm at 1.5 Hencky strain. The impact of the uncertainties on the bubble height was of the order of 2.5 mm for a mean height of 14 mm. The relative error (Fig. 6.10 black and blue lines) reached about 18% and the relative error on the bubble radius reached about 10%. Fig. 6.9 b presents the analytical thickness at the top of the bubble against time. It decreased from 404 µm to about 30 µm at 1.5 Hencky strain where the divergence with the hypothesis of non-uniformity of the bubble thickness started to be very significant. The associated relative error was found to be of the order of 52% at 1.5 Hencky strain (Fig. 6.10 red Gas tightness, uniformity in temperature, effect of the time initially left for dough to relax and sensitivity analysis of stress-strain relationship line). Such an error was quite significant and revealed the importance of being accurate on the input parameters if one still wants to estimate the thickness of the bubble in the domain were the equation are supposed to remain valid (< 1.5 Hencky strain). Fig. 6.9 c presents the analytical stress at the top of the bubble against time. Let's first remind that the applied pressure was uniform throughout all this analytical bubble inflation, even at the beginning of the inflation. This explains why the stress was not null at the beginning of the inflation. It then increased exponentially. The relative error reached a value of about 60% at 1.5 Hencky strain (Fig. 6.10 black line, dots), showing again how the calculation of the stress amplifies the errors on the input parameters. Fig. 6.9 d presents the analytical strain at the top of the bubble against time. It was directly impacted by the uncertainty on strain rate which could have a real value different from that set. The relative error was constant and of the order of 18% (Fig. 6.10 green line).

As a conclusion from that analysis, one should remind that the use of the small-sized twochamber inflation device such as that developed up to now does not allow accurate estimate of the strain and stress at the top of the bubble even when the Hencky strain remains lower than 1.5. This is even truer for greater Hencky strain. .10: Relative error on analytical outputs issued from the calculation under Bloksma's assumption with the assumption of uncertainties of 5% on the initial bubble radius, 30% on the initial thickness of the dough film, 30% on the strain rate at the top and 5% on the pressure measurement.

Conclusion

No dramatic gas leak was observed at 20°C and 70°C and one might stay confident about the reliability of the results though some improvements in the tightness from a run to another could be done for the next generation of device.

Remember that any cold spot inside the small-sized two-chamber inflation device will condense the water vapor within the device and bring a progressive dehydration of the sample. It is though difficult to check with precision the water content of the dough film after mechanical testing because of its extreme thinness; this is true at room temperature and even more at 70°C. The gradient in temperature was reduced as much as possible to 0.8°C once the temperature has stabilized to 70°C within the small-sized two-chamber inflation device. This give quite good confidence on the ability of the small-sized two-chamber inflation device to minimize further dehydration of the dough film during mechanical testing.

The small-sized bubble inflation device remains a delicate tool to handle when one wants to estimate the stress-strain relationship. The equations used for the calculation of the stress are based on assumptions that quickly (Hencky strain > 1.5) become not accurate enough to allow precise identification of the stress. Moreover, the structure of the equations used in the calculation highly amplifies the slightest error on each input parameter and this does not make it possible to guarantee the exactitude of the stress-strain relationship even when the Hencky strain remains lower than 1.5. This is why the parameters at rupture where the Hencky strain is of the order of 2 to 3, were not discussed in Chapter 5. We estimate that it was nonsense unless efforts are made to more accurately determined the strain at least. This is also, probably why most of the rheologists do not use the bubble inflation device for the precise characterization of dough in spite of all the other qualities such an approach brings. It clearly appears that the measurement of the strain and strain-rate at the top of the bubble by image analysis is one of the first following steps in the future developments of the small-sized bubble inflation device. 

W

e propose in this chapter to summarize the investigations at elevated temperatures (50°C and 70°C) and some image analysis on the dough film at 20°C and 70°C.

Starch granule and rupture holes size and shape were analysed and discussed.

Introduction

Compared to ambient, there are few rheological characterization of the dough at baking temperatures (Dreese et al., 1988;[START_REF] Vanin | Biaxial extensional viscosity in wheat flour dough during baking[END_REF][START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF]. All these studies considered the tested medium as homogeneous and are not representative of the thin wall of gas cells before rupture, which constitutes a heterogeneous medium. Likewise, quite a few works have been dealing with the characterization of the biaxial properties of dough within an inflating device at temperatures relevant to bread baking. The only work to date at 20°C, 40°C, 50°C and 60°C is that of [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] (Part I, Chapter 4, section 4.3). As both the temperature levels and the exposure of the film to a gaseous (dry) environment promote water evaporation, it is crucial to also control the gaseous composition of the film's environment, in particular that of water vapor, and this constitutes another originality of the bubble inflation device that was developed during this PhD work.

Measurements with the small-sized bubble inflation device have been performed at baking temperatures several times during the thesis, in particular I carried out a complete experimental plan before controlling the strain rate (to make it constant) and afterwards, at the very end of the thesis, with the assistance of an engineer of the IRMFOOD team. These latter results obtained at 20°C, 50°C and 70°C are summarized. This chapter deals with the very first experiments and analysis performed in these conditions. Time to take a step back will probably be necessary before according a high degree of confidence to all the drawn conclusions, but this is a first step that does not aim to be published as is. Again, the stress and strain at rupture will not be discussed in this section given the high level of uncertainty on strain and stress estimated at Hencky strain higher than 1.5 without image analysis. Only the stress-strain relationship up to 1.5 Hencky strain will be studied in order to identify whether the tendencies in the mechanical behaviour of the dough explored in the literature could be reproduced and to see what the exploration of the low strain-rate could bring in the discussion.

The mechanical behaviour of dough and gluten films was investigated at the two extreme strain rates of 0.0006 s -1 and 0.09 s -1 , representative of the lower and upper boundaries studied in Part II (Chapter 5). The microstructure of the dough films as accessed by the Low-to-Mid Range Magnification Digital Microscope before and after mechanical testing (and rupture) were also presented and discussed.

Despite their exploratory character, these results demonstrate the potential of the approach, in particular the added value of the macroscopic observations in combination to mechanical tests.

Materials and methods

Sample preparation

Unyeasted dough and gluten were prepared using exactly the same procedure as those described in Chapter 5. Only flour F2 and gluten G were used. In addition, some images of comparable bread crumbs made from another flour but with a similar hydration were discussed.

Experimental procedures

The procedure to prepare dough and gluten films was the same as that presented in Chapter 5 until the temperature increased. After the resting time of 45 min, the film was heated to the desired temperature (50°C, 70°C) at a rate of about 6°C/min. This rate was slightly higher than that classically measured at the core of bread dough during baking (about 3°C/min) but lower than that in the crust (> 15°C/min). During the heating, the pressure within the small-sized bubble inflation device remained that of the atmospheric thanks to the two small metallic ducts of 0.3 mm (inner diameter) that were left open. After reaching the desired temperature, the film was left free of deformation for 15 min. The injection device was then connected to the lower duct just before inflation. The bubble was then inflated at two strain rates. A maximum of 3 runs were carried out with the same dough preparation (3 hours maximum after mixing) and at least 3 replicates were taken into account for the analysis.

Strain-rates

The two extreme settings of constant strain rates of 0.0006 s -1 and 0.09 s -1 experienced at 20°C were applied. For the observation of the structure of the hole left after rupture only the results obtained at the strain rate of 0.09 s -1 were considered.

Temperature

The measurement of the temperature was managed the same way as in Chapter 5.

Thickness of the dough films

The dried dough films were initially 235 ± 65 µm on average. Dough film preparation and thickness estimation remain the same as we previously described in Chapter 5.

Macroscopy and lightening settings

Top view images from the whole section surface of the film were taken using the smallest magnification just before bubble inflation, i.e. during the 15 min left for temperature stabilization within the small-sized two-chamber inflation device. Then the magnification was increased to × 4-6 so to observe the top of the bubble within the area were the rupture was most likely to occur and reach a pixel size of 0.6 × 0.6 µm. A video was then recorded throughout the inflation until the rupture occurred. The focus was manually adjusted during the deformation

Results and discussions

of the film. Typical images of holes created at rupture of the dough films were then either extracted from the videos or taken at different magnifications after bubble rupture.

Theory

All the calculations were the same as those previously described in Chapter 5.

Image analysis

The evolution of the brightness in the images during the heating (without deformation) was evaluated thanks to the analysis of the grayscale using the histogram function available in Image J software (Image J, National Institutes of Health, USA).

Results and discussions

Stress-strain relationship at 20°C, 50°C and 70°C

Fig. 7.1 presents stress vs. Hencky strain curves for dough and gluten at temperature 20°C, 50°C and 70°C for strain rate 0.0006 s -1 and 0.09 s -1 .

At low strain rate (0.0006 s -1 ) (Fig. 7.1 a and c), the effect of temperature on the stress was not significant between 20°C and 50°C for dough even at 1.5 Hencky strain (Fig. 7.1 a). The trends were very similar. At 70°C, the stress reached at 1.5 Hencky strain was though 2-fold that measured at 20°C and 50°C. Considering now the gluten, a decrease in stress was observed between 20°C and 50°C where the stress at 1.5 Hencky strain was about 2-fold (at 20°C) that found at 50°C (Fig. 7.1 c). At 70°C the stress at 1.5 Hencky strain retrieved the stress measured at 20°C. Those tendencies were significantly enhanced at strain rate of 0.09 s -1 (Fig. 7.1 b and d) for both gluten and dough. The stress at the top of the bubble decreased between 20°C and 50°C and highly increased at 70°C where it reached 4.6-fold that observed at 20°C at 1.5 Hencky strain. The same trends in stress-strain relationship as those identified at 0.0006 s -1 were observed for gluten and, again, the stress at 20°C and 70°C were similar contrary to what was observed for dough. These observations are in agreement with the results of Dreese et al. (1988) who performed dynamic tests on gluten and blends of gluten and starch up to 90°C. In the study of Dreese et al. (1988), the dynamic elastic modulus decreased up to 55°C and then remained constant up to 90°C for the gluten. The authors took the best precautions to remove all the starch in the gluten. The slight increase observed in stress-strain relationship between 50°C and 70°C could be explained by the proportion of starch which still remains within the gluten that we used in our study (about 8%). The gluten did not appear to strengthen between 20°C and 70°C, contrary to the current belief in the cereal community. The formation of bonds between chains is time-and temperature-dependent; hence further investigation at greater temperatures would be necessary to evaluate the extent of the gluten strengthening during the baking process.

In view of these results, the evolution of the mechanical behaviour of the dough up to 70°C looked to be largely driven by the presence of starch granules at high strain rates and in a lower extent at strain rates relevant to proving and baking where the difference of the stress at 1.5 Hencky-strain decrease from 4.6-fold to 2-fold. At low strain rates, the roles played by the hydrated starch and the hydrated gluten at 70°C tend to equilibrate with though still a dominant effect of the starch on the strengthening at Hencky strains greater than 1.3. The collapse in stress at Hencky strain as low as those observed at 60°C by [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] on unyeasted bread dough (0.55-0.58 wb) made from strong flours was not found in the present study at 70°C. This could be explained by a possible dehydration of the film in [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] experiment which was minimized in the present study thanks to the dough tank. Unidentified gas leakage at high temperature in the small-sized bubble inflation device could also explain the discrepancy and should be first checked. Even though the results looked to be quite coherent with some previously reported in the literature, we think that the degree of belief on such results is quite low before some other tests are performed on gas tightness of the small-sized two-chamber device at 70°C. Such gas leakage were not identified up to now (Chapter 6) but further investigation is on-going to check if some leakage has not appeared since the first tests of gas tightness performed in Chapter 6. Again, developing the image analysis of the strain and strain rate during bubble inflation will allow us to get rid of such possible bias.

Observation of the dough films

For the same reasons as in the analysis of results obtained at 20°C in Chapter 5, yield strain and stress at high temperatures were not further discussed. Nevertheless, observations made possible by the transparency of the top and bottom faces of the small-sized bubble inflation device and the positioning of the Low-to-Mid Range Magnification Digital Microscope above the small-sized bubble inflation device are presented and discussed below.

About the shape and size of gas cells and starch granules at 70°C before deformation

Fig. 7.2 shows typical images of dough films taken during the 15 min duration managed before deformation allowing the dough film and the dough tank to fully equilibrate in temperature. They were obtained using all the range of magnifications (from × 0.75 to 6) of the Low-to-Mid Range Magnification Digital Microscope. In the images of the overall dough film (Fig. 7.2 a and d), the miscellaneous constituents of the dough can be seen. The brown spots are the insoluble elements of the dough, the gray area, much more easily seen in Fig. 7.2 b, are the small gas cells imprisoned within the thickness of the dough film. The bright areas are those where the thickness of the film was the thinnest. By comparing the two images, at 20°C and 70°C (Fig. 7.2 a and b) it is possible to see how much visibility of the small gas cells present within the 235 +/-65 µm thick film was increased at 70°C in comparison to that at 20°C. The shape of the insoluble parts of the dough was much more easily seen as well. The light emitted by the lightning source beneath the small-sized bubble inflation device looked to get through the hydrated gluten-starch matrix more easily at 70°C than at 20°C. It was though stopped by the small gas cells or the insoluble parts of the dough and the contrast between the small gas cells and the hydrated gluten-starch matrix was increased. Some hypotheses to explain the ability of the light to pass more easiliy through the dough film at 70°C than at 20°C will be discussed in the next paragraph. From the images presenting the overall surface it was impossible to assess whether these small gas cells increased in size with the increase in temperature.

Fig. 7.2 c is a zoom on some of the small gas cells observable within the thickness of the dough film. In this image, gas cells were quite spherical (Fig. 7.2 c). Their diameter varied from tens of micrometers to 100-150 µm. Sphericity is though not absolutely representative of all the shape of the small gas cells which were various in size and shape. The shape was sometimes much more bean-like or elongated than spherical when large apparent diameters were observed (Fig. 7.2 b). Their size could even reach about 500 µm (Fig. 7.3).

The presence of A-type starch granules and to a lesser extent B-type granules can be quite easily identified (Fig. 7.2 d and e). A quick measurement analysis performed on three of the largest granules in Fig. 7.2 e suggests that A-type starch granules remained almost unchanged in shape up to 70°C. Their larger diameter was estimated at 28 µm-37 µm and was about 1.1 to 1.2-fold those observed at 20°C (Chapter 5, 25 µm-32 µm) (Fig. 7.2 e). [START_REF] Schirmer | In situ monitoring of starch gelatinization with limited water content using confocal laser scanning microscopy[END_REF] observed an increase in diameter range between 1.36 and 1.57 at the same temperature using confocal microscopy observations. The starch granules suspension change in size and shape as the function of the temperature has been studied by [START_REF] Woodruff | A photomicrographic study of gelatinized wheat starch[END_REF] using a microscope (× 300-360). The starch granules were found to remain unchanged up through a temperature of 50°C, but at 55°C a slight swelling and a disappearance of the dark cross which marks birefringence had become evident in the largest granules. These changes were gradual up to the point of disappearance of birefringence which was 60°C for hard, and 65°C for soft wheat starch. In addition, at 65°C, the starch granules became very swollen, and a few were assuming a characteristic kidney shape which seemed to be due to a swelling of the granule around a constriction reaching to the center. The kidney shape of starch became more pronounced as the temperature rose, and at 93°the outer edges became beaded with what appeared to be perforations. As we previously mentioned, these observations were found in excess of water and at high microscopic magnification (× 300-360) that were not reachable by the Low-to-Mid Range Magnification Digital Microscope we used in this thesis. Further development in image and statistical analysis is though required to gain in accuracy of the measurements of the size of the elements composing the dough film and gain confidence in the results. This evolution in starch size is still not so easy to observe with the Low-to-Mid Range Magnification Digital Microscope. Though the spatial-resolution (Pixel size of 0.6 × 0.6 µm) of the images remains compatible with such an analysis starch granules remain hard to delineate. The use of dye or markers (for starch or gluten) would possibly allow to better distinguish the two main elements of the film and thus to better follow the possible swelling of the starch granules during heating, but also the localization of other flour ingredients. As far as starch is concerned, the upper limit encountered by [START_REF] Schirmer | In situ monitoring of starch gelatinization with limited water content using confocal laser scanning microscopy[END_REF] in monitoring the swelling of granules upon heating (80°C) may be overpass in these conditions and offer a unique opportunity to verify re-distribution of water between starch and gluten at high temperatures (> 80°C).

About the brightness of the images

Fig. 7.3 presents images of dough film during the heating from 20 to 70°C at the same intensity of the light located beneath the small-sized bubble inflation device, without any deformation. The images show that the dough film was more translucent as the temperature increased, i.e. the brightness of the images increased. The increase in translucency was supposed to be similar to that of grayscale which is shown in Fig. 7.4. A narrowing of the distribution was also observed. The fact that the images looked translucent with the increase in temperature could possibly due to: • the progressive hydration of the granules with the increase in temperature that led to better light transmission through the granule and, as a consequence, throughout the whole dough film. [START_REF] Błaszczak | Light microscopy as a tool to evaluate the functionality of starch in food[END_REF] reported the same features heat-induced in starch suspensions (in excess of water, 0.8 g of starch/10 ml of water) and related them to the swelling mechanism, without any form of demonstration. Our findings would confirm this feature even at the low levels of water ingress in the starch granule reported in the previous section. Although their analysis is done on the potato starch granules, they could be extrapolated on the starch granules.

• the loss of birefringence of the starch from 55°C to 62°C [START_REF] Eliasson | Cereals in breadmaking: a molecular colloidal approach[END_REF]. The light might be less dispersed through the thickness of the dough film when not constrained by the crystallinity of starch components and the random orientation of starch granules. When the starch loses its integrity, it loses its birefringence and the light can go straight through the dough film. These observations were in agreement with the finding of [START_REF] Woodruff | A photomicrographic study of gelatinized wheat starch[END_REF] who have pointed out the relation between disappearance of birefringence and gelatinization temperatures of different starches suspensions. However, [START_REF] Woodruff | A photomicrographic study of gelatinized wheat starch[END_REF] showed that the temperature at which birefringence disappeared depended on the quantity of water available for the granules and the observations could be different in the case of low water content as found in bread dough. Dough film translucency becomes more accentuated for temperatures above 55°C, i.e. in the vicinity of the temperatures at which the starch begins to gelatinize (Fig. 7.3), this does not explain the linear increase from 20°C (Fig. dough film. Most of the time, the rupture occurred where the dough film contained only one gas cell in its thickness (Fig. 7.5, a and e (A) and b, c, f (B) and g). Such a pattern in the shape of the holes was not evidenced at 20°C. The larger diameter of the hole 85 µm-300 µm was found of the same order of magnitude than those observed at 20°C (Fig. 7.5 e) which were about 70 µm-120 µm in diameter. Sometimes there were two to three gas cells in the thickness, one above the other. Dough film rupture was considered to take place in two steps. The first (partial) rupture of the dough film took place at the level of the small gas cell wall, located on one face of the dough film (Fig. 7.5, a (A)), where its thickness was reduced to that of one or two starch granules (Fig. 7.6). Fig. 7.6 presents images of details of upper holes created at the top of the small gas cell embedded within the dough films. On these images one can see the scale at which the modeling of the extension of dough film (Chapter 8, Part III) occurred and have an idea on the starch granule fraction we considered. Starch granules were observed at the edges of the holes where the rupture occurred (Fig. 7.6). The first GCW rupture at one face of the small gas cell led to subsequent stress concentration in the opposite GCW of the small gas cell that also ruptures (Fig. 7.5, g (A)). Fig. 7.7 presents images of holes in bread crumb prepared using similar hydration. There are preliminary images taken in bread crumb and further work is required to better analyze the amount of small gas cells present into the dough as well as all the shape and size of the holes that can be found in bread crumb in relation to its composition. However some pattern can still be addressed from these preliminary trials. The small gas cells encompassed within the much larger film of dough separating gas cells (Fig. 7.7 a) were retrieved with the seldom presence of holes such as those created after bubble rupture at 70°C on the small-size bubble inflation device. There were though quite scarcely encountered and most of the holes were larger in size with much more round shapes (Fig. 7.7 b and d) than those observed at 70°C. This was mostly explained by the fact that the opening of gas cell in bread dough occurred well before 70°C and had sufficiently time to enlarge. Some of the holes found in bread crumb were comparable in size (Fig. 7.7 c and d) with holes from about 80 µm to some hundred of micrometers. 

Conclusion 7.4.1 About the experiment at elevated temperatures

The experimental investigations on gluten and dough showed a temperature dependency of both gluten and dough mechanical behaviour (stress-strain) which was in agreement with some works from the literature (Dreese et al., 1988). It was generally found that, the stressstrain relationship decreases until a certain temperature (50°C) and then starts to increase when increasing temperature for gluten and dough. The stress at low temperature was found to be the same as that observed at high temperatures for gluten. These results mean that dough mechanical behaviour at high temperature (over the onset temperature of starch gelatinisation) was mostly determined by the mechanical behaviour of starch granules. Previous studies have often claimed that gluten is the only element that controlled the mechanical behaviour of the dough film during baking. These results shed light on the fact that the gluten drives the mechanical behaviour of GCW up to a threshold temperature (< gelatinization temperature), beyond this temperature, the behaviour of the film is essentially determined by the behaviour of the starch. This would merit the study of more temperature levels (only three in the present study). Future investigation will also include mechanical solicitation in the dynamics of heating, consistently with the line of approaching the real conditions of baking and getting rid of the bias highlighted by [START_REF] Bloksma | Rheology of dough at temperatures between 30-degrees c and 75-degrees c[END_REF]. These results would be a starting point for the development of bread recipes with lower amount of gluten.

However some disagreement with the most relevant work performed by [START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] makes us think that there was a problem in gas tightness of the small-sized bubble inflation device in this set of experiments. One must stay very cautious on the present results. There is also still a doubt on the real strain and strain rate applied at the top of the bubble. When a rupture occurs at 70°C, it most likely occurs where the dough film is the thinnest i.e. where some small gas cells were still encompassed within a dough film separating much larger gas cells. Starch granules were observed at the edges of the holes where the rupture occurred. Such a result is irrelevant if one considers the opening of gas cells during baking at atmospheric pressure because the opening of the gas cell happens well before 70°C. It is though important to consider if one tries to use vacuum baking to late open the dough structure during late baking. Likewise, future investigation will aim at refining the levels of temperature under study. It seems however that the presence of a high content of small gas cells within the wall thickness might render the late opening of gas cell wall much likely whatever the configuration. The first level of image analysis showed that some unique information can be gathered, namely the shape and size of the starch granules upon swelling in conditions of moderate water contents and the rupture holes. Further investigations are needed in dynamic by for example video recording of dough film during baking.

Introduction

The aim of the modelling was to understand GCW rupture at the scale of the major constituents of wheat dough, namely gluten and starch, and the single starch granule case was chosen. We believe that the results with the single starch granule case can be extended to the multi-granule case. This choice was also made in order to reduce the solver computation time and initiate the model development with a reduced, still high number of difficulties. For the same reasons, we decided to consider the 2D geometry. This choice was also made following a preliminary comparison between 2D and 3D results.

Part of the time was also spent on the choice of the appropriate model to describe the mechanical behavior of major dough constituents and their interaction. The first two approaches consisted in considering the gluten and the starch either as purely viscous (elastic behavior almost non-existent at the strain rates involved in baking, i.e. low strain rates 0.0001 s -1 ) or as purely elastic. The first approach, which considers a liquid that stiffens during baking, proved to be difficult to use to characterize the different interaction behaviors between the starch granule and gluten (need to use three domains, gluten-interface-granule). The elastic approach, which does not reflect the very pronounced viscous behavior of the dough, presented on the other hand the possibility to model the granule-gluten interactions by using an elastic thin layer condition. Therefore, the elastic thin film concept was tested using a third viscoelastic approach based on viscoelasticity of gluten and starch granules and that better accounts for the genuine mechanical behavior of wheat dough. The linear viscoelastic approach is theoretically valid for small Hencky strain (< 0.03) and was initially considered. However, this approach does not predict the behavior of the dough film at large strain (Hencky strain > 0.7) as encountered at the end of proving and during baking. A fourth approach based on hyperelasticity that allows taking into account the nonlinear terms of the strain (Hencky strain > 0.1) has been considered. The energetic approach allows covering the large strain. Gluten and starch were considered as gel-like and were modeled with the generalized 1-element Maxwell hyperplastic model. This last approach allowed us to reach large strains (up to 2.5 Hencky strain). The visco-hyperelastic model was considered for analyzing the stress field within GCW.

Apart from the choice of the model, we also had to solve problems related to the convergence of the model such as the meshing, the choice of parameters that we will not present in this document. configurations; a first configuration where the starch granule was rather stiffer than the gluten, a configuration representative of the proving stage and the beginning of baking, and the opposite configuration which is rather expected at advanced stages of baking in light of our literature analysis. The two configurations of gluten and starch moduli were as much as possible supported by literature data, but are still disputable. Time-independent elasticity was considered to be negligible in a first approach. Likewise, we considered two extreme configurations for interaction between gluten and starch granule (none and high interaction). In this context, our ambition was to establish the big picture and to roughly estimate the differences in stress behavior, if there exist and if so, in what order of magnitude. The methodology and the results of this study are further presented in Chapter 8.

The aim of Chapter 9 (Part III) was to estimate the Maxwell model parameters for wheat dough using the step response at large strain and then simulate the stress-strain relationship and compare these simulations to the data sets obtained with the small-sized bubble inflation device (Chapter 5 Part III). The assumption of time-independent elasticity was reconsidered. The goal of this comparison was twofold: to be able to evaluate a possible contribution of working at extremely low strain rates, and to gain perspective on the choices of mathematical models for describing the unidirectional extension of GCW (Chapter 8, Part III). The effect of a time-independent elasticity term on the fitting quality of the stress-strain curve by the model was also tested over the wide range of strain rates tested in Part II (Chapter 5).

Chapter 8 is based on a paper published in Journal of Food Engineering [START_REF] Dedey | Mathematical modelling of uniaxial extension of a heterogeneous gas cell wall in bread dough: stress fields and stress concentration analysis relating to the proving and baking steps[END_REF]. Chapter 9 is drafted to be published in Journal of Food Engineering as a research note after complementary simulations and experiments.

Chapter 8

Mathematical modelling of uniaxial extension of a heterogeneous GCW in bread dough : stress fields and stress concentration analysis relating to the proving and baking steps § ¦ ¤ ¥ T he extensional behavior of dough Gas Cell Wall (GCW) was assessed using finiteelement method. The goal was to understand GCW rupture at the scale of bread dough constituents. The mechanical behavior of GCW was described with the 1element generalized Maxwell visco-hyperelastic model that is known to cover large strain as found in GCW during baking. Stress fields in an extending GCW composed of a single starch granule and gluten were mapped. Locations of rupture initiation in GCWs at strain and strain rates relevant to bread baking were identified. The effects of gluten-starch proportion and gluten-starch interactions on stress concentration were discussed. The key result of this chapter is that, gluten-starch proportion influenced average stress when the proportion was greater than 11%.

This chapter is based on a paper published in Journal of Food Engineering [START_REF] Dedey | Mathematical modelling of uniaxial extension of a heterogeneous gas cell wall in bread dough: stress fields and stress concentration analysis relating to the proving and baking steps[END_REF].

Introduction

Bread dough can be viewed as a dispersion of gas cells in a continuous hydrated gluten-starch matrix [START_REF] Gan | The microstructure and gas retention of bread dough[END_REF]. The crumb structure of baked breads (specific volume, gas fraction and texture) mostly depends on dough preparation before baking i.e. mixing and proving (Dobraszczyk, 2017;[START_REF] Eliasson | Cereals in breadmaking: a molecular colloidal approach[END_REF] but also, to a great extent, on the way the walls that separate the gas cells (GCWs) rupture during baking (Dobraszczyk, 2017;Hayman et al., 1998). When early GCW rupture occurs i.e. below both gelatinization and protein coagulation temperatures, the crumb collapses and large cells form within it. When the opposite occurs, and only a few or none of the GCWs rupture during baking, there is shrinkage at the cooling stage that follows due to the decrease in pressure in the cells that have remained closed [START_REF] Kusunose | Role of starch granules in controlling expansion of dough during baking[END_REF]. At the end of fermentation and during baking, some of the thinnest GCWs are reduced to approximately the size of starch granules (Bloksma, 1990;Sandstedt, 1954). These are the GCWs most likely to rupture. When such a size is reached, gluten and starch granules must be considered as interacting phases to account for their structural heterogeneities. The individual mechanical properties of phases and the interactions between them are crucial to any proper description of stress concentrations and of the areas where rupture is most likely to be initiated within GCWs.

The mechanical properties of composite materials such as GCWs in bread dough result from the collective mechanical properties of the separate constituents present in dough and from the interactions between them. In bread dough the chief constituents are starch, gluten and water. Numerous studies have been devoted to the characterization of the individual mechanical properties of gluten (Dreese et al., 1988;[START_REF] Faubion | Dynamic Rheological Testing of Wheat Flour Doughs[END_REF][START_REF] Janssen | Rheological behaviour of wheat glutens at small and large deformations. Comparison of two glutens differing in bread making potential[END_REF]Kokelaar et al., 1996;Ng, 2007;[START_REF] Wesołowska-Trojanowska | Rheological properties of gluten obtained from polish wheat cultivars[END_REF] and of starch granules [START_REF] Chiotelli | Effect of small and large wheat starch granules on thermomechanical behavior of starch[END_REF][START_REF] Herrera | Rheology of starch nanoparticles as influenced by particle size, concentration and temperature[END_REF]. Studies have been performed at temperatures higher than 25 • C on dough or gluten but these are generally carried out using dynamic tests (Dreese et al., 1988). The applied strain and strain rates (>10 -2 s -1 ) in these studies were greater than those that occur during GCW extension in the course of baking, where strain rates are of the order of 10 -3 s -1 (Lucas et al., 2020). The conditions for most methods are such that the link between rheology and baking performance is not a straightforward one (Dobraszczyk, 2017). During baking, half of the initial extensibility of the gluten is lost at about 65 • C and a proportion of the other half by the end of baking (90 • C) (Attenburrow et al., 1990;Grenier et al., 2021). In the case of starch alone, studies at temperatures above 25 • C have been carried out in excess water (Carrington et al., 1998;Desse et al., 2010;Fisher et al., 1997). At 25 • C starch granules are non-deformable at pressures of the order of magnitude found in bread baking. When heated at 65 • C in excess water, starch granules soften and become easily deformable (strain >1.4) under shearing and compression. The behaviour of starch is strongly dependent on water content and the mechanical properties identified in excess water have little or no application to starch at water contents relevant to bread dough during baking. To the best of our knowledge, no work exists that addresses the mechanical properties of starch and gluten separately in controlled hydrothermal conditions relevant to those affecting GCWs during bread dough baking. For this reason, it is hard to obtain the mechanical parameters relevant to the full temperature range encountered during bread dough baking (25-140 • C). Only the orders of magnitude of these mechanical properties can be captured. Mohammed et al. (2013) identified values for starch and gluten using Young's moduli of 90 kPa and 10 kPa respectively (with relaxation times of 100 s for starch and 10 s for gluten) for bread dough at room temperature and demonstrated that there was close agreement between numerical simulations and the experimental data. This makes it possible to rely on the orders of magnitude of the moduli selected for the present study.

Various constitutive models have been used to describe the mechanical behaviour of dough constituents and compute the stress involved. One mechanical model suited to both gluten and starch during bread dough baking is the "gel" model proposed by [START_REF] Gabriele | A weak gel model for foods[END_REF] and applied by Ng et al. (2006), although others have considered starch to be visco-plastic (Mohammed et al., 2013). A "gel" turns from liquid to solid and makes it possible to mimic phase transitions such as the starch gelatinization and protein denaturation that occur during dough baking. This "gel" material can be modelled using time-dependent models such as the Lodge or Maxwell models using either infinitesimal or finite strain.

Views differ on the interactions between starch and gluten. Gluten and starch are known to be chemically incompatible materials and should therefore have limited interactions and should slide along each other [START_REF] Eliasson | Cereals in breadmaking: a molecular colloidal approach[END_REF]. Nevertheless, some authors have reported a number of interactions at the gluten-starch interface in dough [START_REF] He | Factors controlling gas retention in non-heated doughs[END_REF]Mohammed et al., 2013;[START_REF] Petrofsky | Rheological properties of dough made with starch and gluten from several cereal sources[END_REF]Van Vliet et al., 1992), in bread crumb and starch-based biopolymer composites [START_REF] Guessasma | Influence of interphase properties on the effective behaviour of a starch-hemp composite[END_REF]. There is hence no definitive view on the nature of the interactions between gluten and starch in bread dough during baking. To enable the simulation of all possible interactions, Mohammed et al. (2013) used a thin elastic layer that made it possible to simulate either non-cohesive or cohesive interactions at the gluten-starch interface. Such a tool will be likewise be used and further described in this study.

There are few works on the numerical modelling of GCW extension at the scale of dough constituents. Mohammed et al. (2013) examined the average stress values in a large number of rheological tests using finite elements and periodic conditions at this scale. It is interesting to note that, unlike the literature and associated modelling for dough rheology, these authors considered dough to be a heterogeneous material composed of gluten, starch and the interface between the two. Unfortunately, stress concentrations and possible locations for rupture initiation in GCWs at strain rates relevant to bread during baking were beyond the scope of their study.

Following on from the work carried out by Mohammed et al. (2013), the overall objective in the current study was to extend the microscale approach adopted in dough rheology in terms of the types of law applicable to the mechanical behaviour of dough constituents and the starch fractions, strain-rate range, and variations in the mechanical properties of dough constituents associated with the baking process. Two modelling approaches for the mechanical behaviour of bread dough were compared: linear viscoelasticity (infinitesimal strain) and visco-hyperelasticity (finite strain). This work will subsequently be completed by an analysis of the sensitivity of the computed stress to some of the model's input parameters. In the current study, the process of experimental verification has begun and has been taken as far as possible given the extreme scarcity of input data to feed the model. For this purpose, the average computed stress was compared with the very small amount of experimental data available from the literature for measurements taken at low strain rates on bread dough at ambient temperature. The simulations of the GCW extension were run in two configurations where the starch is stiffer than the gluten and two where the opposite is the case, being representative of the beginning and end of baking, before and after the starch gelatinizes and the proteins denature. The most likely locations for rupture to be initiated within the GCW for these temporally defined configurations, with and without gluten-starch interactions, were analyzed through reference to stress fields using the stress triaxiality concept.

Materials and methods

Geometries

Estimation of starch fraction in the GCW at the beginning of baking

At the end of proving, the average GCW thickness in wheat dough is 240 μm (Besbes et al., 2013;[START_REF] Turbin-Orger | Kinetics of bubble growth in wheat flour dough during proofing studied by computed X-ray micro-tomography[END_REF] with an average starch fraction of around 46% v.v (Mohammed et al., 2013). However, the present work focuses on the small proportion of GCWs with a thickness of around 10-15 μm (the average thickness of the largest starch granules) as these are the most likely to rupture (Grenier et al., 2021). To the best of our knowledge very few reports of very thin GCWs in dough are available in the literature, and the present study has processed the microscopic images provided by Sandstedt (1954) that were taken at the end of baking (Fig. 1). The starch fraction was identified by measuring the areas occupied by starch and gluten in the images (Image J, National Institutes of Health, USA). The starch fraction, expressed in m 2 of starch per m 2 of GCW, was found to be 33% for image c in Fig. 1 and may slightly decrease as the GCW becomes thinner, attaining lower values locally where the starch granules are beginning to move apart (see, for example, those shown inside the green box in Fig. 2a). Very low starch fractions (such as the 8% reference value selected for the present work) are extreme occurrences and are encountered only within strings or strands in bread crumb adjacent to locations where rupture occurs (Stokes and Donald, 2000). The choice of such a low starch fraction for the reference simulation was also intended to facilitate computation at the practical stages of the work and to allow a high strain level to be reached without impeding the location of stress concentrations in the final stages of the work. The fraction was then increased to 11%, 16% and 28% in order to take into account the range of thinner GCWs ready to rupture and to arrive at a closer approximation of the starch fraction reported in the literature in thin GCWs at the end of proving. In the geometries, the starch fraction was increased by adjusting the gluten dimensions (length and width).

Reference simulation

For the reference simulation, the starch fraction was set to 8% v/v because this is the fraction found at the thinnest locations within thin GCWs likely to rupture (Fig. 2a). Where a GCW is so greatly extended the longest dimension of the starch granule is already aligned within the gluten strip (Bloksma, 1990). The single large and lenticular (A-type) starch granule in cross section measured 10 μm (long half-diameter) by 5 μm (short half-diameter). It was contained within a continuous gluten strip of 100 μm in length (L) and 20 μm wide (l) (Fig. 2b).

Comparison with published experimental results

A second 2D geometry was used to compare the computed average stress values with published data at the scale of a continuous dough (section 3.1.3). The geometry was that of a cylinder of dough of 3.75 mm in height and 7.5 mm in diameter and corresponded to that used in Ng et al. (2006) (Fig. 2c). Axisymmetry was also considered (Fig. 2d).

A third and last 3D geometry (not shown) containing an A-type starch granule (a = 5 μm, b = c = 10 μm) within a gluten strip of 100 μm length, 40 μm width and 20 μm thickness was used only once to check whether the results in 2D were relevant to those in 3D (see section 3.1.1.).

Governing equations 2.2.1. Linear viscoelasticity

The momentum balance for the quasi-static mechanical equilibrium is given by Eq. ( 1).

∇.S = 0

(1)

The total stress tensor S is broken down into a purely elastic part and a viscoelastic part as follows (Eq. ( 2)).

S = σ + τ (2)
where σ is the tensor (Eq. ( 3)) which describes the time-independent elastic behaviour and τ the viscoelastic stress tensor which depends on the strain history of the material.

σ = C : ε (3)
where C is the fourth-order tensor of elasticity and ε is the linear strain tensor (Eq. ( 4)).

ε = 1 2 ( ∇u + (∇u) T ) ( 4 
)
where u is the displacement. The viscoelastic stress tensor τ is derived from the constitutive equation of the 1-element generalised Maxwell equation (Eq. ( 5)).

τ + λ r τ = λ r G γ (5) 
where λ r is the relaxation time (gluten or starch), γ is the infinitesimal shear strain rate tensor and G the shear elastic modulus (gluten or starch).

Visco-hyperelasticity

The momentum balance equation in the case of hyperelasticity is written as Eq. ( 6).

∇ ⋅ (FS) T = 0 (6) 
where F = I + ∇u is the deformation gradient where I is the secondorder unit tensor and u is the displacement. S is the second Piola-Kirchoff stress tensor (Eq. ( 7)). It is derived from the strain energy density function (W).

S = 2 ∂W ∂C c = S ∞ el + Q (7) 
where C c = F T F is the right Cauchy-Green deformation tensor (Eq. ( 8)).

The elastic stress tensor is given by Eq. ( 8).

S ∞ el = S ∞ vol + S ∞ iso = det(F) -1 F(C : ε)F T (8)
where S ∞ vol and S ∞ iso are the volumetric and isochoric part, respectively [START_REF] Holzapfel | A new constitutive framework for arterial wall mechanics and a comparative study of material models[END_REF]. The non-linear strain ε is given by Eq. ( 9).

ε = 1 2 ( (∇u) T + ∇u + (∇u) T .∇u ) (9) 
The stress in the 1-element viscoelastic generalised Maxwell model is obtained from Eq. ( 10).

Q + λ r Q = λ r β Ṡ∞ iso (10) 
The dimensionless coefficient β > 0 denotes the strain energy factor and is written as Eq. ( 11).

β = E visco /E el (11)
where E visco and E el denote the Young modulus in the viscous branch (time-dependent elasticity) and purely elastic branch (time-independent elasticity) respectively in the 2-branch Maxwell model. In this study, the Neo-Hookean model is used for the strain energy density function (Eq. ( 12)).

W = 1 2 μ(I 1 -3) ( 12 
)
where μ is the Lamé coefficient (shear modulus) and I 1 = tr(C) is the first invariant of the left Cauchy-Green tensor.

Initial conditions and boundary conditions

It was assumed that there was initially no stress within either the gluten or the starch. Conclusions on how the stress is concentrated will not be affected, even if that assumption does not stand, provided that discussion is limited to stress increases and to the identification of locations where these are greatest. The comparison to given yield stress cannot, however, be guaranteed.

Reference simulation

Strain rates of the order of 10 1 to 10 2 s -1 (Weegels et al., 2003) have been estimated within gas cell membranes during failure in bread dough during proving at 34 • C. These strain rates are relevant to the study of crack propagation and increase in size of a hole within the GCW once a crack has been initiated. In the present study, we only focused on stress concentration before rupture. The extension of the still un-cracked GCW is hence driven by the growth of the gas cells between which it is sandwiched. At the end of proving and during baking, GCWs, before rupture, typically undergo strain rates ranging from 10 -4 to 5 × 10 -3 s -1 and Hencky strain above 1 (Dobraszczyk, 2017;[START_REF] Eliasson | Cereals in breadmaking: a molecular colloidal approach[END_REF]Turbin-Orger et al., 2015). The strain rate depends on the GCW location within the loaf and decreases during baking. For the reference simulation, a typical decrease in strain rate at the core of the dough (Lucas et al., 2020) from 3 × 10 -3 s -1 to 1.15 × 10 -3 s -1 was used. The displacement u

( x, ± L 2 )
was applied accordingly at the upper and lower boundaries (Eq. ( 13)).

u ( x, ± L 2 ) = L 2 ε(t = 0)t (13) 
where ε(t = 0) is the initial strain rate (3 × 10 -3 s -1 ) and t is the current time. The left and right-hand sides of the GCW are free to move (Fig. 2b).

Comparison with published experimental results

In order to compare the simulations with published experimental results for the cylindrical geometry (Ng et al., 2006), a constant strain rate was applied. Upper and lower boundary displacements were accordingly applied to match the conditions used in the experiment (Eq. ( 14)). The right-hand side of the cylinder was free to move and there was no displacement on the axis of symmetry (Fig. 2d).

u ( x, ± L 2 ) = L 2 ( e ε(t=0)t -1 ) (14) 

The gluten-starch interface: the thin elastic layer (TEL)

Gluten-starch interaction at the gluten-starch interface was modelled using a Thin Elastic Layer (TEL) boundary condition. The thickness of a very thin layer can easily be defined without taking specific areas into account, the thickness e of the water phase at the gluten-starch interface being of the order of hundreds of nanometers at most. The TEL decouples the displacements on the two sides of the boundary. The inter-face is characterized by the two elastic constants k n and k t , in normal (Eq. ( 15)) and tangential (Eq. ( 16)) directions respectively.

k n = E int (1 -ν int ) e(1 + ν int )(1 -2ν int ) (15) k t = G int e (16) 
where ν int is Poisson's ratio, E int is Young's modulus and G int is the shear modulus of the material at the interface. The interaction between gluten and starch was cohesive when E int was set to 10 6 Pa and non-cohesive when it was set to 10 -6 Pa.

Material properties 2.4.1. Reference properties

Both gluten and starch were considered to be viscoelastic. As neither gluten nor starch was assumed to exhibit much time-independent elasticity, the time-independent Young's modulus was set to 10 Pa. Little information on this time-independent elasticity is to be found in the literature, where discussion of the residual stress shown in the experimental data is limited. In the present work, the mechanical behaviours of both gluten and starch were mostly controlled by their timedependent elasticity as it relaxed. At the beginning of baking, gluten is highly deformable while starch granules are non-deformable at the gas pressure values relevant to baking. As the temperature increases above the range 70-80 • C, gluten denaturation and subsequent cross-linking are accompanied by an increase in gluten Young's modulus (Grenier et al., 2021) (Fig. 3). By contrast, the uptake of water by starch granules and the associated phase transitions of starch upon heating are accompanied by a decrease in the rigidity of the starch granules. In excess water, starch granules lose their integrity even under gentle shearing, the temperature at which this transition occurs varying with the starch type. Mechanical testing of individual starch granules immediately after heating in excess water has shown that potato starch granules can become highly deformable at pressures of the order of hundreds of Pa (Carrington et al., 1998;Desse et al., 2010;Fisher et al., 1997). At the Grenier et al. (2021). levels of hydration relevant to bread dough, the extent of granule softening remains uncertain. Microscopic observations of GCWs revealed that the granules appeared to have flattened significantly in wheat bread crumb (Sandstedt, 1954) and to an extreme extent in bread prepared with low-amylose starch which is reputed to soften/disrupt wheat starch at an earlier point than usual during heating [START_REF] Kusunose | Role of starch granules in controlling expansion of dough during baking[END_REF].

Where baking occurs at atmospheric pressure, the release of carbon dioxide in gas cells becomes limited in the range of temperatures (above 60-70 • C) at which granule softening is likely to occur. This makes it highly improbable that GCWs will reach any great degree of extension in these conditions and there is therefore no sense in studying high levels of extension for such cases. It is relevant to do so, though, for innovative baking processes such as partial vacuum baking [START_REF] Grenier | Enhanced aeration of part-baked bread using a novel combination of baking and partial vacuum[END_REF][START_REF] Lucas | Facility and method for treating food products, such as cellular products[END_REF][START_REF] Rondeau-Mouro | Characterization of gluten-free bread crumb baked at atmospheric and reduced pressures using TD-NMR[END_REF][START_REF]Evaluation of partial-vacuum baking for gluten-free bread: effects on quality attributes and storage properties[END_REF] where extension is forced at mid-baking by the decrease in pressure in the oven's atmosphere. This decrease in pressure is accompanied by water ebullition and gas extension and, consequently, GCW extension is enhanced in these conditions.

Two sets of Young's moduli were therefore considered for the computations. The first relates to early baking (before 50-60 • C is reached) when the starch (100 kPa) is more rigid than the gluten (10 kPa) (Attenburrow et al., 1990;Dreese et al., 1988;Khatkar and Schofield, 2002;Mohammed et al., 2013), and the second reflects the conditions of advanced baking (beyond 70 • C) when gluten has low deformability (100 kPa) (Attenburrow et al., 1990) and starch deformability is high (10 kPa) (Fisher et al., 1997) (Fig. 3). The orders of magnitude for the first set derive from the work of Mohammed et al. (2013) and are simply inverted to form the second set because no data for wheat starch at moderate levels of hydration and high temperatures is available in the literature. For the reference simulation, the same relaxation time (10 s) was used for both gluten and starch. These parameters are assumed to remain constant throughout the extension (Fig. 3). All parameters are gathered in Table 1.

Comparison with published experimental results

Since the dough was treated as uniform in the experiment used for validation, the mechanical properties were also considered to be uniform throughout the dough cylinder for that specific case. The average Young's modulus of the dough (100 kPa) was chosen. Two relaxation times (10 and 100 s) were also used in order to evaluate the sensitivity of the average stress to strain rate.

Digital modelling

Finite element computations were carried out using the COMSOL Multiphysics® v. 5.4 (COMSOL AB, Stockholm, Sweden) MUMPS solver. A mesh convergence test was run to find the best balance between simulation time/use of computer resources and the stability of the model. The average run time varied from 10 min to 1 day on an Xeon (R) W-2155 CPU Intel processor at 3.31 GHz, with 256 Go RAM.

Analysis of stress fields and the triaxiality factor

For stress analysis, the von Mises criterion was applied (Eq. ( 17)). This equivalent tensile stress (known as von Mises stress, σ vm ) is that most commonly used for the analysis of yielding in materials science.

σ vm = ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ̅ (σ 11 -σ 22 ) 2 + (σ 22 -σ 33 ) 2 + (σ 33 -σ 11 ) 2 + 6(σ 2 12 + σ 2 23 + σ 2 31 ) 2 2 √ ( 17 
)
The triaxiality factor (T.F., Eq. ( 18)) was also used to identify the regions of uniaxial extension and shear. When the triaxiality factor is around 0.33 the material is mostly uniaxially extended and when it is equal to zero the material is mostly sheared. In the stress, the numbers refer to the direction of the space. The first number is the direction normal to the surface upon which the stress is applied and the second is the direction of the component of the stress.

T.F. = σ eq σ vm (18) where σ eq = 1 3 tr(σ = ) = 1 3 (σ 11 + σ 22 + σ 33 ).

Results and discussion

Model analysis and experimental validation

Average stress values computed using linear-viscoelasticity in 2D and 3D were compared in order to check that the agreement between them was sufficient for the entire study to be conducted using 2D geometries (section 3.1.1). Viscoelasticity and visco-hyperelasticity approaches were then compared to assess where visco-hyperelasticity was more suited to the task than linear viscoelasticity (section 3.1.2). Last, the average stress values computed using hyperelasticity were compared to previously published experimental data (Ng et al., 2006) (section 3.1.3).

Comparison between 2D and 3D geometries

Fig. 4 shows the average values for von Mises stress vs Hencky strain in 2D and 3D geometries using the reference simulation for the two selected cases (starch granule more rigid than gluten/gluten more rigid than starch granule) (Fig. 4). Where the starch granule was more rigid than the gluten and up to a Hencky strain of 0.67, the difference when using linear visco-elasticity in 2D and 3D did not exceed 2%. Where the gluten was more rigid than the starch granule, this difference reached the order of 20% at most. These discrepancies are in line with those reported by Mohammed et al. (2013). 2D rather than 3D geometry was therefore used to reduce computation times without too greatly distorting the results.

Comparison between linear viscoelasticity and visco-hyperelasticity

The average values for von Mises stress vs Hencky strain up to 0.67 are shown in Fig. 5 for both linear viscoelasticity and viscohyperelasticity. There was good agreement between simulations up to a strain of 0.08. Thereafter, the average stress values diverged. It is notable in Fig. 5 that, when E starch /E gluten = 0.1, the viscoelasticity model barely registers the strain softening observed experimentally by Ng et al. (2006) at low strain rates. For this reason, we selected the visco-hyperelasticity model for the next steps of the study.

Comparison with published experimental results

The average von Mises stress values computed using the axisymmetric geometry were compared to published experimental results obtained at ambient temperature from dough (Ng et al., 2006). The objective here was solely to validate the structure of the model. It is impossible to achieve greater quantitative validation because the mechanical properties used in the model are unlikely to have been exactly those of the dough used in the experiment. Fig. 6 shows both simulated and experimental average values for stress vs Hencky strain at different strain rates (0.3 s -1 and 0.003 s -1 ). At the high strain rate (0.3 s -1 ), no good quantitative agreement could be found between the simulations in the present study and the experiments reported in the literature (Fig. 6a). This is probably due to an overestimate of the Young's modulus. There is unfortunately no guarantee that the elasticity of the dough used by Ng et al. (2006) in their experiment was not lower than that used in the simulation. However, similarities in strain-hardening were observed between the simulation and the experiment performed by Ng et al. (2006) and the stress exhibited almost no sensitivity to relaxation time (Fig. 6a). Elasticity was the main driver for the stress in this high strain rate configuration. At the low strain rate (0.003 s -1 ), when the model was less sensitive to elasticity and far more so to viscosity, a quite good quantitative and qualitative agreement was found between the simulations and the experiments (Fig. 6b). As expected, the average von Mises stress values within the GCW were strongly dependent on the relaxation time at this low strain rate (Fig. 6b). This indicates that the estimation of the relaxation time for dough (or dough constituents) has to be quite accurate when addressing GCW extension during proving or bread baking, since it is the viscous aspect of the dough that mostly drives the stress under such low strain rate conditions. Note that this statement is only true if the assumption of very low time-independent elasticity was true. At low strain rates, precisely the opposite conclusions would be drawn if there were a degree of time-independent elasticity in the dough. In such a case, only time-independent elasticity would be relevant because all possible time-dependent elasticity relaxation would have already occurred.

Average stress values

3.2.1. Reference starch fraction Fig. 7 plots the average values of von Mises stress as a function of the Hencky strain for starch to gluten moduli ratios of 0.1 and 10. The starch-gluten moduli ratios were found to have significant impact on the average von Mises stress. Average stress values where starch was less rigid than gluten were tenfold higher than those where starch was more rigid than gluten. This was largely due to the high proportion of gluten, which accounted for 92% of the total volume.

The nature of the interactions between gluten and starch was found to have no effect on the average von Mises stress within the GCW for the reference starch fraction (8%). This does not fit with the reported results of Mohammed et al. (2013), who found that the cohesive/non-cohesive nature of the gluten-starch interface affected average stress values in every case tested in their study. The difference is explained by their choice of starch fraction, which averaged around 46% in bulk dough without gas cells (Mohammed et al., 2013;Tanner et al., 2011). The following section will address the different starch fractions and will extend the comparison with the data reported by Mohammed et al. (2013).

Effect of starch fraction

Fig. 8 shows the average von Mises stress as a function of Hencky strain for the reference (blue color) starch fractions of 11, 16 and 28% and compares the cohesive and non-cohesive hypotheses concerning the interface between starch and gluten; only the case where the starch is more rigid than the gluten is considered here. The nature of the interaction increasingly affected average von Mises stress values as the starch fraction increased (Fig. 8). From this, it can be concluded that the nature of the gluten-starch interaction affected the average stress within the GCW as soon as the starch fraction exceeded a threshold located between 8% and 11%. As expected, the decrease in average stress values that accompanied the increase in starch fraction was greater when the interface was non-cohesive. Slightly greater average stress values were found when a cohesive interface was involved. Indeed, within the area of gluten closest to the starch granule, the increase in starch fraction was accompanied by a greater increase in stress values because the gluten in this area was under greater strain than it was when the interface was non-cohesive. Fig. 6. Average values for von Mises stress vs. Hencky strain, comparing the proposed model with experimental data obtained at two different strain rates (0.3 s -1 and 0.003 s -1 ) (Ng et al., 2006). 

Stress fields and triaxiality: stress concentrations in early and late baking

The objective in this section is to refine the foregoing analysis by considering local stresses rather than average values. The intention is to learn more about the most likely locations for GCW rupture in the different configurations. From this point on, we will adopt the working assumption that the locations with the highest concentrations of stress are where the rupture of the material (the GCW in this instance) is most likely to be initiated. In other words, we assume that rupture occurs when the yield stress value is exceeded. In a further step, this analysis will make use of these findings to predict the phenomena most likely to be present in microscopic observations of the GCW in baked bread crumb. It should be remembered that the range of moduli ratios that have been tested in the course of the present work are also of significance to the baking process and to gradual changes in molecular conformation upon heating, as detailed in section 2.4.1.

Fig. 9 and Fig. 10 show von Mises stress fields for starch fractions of 8% (reference fraction) and 28% at 0.67 and 0.4 Hencky strains respectively, for different starch-gluten modulus ratios (0.1 and 10) and for cohesive/non-cohesive interactions. We next provide the refined analysis referred to above for the reference fraction. The locations of stress concentrations in the 28% starch fraction were found to be identical to those in the reference fraction. Only the magnitude of stress and strain (0.41) before modelled failure differed.

Early baking, E starch > E gluten

Fig. 9 a depicts results when the starch granule is more rigid than the gluten for the two gluten-starch interface types: cohesive (left) and noncohesive (right).

Where it was assumed that the interaction at the gluten-starch interface is cohesive, the starch granule reinforced the gluten film and the stress spread through the entirety of the gluten and starch by means of the cohesive interaction (Fig. 9 a, on the left-hand side). The rupture was most probably initiated at two points of extreme stress within the gluten film; one lying a few micrometres away from the starch granule in the direction of the extension within the gluten and another immediately adjacent to the rim of the granule (see arrows in Fig. 9 a, left). The maximum stresses were 1.8 × 10 3 Pa and 2.08 × 10 4 Pa for the cohesive and non-cohesive gluten-starch interfaces respectively and were thus separated by an order of magnitude. It is worth remembering that yield stress magnitudes in dough for low strain rates (0.1 s -1 ) ranged from 0.5 to 1.1 × 10 3 Pa depending on the quality of the gluten network (Attenburrow et al., 1992;Chin and Campbell, 2005;Dunnewind et al., 2003). Such a thin GCW containing a still-rigid starch particle is likely to have ruptured at a lower Hencky strain than 0.67. This would be all the more probable if a certain amount of stress had been previously stored in the GCW at the beginning of the extension process, as can be expected to occur in proven dough at the beginning of baking.

Fig. 9 also shows the triaxiality factor fields that provide information on those areas where unidirectional extension (Fig. 9c) and shear (Fig. 9e) occur (cohesive hypothesis shown on left). In those cases where the gluten-starch interface was cohesive, the uniaxial extension within the gluten was strongest close to the rims of the starch granules and spread along the sides of the granules (Fig. 9 c, left). Shear was also found within the gluten in the upper and lower regions close to the gluten-starch interface. This shearing probably increases the likelihood that the interface will rupture at these locations. If the cohesive assumption is valid, these simulations tell us that microscopic observations should reveal gluten in close contact with the starch at the midpoint of the granule's length and gluten shreds near the edges of the granule.

By contrast, non-cohesive interactions at the gluten-starch interface caused a concentration of stress that was largely confined to the gluten lying in the direction of the extension close to the very edge of the starch granule (Fig. 9 a, right). This was where the greatest uniaxial extension of the gluten film occurred (Fig. 9 c, right). It was also the point at which the GCW was most likely to rupture. The starch granule did not reinforce the gluten as it had done in the previous case and stress within the granule was much lower (see Fig. 9 b vs 9.a). In this hypothesis, once initiated, rupture will spread within the gluten and is then expected to slide around the starch granule since there is no interaction at the gluten-starch interface. Stress values were also high in the gluten film that was close to the lateral edge of the starch granule (Fig. 9 a, right) and this constitutes a second highly plausible location for rupture to occur (see arrow in Fig. 9). If the non-cohesive hypothesis is valid, these simulations tell us that, taking into account the uncertainty as to the degree of slippage, the starch granules located closest to the point of rupture might be partially covered with gluten but, unlike those in the cohesive model, they should be totally free of gluten shreds at their edges.

Late baking, E starch <E gluten

Fig. 9 b shows von Mises stress fields at 0.67 Hencky strain when the starch granule was less rigid than the gluten for cohesive (left) and noncohesive (right) gluten-starch interfaces. When it was sufficiently soft, the starch granule became elongated in the direction of the extension and the stress became concentrated along the lateral surfaces of the starch granule because of the extreme extension of the gluten along both sides of the granule (Fig. 9b andd, green arrows). The rupture of the gluten was most likely to occur along the surface of the granule where both strain and stress were at their greatest. Here again, with a noncohesive gluten-starch interface, the surface of the starch granule should be free of gluten following rupture. With a cohesive gluten-starch interface, some gluten should remain on the lateral surfaces of the starch granule. In the direction of extension, the stress decreased with distance from the starch granules. It is possible that he gluten that had previously been strained in these areas when it had been less rigid than the starch (replicating the early stage of baking, see section 3.3.1) had now been attenuated by the elongation of the starch granule and the stress redistributed between the gluten and the starch. Such a change is likely to increase the extensive capacity of the GCW but only if starch granule softening occurs before the gluten has become too stiff. We should note that these two events are not well documented in the literature. Note also that if granule softening were to occur very early in the baking process it is possible that the GCWs might rupture far less frequently, leading to an incomplete opening of the porous structure of the bread's crumb. This would cause the baked dough to shrink during the cooling step. Again, this transition cannot be analyzed further without information on the evolution of the starch modulus during the heating process.

This analysis has also revealed that the main difference found between cohesive and non-cohesive interactions at the gluten-starch interface was an element of shear on the side of the granule where cohesive interactions were involved but none where interactions were non-cohesive (Fig. 9 f, left vs right). This explains why the stress spread throughout the starch and gluten and why the maximum stress remained lower than when the gluten-starch interactions were non-cohesive. In this case, the triaxiality factor showed that uniaxial extension and shear mostly decreased with distance from the granule, following the direction of the decrease in stress (Fig. 9d andf).

About the incompressibility of the starch granule

The conclusions drawn up to this point rely on the hypothesis of incompressibility of the starch granule. Unfortunately we found no literature dealing with Poisson's ratio of starch granule to sustain the hypothesis of incompressibly. In order to identify how far the non validity of the assumption of starch incompressibility could affect the results, simulations were run using Poisson's ratio of 0.3, which is an extreme value for polymers (see supplementary material 1). On the one hand, previous conclusions on the location where the stress concentrates the most were unchanged. On the other hand, the effect of cohesion/ non-cohesion between gluten and starch on the mean von Mises stress decreased with decreasing Poisson's ratio. This effect was almost totally cancelled (remaining difference of 2.5%) in the late baking configuration and was quite reduced (-20%) in the early baking configuration, where the starch granule was more rigid than gluten.

Conclusion and future research

Both linear viscoelastic and visco-hyperelastic models were assessed to determine their suitability for the computation of average stress and of stress fields during uniaxial extension within gas cell walls (GCWs) in bread dough during baking. Computation of visco-hyperelasticity involving finite strain was found to be more suited to the task of replicating GCW extension under strain and strain rates close to those encountered during baking. The visco-hyperelastic model made it possible to describe strain-hardening in sufficient accordance with experimental results (Dobraszczyk;Ng et al., 2006;Van Vliet et al., 1992) for a high strain rate (ε = 3 × 10 -1 s -1 . Strain softening was computed at low Hencky strain for a low strain rate (ε = 10 -3 s -1 ) in line with the work of Ng et al. (2006). The simulations also demonstrated that proper identification of relaxation times is important for the analysis of low strain rates such as those encountered during baking provided that not too much time-independent elasticity is involved.

It was found that the nature of gluten-starch interactions had no significant effect on the average stress for the low starch fraction used as a reference (8%). Whether the gluten-starch interaction was cohesive or non-cohesive did, however, become significant when the starch fraction was increased. For a starch granule fraction of 28%, which was the closest to that reported in the literature for thin GCWs and which was estimated in the present study, the mechanical interaction between starch and gluten was found to have an impact on average stress values, as already evidenced for bulk dough in the literature. The nature of the interactions between starch and gluten during baking is still a matter of debate in the cereal science community. Our simulations confirmed that information on the nature of the interaction at the gluten-starch interface such as that proposed by Jekle et al. (2016) is important for the appropriate modelling of the stress fields within GCWs. The rupture location will depend on the nature of this gluten-starch interaction which can be determined by the presence or absence of a number of gluten shreds along the surfaces of the starch granules located closest to the hole produced by the rupture. This evidence may provide a useful indicator for the future microscopic analysis of holes in the GCWs of bread crumb. This result also confirms that the interaction between starch granules and gluten may affect dough performance and that gluten and starch should be considered in interaction [START_REF] Gao | Influence of gluten and starch granules interactions on dough mixing properties in wheat (Triticum aestivum L.)[END_REF] rather than separately, as is commonly practiced in the literature. The experimental verification of the model remains insufficient, requiring further experimental work to identify the mechanical properties of dough within the relevant temperature range for baking carried out at low strain rates and in a controlled gaseous environment to reflect real-life conditions for bread dough during baking. Work should first be carried out to estimate the time-independent elasticity of the protein matrix and liquid lamella at the dough-gas interface as this might strongly affect strain-hardening at low strain rates. It is almost impossible to record the low strain rates relevant to dough proving and baking using conventional rheometers. A dedicated experimental device for bubble inflation that is capable of reproducing both low and high strain rates in an atmosphere closely resembling that encountered in gas cells during the baking of real dough must therefore be developed. Such a device would enable the elimination of doubt concerning the mechanical properties of dough at high temperatures and provide data to support the conclusions drawn in the present study. The development of this device will form the next step in our investigation. Second, the possible evolution of the interactions at the gluten-starch interface between the beginning and end of baking and the changes that are even more likely to occur between the end of baking and the end of cooling require analysis. This work is necessary for the appropriate modelling of the stress fields in GCWs during the last stages of bread making to be carried out.

Introduction

There is a large literature dealing with the dynamic moduli of dough at room temperature [START_REF] Hibberd | Dynamic viscoelastic behaviour of wheat flour doughs[END_REF][START_REF] Newberry | Dynamic and elongation rheology of yeasted bread doughs[END_REF]Kokelaar et al., 1996;[START_REF] Dedey | Comparison of small and large deformation measurements to characterize the rheology of wheat flour doughs[END_REF][START_REF] Faubion | Dynamic rheological testing of wheat flour doughs[END_REF] and even at temperature relevant to dough baking [START_REF] Singh | Development of dynamic modulus and cell opening of dough during baking[END_REF][START_REF] Miś | Identification of baking expansion phases of leavened dough using an experimental approach[END_REF][START_REF] Neff | Simultaneous measurement of viscoelastic changes and cell opening during processing of flexible polyurethane foam[END_REF]Dreese et al., 1988). The effect of the water content [START_REF] Vanin | Effect of the drying rate on the complex viscosity of wheat flour dough transforming into crust and crumb during baking[END_REF] and of the gluten to starch ratio (Mohammed et al., 2013;[START_REF] Roman | Specific ratio of a-to b-type wheat starch granules improves the quality of gluten-free breads: Optimizing dough viscosity and pickering stabilization[END_REF] were also investigated and many flours were compared between each others at the light of these dynamic moduli. The main issue when using such dynamical approaches is that both effects of strain and strain rate are entangled and that the strain rates applied are often several orders of magnitude (10 -2 s -1 to 10 0 s -1 ) greater than those encountered during proving or baking (10 -4 s -1 -10 -3 s -1 ). This makes it hard to use data issued from dynamical tests in order to feed fundamental models used for computational simulations where this disentanglement is a prerequisite. Even if the analysis of data acquired at different frequencies makes it theoretically possible to disentangle the viscous and elastic features of the dough (Ng, 2007) and identify Maxwell's parameters. Mohammed et al. (2013) rather showed that, in practice, this approach did not make it possible to feed simulations that were able to predict experimental data (Mohammed et al., 2013) in a satisfying way. Mohammed et al. (2013) chose to use minimization techniques between simulations and data issued from compressions instead, in order to identify Maxwell's parameters and improve the agreement between simulations and experimental data performed on a large panel of mechanical tests.

Quasi-static and compression-relaxation tests remain globally less used to characterize mechanically food materials though [START_REF] Goh | Determination of the constitutive constants of non-linear viscoelastic materials[END_REF]Ng, 2007;[START_REF] Laridon | Identification of broad-spectrum viscoelastic parameters: influence of experimental bias on their accuracy and application to semihard-type cheese[END_REF]. [START_REF] Laridon | Identification of broad-spectrum viscoelastic parameters: influence of experimental bias on their accuracy and application to semihard-type cheese[END_REF] have showed that these tests allow to separate the elastic and viscous responses of the material provided that the compression occurs swiftly enough so that relaxation during the compression step can be minimized. The compression-relaxation experiment then tends to be the step-response of the material that theoretically makes the identification of the Maxwell model parameters possible. [START_REF] Laridon | Identification of broad-spectrum viscoelastic parameters: influence of experimental bias on their accuracy and application to semihard-type cheese[END_REF] implemented a method to identify Maxwell model parameters (the relaxation times, their proportions and the elastic modulus of the viscoelastic elements) from experimental uniaxial compression-relaxation tests without a priori on the values of the relaxation times and that even allows to take into account the relaxation occuring during the compression step. The authors investigated common experimental sources of bias such as the impact of the geometry defects of the sample and of the sensitivity of the rheometer. They showed that five elements in the Prony's series made it possible to quite well reproduce the step response of semi-hard cheese. Mohammed et al. (2013) drew the same conclusion on dough. However, [START_REF] Laridon | Identification of broad-spectrum viscoelastic parameters: influence of experimental bias on their accuracy and application to semihard-type cheese[END_REF] algorithm does not allow to obtain the time-independent modulus (purely elastic modulus) even on materials that tend to relax more than 95% of the initial stress.

The aim of this preliminary study was to estimate the Maxwell model parameters for our wheat dough and then simulate the stress-strain relationship obtained with the small-sized attempt to use the step-response at 0.6 Hencky strain bubble inflation device and compare these simulations to our data sets (Part II, Chapter 5). The effect of a time-independent elasticity term on the fitting quality of the stress-strain curve by the model was tested over the wide range of strain rates tested in Part II (Chapter 5). In a first approach we considered only one element in the Maxwell's model without time-independent elasticity to be consistent with the choice made in Part III (Chapter 8). The approach could be completed with more elements in the future (for publication).

Materials and methods

Sample preparation

Dough used for the test of bubble inflation

The preparation was that described in Chapter 5 (Part II) for flour F1. The results were already presented and will be compared to those simulated with the new Maxwell parameters in this section.

Dough used for the identification of Maxwell model parameters

The preparation of wheat dough used for this test was detailed in the works of [START_REF] Vanin | Biaxial extensional viscosity in wheat flour dough during baking[END_REF]. The dough was different from that used in Chapter 5 (Part II), by the type of flour and the water content, 42.73 ± 0.19% wb compared to 44.94 ± 0.13% wb (flour F1).

Compression-relaxation tests

Compression-relaxation tests, with short compression duration, were performed at ambiant temperature using a rheometer (MCR301, Anton Paar, Germany) on cylindrical samples of radius R 0 = 9 mm and length L 0 = 5.6 mm [START_REF] Vanin | Biaxial extensional viscosity in wheat flour dough during baking[END_REF]. The dough cylinder was covered by silicon oil before testing to both allow slipping of the dough at the dough-plate interface and to avoid too much dehydration of the sample. The dough sample was compressed up to 0.58 Hencky strain at a strain rate of 1 s -1 (the compression lasted 2s) before being allowed to relax for 180 s. The resulting normal force, F (t), and gaps were recorded as a function of time during the compression-relaxation at a frequency of 100 Hz during the first 10 s and then at 50 Hz for the rest of the relaxation. Three replicates were carried out.

Determination of Maxwell model parameters

The Matlab ® program developed by [START_REF] Laridon | Identification of broad-spectrum viscoelastic parameters: influence of experimental bias on their accuracy and application to semihard-type cheese[END_REF] was used. This program uses the force and gaps recorded during the compression-relaxation test in order to calculate the stress and strain undergone by the sample of dough and identify the one-element (in that case) Maxwell model parameters ie the time of relaxation (step 1) and its associated time-dependent elastic modulus (step 2). Dough was assumed to be incompressible (Poisson's ratio was set to ν = 0.5 ) and to be free of time-independent elasticity. The program consisted into two steps :

Step 1 : Identification of the time of relaxation. The normal stress was first calculated as in Eq. 9.1 :

σ(t) = F (t) πR 2 (t) (9.1)
where the radius R(t) was a function of time and was recalculated using the initial radius.

In that particular case of one-element in the Prony's serie, the time of relaxation (t relax ) was identified on the first 8 s of the relaxation by linear fitting of the logarithm of the stress against the logarithm of the time Eq. 9.2.

t relax = - 1 a (9.2)
where a was the slope of the stress-time relationship in the logarithm space.

Step 2 : Identification of the time-dependent elasticity. During the compression stage, a part of stress relaxes. The last adjustment of [START_REF] Laridon | Identification of broad-spectrum viscoelastic parameters: influence of experimental bias on their accuracy and application to semihard-type cheese[END_REF] algorithm takes into account the effect of the relaxing stress during the compression stage to estimate what the maximum of stress at the end of compression should have been if no stress relaxation had occurred during compression. The quicker the compression the lower that correction. The time-dependent elasticity was calculated as the slope of the linear fitting of the stress-strain relationship during the compression stage after the estimate of the maximum of the stress at the end of compression.

Bubble inflation test

The bubble inflation test was the same as that presented in Chapter 5 (Part II). The tests were performed at room temperature in triplicate on dough and gluten films with respective thicknesses of 404 (±98) µm and 663 (±19) µm and strain rates of 0.0006 s -1 , 0.003 s -1 , 0.03 s -1 and 0.09 s -1 .

Calculation of the stress-strain relationship with Comsol Multiphysics using the same geometry as that used in Chapter 8

The experimental setpoints for strain rates were used for the calculation of the stressstrain curves. The geometry used for the calculation of stress was similar to that used for the calculation of stress concentration in chapter 8 (Part III) but only one material was considered, dough or gluten. [START_REF] Vanin | Effect of the drying rate on the complex viscosity of wheat flour dough transforming into crust and crumb during baking[END_REF], using the algorithm attempt to use the step-response at 0.6 Hencky strain implemented by [START_REF] Laridon | Identification of broad-spectrum viscoelastic parameters: influence of experimental bias on their accuracy and application to semihard-type cheese[END_REF]. The following parameters E = 28.3 kPa, relaxation time t relax = 5.4 s corresponding to a shear modulus of G = 9.4 kPa and a dynamic viscosity η of 51.4 kPa.s were identified. Time-independent elasticity was not considered at this stage of the work since the total duration of the mechanical test was judged to be too short; this point will be further discussed in the next section, by further testing our model on other experimental data sets. Although the 25°C), experimental data obtained on bread dough according to the preparation procedure described in [START_REF] Vanin | Effect of the drying rate on the complex viscosity of wheat flour dough transforming into crust and crumb during baking[END_REF], fitting with 1-element generalized Maxwell model of which parameter values are identified using the [START_REF] Laridon | Identification of broad-spectrum viscoelastic parameters: influence of experimental bias on their accuracy and application to semihard-type cheese[END_REF] algorithm. Normal stress was calculated from three replicates.

Results and discussion

1-element generalized Maxwell model did not perfectly fit to the experimental curves (Fig. 9.1), it allowed to have an order of magnitude of the Maxwell parameters to consider in the viscohyperelastic model proposed in Chapter 8 (Part III). With the method used for the adjustment of experimental data [START_REF] Laridon | Identification of broad-spectrum viscoelastic parameters: influence of experimental bias on their accuracy and application to semihard-type cheese[END_REF], relaxation at short and long times have been sacrificed for the benefit of intermediate times. Likewise, considering various relaxation times would certainly allow to better describe the behaviour of the dough at both short and very long relaxation times. Nevertheless, this approach would be computer time consuming and we do not believe that considering several relaxation times would reproduce the exact behaviour of dough anyway. This was the case of Mohammed et al. (2013) that considered 5-elements generalized Maxwell model but did not manage to reproduce perfectly the compression relaxation curves.

For the following, we will consider the time-dependent elasticity E = 28 kPa and the relaxation time t relax = 6 s (Settings 2 in Table 9.1). 9.1) and also those formerly used in Chapter 8 (Part III) (Settings 1 in Table 9.1) for the same strain rates as the experience.

Fitting data from bubble inflation test

The fitting was found not to be completely satisfactory for all the strain rates under consideration. Hence we decided to introduce a time-independent elasticity in the generalized Maxwell model. Its value for the initialization of the model was estimated from the series of dynamic tests available on dough in the literature (Dreese et al., 1988;Khatkar and Schofield, 2002;Kokelaar et al., 1996), using the relation, E el ≈ 3×G'. The average time-independent elasticity was found to be close to 4 kPa. Fig. 9.2 also presents the comparison of the model fed with this new setting (Settings 3 in Table 9.1) to experimental data. As expected, the fitting of experimental curves with the model at very low strain rate (0.0006 s -1 ) were largely affected while the stress predicted by the model slighltly increased at high strain rates, making the fitting of the experimental curves with the settings 3 (Table 9.1) the best one globally. These results are not surprising. With high time-dependent elasticity (28 kPa) and low relaxation time (6 s), the dependence of the stress on strain rate tends to disappear at low strain rates. 2015); c estimated from dynamic tests on dough (Dreese et al., 1988;Khatkar and Schofield, 2002;Kokelaar et al., 1996) using the relation E el ≈ 3*G'. 

Gluten

We proceeded the same way for gluten as we just did for wheat bread dough. Unlike the dough study, we did not dispose of a compression relaxation test for pre-estimating the relaxation time of gluten. The parameters that we considered in the model were presented in Table 9.2. The time-independent elasticity of the dough was expected to be stronger than that of E el (kPa) E(kPa) t relax (s) Settings 1 0.01 a 10 a 10 a Settings 2 2 b 10 a 10 a a Mohammed et al. ( 2013); b estimated from dynamic tests on dough (Dreese et al., 1988;Khatkar and Schofield, 2002;Kokelaar et al., 1996) using the relation E el ≈ 3*G'. the gluten because of the presence of the starch granules (very rigid). Based on this assumption, we found that the model best fitted the experimental curves at ambient temperature for the Maxwell parameters of: E el = 2 kPa, E = 10 kPa, t relax = 10 s (Settings 2, Table 9.2), a set of values which did not much differ from that obtained for wheat dough ( 

Conclusion

In the present study, the Maxwell's parameters were identified using the step-response of the dough at room temperature and large strain (> 0.5 Hencky strain). As there was no time enough to perform mechanical compression-relaxation test on the specific dough used for the experimental validation, data obtained on a dough made from another flour with a similar water content were used. In this first attempt the fitting of the data issued from the step-response of the dough was performed using a single exponential. The fitting will be improved in future works using five elements in the Maxwell model as soon as the step-response at 0.1 strain will be performed on the same dough as that used for the experiment on the small-sized bubble inflation device.

Results from this study showed that wheat dough most plausibly exhibited a high timeindependent elasticity (about 4kPa) though this still remain to be validated when better fitting of the relaxation at long durations will be obtained. This value of time-independent elasticity is greater than that we considered in the model for gluten and starch in chapter 8 (Part III) (E el = 10 Pa). The Maxwell parameters for gluten also revealed that gluten possessed low relaxation time, time-independent and time-dependent elasticity. This finding suggested that starch granules enhanced the mechanical properties of gluten, i.e. tenacity (time-independent and time-dependent elasticity) and extensibility. The contribution of starch to the mechanical behaviour of dough once again confirms the existence of interaction between gluten and starch in GCW. Obviously, this conclusion should be confirmed by estimating the values for the Maxwell model parameters on dough and gluten extracted from the particular dough used for the bubble inflation tests. That will be performed in the next steps of the investigation.

Sur le plan expérimental

Un dispositif expérimental a été développé pour caractériser le comportement d'un film de pâte et de gluten dans des conditions de cuisson. Le but principalement recherché était de pouvoir, au moyen d'observations allant du mm à quelques micromètres, suivre l'évolution du gluten et de l'amidon (constituants principaux du film de pâte) lorsque sollicités dans des conditions mécaniques proches de celles rencontrées par une paroi gazeuse en cours de cuisson. Tout ceci pour être en mesure d'interpréter les mécanismes impliqués dans la rupture mécanique du film de pâte en déformation et de partiellement valider le modèle micromécanique développé.

Solutions technologiques originales

Au cours du développement du dispositif, nous avons été amenés à répondre à plusieurs questions techniques. La réponse à chaque question correspondait à une solution technique. • Le contrôle de l'ambiance gazeuse dans le dispositif a été un apport technologique majeur de cette thèse. Le principe consiste à utiliser des réserves du matériau lui-même pour réguler l'ambiance autour du matériau à tester. Le moindre gradient thermique dans le dispositif entrainerait le transport d'eau soit du film vers les autres parties du disposi-tif (séchage du film de pâte) ou inversement (hydratation du film de pâte). Le suivi de l'évolution de la température à différents endroits du dispositif révèle des gradients thermiques inférieurs à 0,8°C ce qui garantit une homogénéité thermique au sein du dispositif et donc la reproduction de l'ambiance gazeuse autour du film;

• La mise au point d'un système d'injection permettant de solliciter le film de pâte à des vitesses de déformations relativement faibles (10 -3 s -1 -10 -4 s -1 

Résultats majeurs

Le développement du dispositif a été couteux en temps et les premiers résultats ont été obtenus en dernière phase de cette thèse. Les résultats sont satisfaisants et ont permis de prendre du recul sur les potentialités du dispositif et les points d'amélioration.

• Une première partie de la partie expérimentale a été consacrée à la caractérisation du dispositif notamment l'étude d'incertitude autour de la technique de soufflage sur l'estimation des paramètres mécaniques. Cette étape a permis de nous rendre compte des erreurs sur la détermination des paramètres mécaniques (contrainte, déformation et vitesse de déformation pour l'essentiel) et de prendre du recul sur les courbes de contrainte-déformations présentées. Elle a montré que l'utilisation de ce type de dispositif implique de grosses difficultés dans l'obtention de données fiables même en deçà de déformations de Hencky de 1,5. Une surestimation théorique de la contrainte (jusqu'à 10 fois) est observée à partir de déformations de Hencky supérieures à 1,5. La surestimation de la contrainte est liée à l'erreur sur l'estimation de l'épaisseur au sommet de la bulle.

Cette partie caractérisation a finalement coûté beaucoup de temps et le temps et la vigilance ont manqué quant à la maîtrise de la préparation des échantillons et de toutes les conditions expérimentales. Maîtrise nécessaire pour pousser plus loin les analyses et comparaisons entre les différentes farines par exemple. Les premières interprétations des courbes contrainte-déformation ont permis une qualification cohérente de deux différentes farines avec les résultats obtenus avec l'alveolab ® ;

• Les premiers essais à températures élevées révèlent de même une forte dépendance du comportement de la pâte et du gluten à la température. Le résultat important est que les essais menés sur le dispositif révèlent aussi la tendance relevée dans la littérature que le comportement en extension pour les faibles températures (avant la dénaturation du gluten) est piloté par le gluten. Au-delà des températures de dénaturation, le comportement en extension du film est en grande partie piloté par les grains d'amidon. De plus, les résultats révèlent une dépendance du comportement mécanique du film de pâte et du gluten à la vitesse de déformation et à l'épaisseur de l'échantillon dans le cas des températures élevées comme dans le cas de la température ambiante.

Application industrielle potentielle

Le principe de l'utilisation d'une réserve de matériau pour autoréguler l'ambiance gazeuse peut être utilisé pour la caractérisation d'autres matériaux agroalimentaires qui possèdent un comportement évolutif au cours de leurs procédés comme la pâte à pain. Dans le domaine de la panification, Chopin technologies, commercialise des machines dont le principe de fonctionnement est basé sur la technique de soufflage : l'Alveolab ® . L'alveolab ® est utilisé pour la qualification de la pâte à température ambiante et ainsi l'évaluation de ses performances à la cuisson. Cependant, l'alveolab ® ne caractérise la pâte qu'à la température ambiante et ne reproduit pas les conditions d'ambiance thermique autour du film de pâte. Le dispositif développé au cours de cette thèse est capable de caractériser la pâte à des températures de cuisson (20°C-70°C) tout en garantissant les conditions d'ambiance gazeuse de cuisson.

Perspectives

Bien que le dispositif développé au cours de cette thèse soit mâture d'un point de vue technologique, plusieurs points d'amélioration s'avèrent nécessaires.

• Le premier niveau de perspective porte sur la poursuite de l'analyse de la rupture du film avec le dispositif développé au cours de cette thèse. L'observation permet de suivre l'évolution de la forme des constituants en fonction de la température et la nature des trous et fissures générés après rupture mais aussi pendant la rupture. Cette partie qui était l'objectif initial de la thèse a été mise de côté au profit de la caractérisation des incertitudes et des limites du dispositif. Le suivi du gluten et de l'amidon au cours de la déformation d'un film en cuisson apporterait une lumière sur l'idée du ramollissement du grain d'amidon (au-delà de la température de gélatinisation) tels que le pensent certains des spécialistes du domaine et serait un apport original. Les questions scientifiques qui pourront découler de cette partie sont les suivantes : le gluten relargage-t-il de l'eau quand il se déforme ? le grain d'amidon en faible teneur d'eau (dans la pâte) se ramolli-t-il ou augmente-il en taille au cours de la cuisson ?, telles sont quelques questions parmi tant d'autres que l'on pourrait se poser;

• Par rapport à la technique de soufflage, la maitrise de l'épaisseur initiale et le suivi de l'épaisseur au cours de la déformation du film restent des éléments très importants dans la bonne estimation des paramètres mécaniques à la rupture du film : contrainte, déformation, épaisseur à la rupture. Un couplage dispositif avec un système d'autofocus au macroscope permettrait d'obtenir une vidéo claire du film en cours de déformation et donc de suivre et d'analyser en temps réel les mouvements du gluten et de l'amidon. L'utilisation de méthodes de flot optique permettrait une estimation automatisée de la déformation et de la vitesse de déformation en temps réel. En complément, le suivi du mouvement de la colonne de maintien du macroscope lorsque le focus est réalisé au sommet de la bulle permettrait un suivi de la hauteur de la bulle en temps réel;

• Une troisième perpective serait de vérifier la teneur en eau du film de pate entre le début et la fin de l'essai mécanique afin de s'assurer de la constance en eau dans le film. Le peser en debut des essais est faisable. En revanche, c'est la pesée en fin d'essai qui necessiterait une protocole specifique car une partie du film serait perdue (compressée entre les inserts).

Sur le plan modélisation

L'objectif central était de développer un modèle basé sur la méthode des éléménts finis pour prédire le comportement en extension d'un film de pate en cours de cuisson. L'étude des mécanismes impliqués dans la rupture du film de pâte est réalisée à travers l'analyse de la contrainte de von Mises.

Choix clé pour le développement du modèle

J'ai pu explorer plusieurs modèles tels que les modèles visqueux, élastique, et viscoélastique. Le modèle micromécanique visco-hyperélastique de Maxwell généralisé à une branche a été finalement choisi pour prédire le comportement du film de pâte en extension car ce dernier décrit à la fois les comportements visqueux et élastique de la pâte et permet de couvrir les grandes déformations. Les interactions gluten et amidon sont décrites par la condition de la couche mince. Les valeurs des modèles mécaniques à faibles teneurs en eau du gluten et de l'amidon (tel que rencontré dans la pâte) ont été estimés à travers le peu de données obtenues de la littérature.

Résultats majeurs

Application technologique potentielle

L'enjeu technologique est de comprendre la contribution de l'amidon et du gluten dans le comportement mécanique du film de pâte en extension au cours de la cuisson. Une compréhension de l'apport de chaque constituant permettrait le développement de nouveaux procédés et l'intégration de la variabilité des matières premières dans la conduite de la cuisson. Un ramollissement précosse du grain d'amidon au cours de la cuisson peut par exemple contribuer à l'amélioration de l'extensibilité du film de pâte et donc d'obtenir une mie de pain avec des propriétés mieux maitrisées. En jouant sur les valeurs de modules mécaniques du gluten et de l'amidon, le modèle mécanique peut servir d'outil de décision dans le choix des matières premières.

Perspectives

L'une des insuffisances du modèle qui pourrait faire l'objet de travaux futurs est la détermination des propriétés mécaniques du gluten et de l'amidon pour l'alimentation du modèle. L'objectif serait de determiner les valeurs des modules mecanique du gluten et de l'amidon par un ajustement du modèle mécanique aux données expérimentales. Le recrutement de deux postdocs est prevu pour travailler sur quelques aspects de la modélisation. Une fois les propriétés mécaniques connues, les perspectives relatives à la modélisation pourraient être modulées en deux étapes en fonction des délais de mise en oeuvre :

À court terme

• Le premier niveau est la considération de plusieurs branches du modèle de Maxwell. Une poursuite des premières confrontations du modèle mathématique aux résultats expérimentaux pourrait permettre de vérifier l'importance de considérer 1 ou 5-branches dans le modèle généralisé de Maxwell pour le prédiction du comportement en extension d'un film de pâte;

• Un autre volet qui pourrait être intéressant est l'exploration du cas multi-grains. J'ai entamé cette étude mais les analyses n'ont pas été poussées faute de temps. On pourrait par exemple étudier l'effet des proportions du type de grains d'amidon A et B sur la réponse mécanique du film ce qui pourrait jouer un rôle important dans le choix de la farine (plus ou moins riche en amidon type A ou B) en fonction du volume ou de l'aspect de la mie de pain désiré.

À long terme

• Une étude plus poussée jusqu'à la rupture en utilisant des modèles de rupture pourrait être envisagée. Cela pourrait être enrichi par les vidéos de rupture de film recueillies avec le dispositif. Le but recherché en considérant le modèle jusqu'à la rupture serait d'avoir des informations sur la nature de la rupture du film de pâte (rupture fragile ou ductile);

• Un autre point qui pourrait être intéressant à développer sur le modèle est l'implémentation du ramollissement des grains d'amidon et le durcissement du gluten (des effets thermiques) par un couplage du modèle mécanique (échelle du film) et du modèle de cuisson (échelle de la pâte) développé par l'équipe. Cette dernière perspective serait une avancée considérable en raison du fait que les modèles de cuissons existants se sont limités à l'échelle de la pâte.

153 Les enjeux environnementaux et de santé poussent à l'utilisation de matières premières aux propriétés de plus en plus variables et hétérogènes. Dans le domaine de l'agroalimentaire comme celui de la panification, les farines sont caractérisées aux moyens d'instruments comme l'Amylographe ® , le RVA, le Rhéofermentomètre ® , le Mixolab ® ou encore l'Alvéolab ® . Ces machines sont coûteuses et requièrent souvent une combinaison d'analyses pour prédire le comportement des pâtes à pain en cours de cuisson. De nouveaux procédés comme la cuisson sous vide (Tuta Şimşek (2020) , EP2572583B1) entrainent des modifications du comportement des ingrédients en cuisson ; comme celui de l'amidon par exemple (Tuta Şimşek, 2020) qui n'est pas caractérisable avec les appareils existants dans la mesure où les modifications en jeu opèrent à pression atmosphérique.

L'invention concerne un dispositif permettant de maîtriser l'ambiance gazeuse autour d'un matériau fin et déformable sensible aux équilibres gazeux. Il permet, dans sa déclinaison en deux chambres (TRL3-4 du labo), de déterminer les propriétés mécaniques et de rupture (courbes contrainte-déformation) d'un matériau d'épaisseur initiale connue soumis à des conditions de sollicitation au plus proche de celles rencontrées au cours de sa transformation. Les dispositifs existants sont souvent limités dans le moyen de contrôle des conditions gazeuses autour des matériaux étudiés et induisent des modifications au sein du matériau qui se comporte alors différemment de ce qu'il aurait dû en conditions d'utilisation normales. Ces conditions sont d'autant plus difficiles à reproduire que le matériau génère des gaz de natures différentes au cours de sa transformation ayant chacun des équilibres différents en fonction de la température. Le dispositif développé propose d'imposer la nature de l'atmosphère gazeuse de par l'utilisation d'une quantité suffisante de matériau disposé autour de la partie du matériau à analyser. C'est le matériau, soumis aux conditions de transformation (température, pression) qui impose, par le jeu des équilibres gazeux, les conditions thermo-hydriques autour du matériau à analyser, par opposition à tout système cherchant à les reproduire en utilisant d'autres moyens (sels ou autres). Le dispositif permet accessoirement de déterminer les taux de production gazeuse de ce matériau lorsqu'il est utilisé sans matériau d'épaisseur contrôlée entre les chambres. Du fait de son herméticité, il permet aussi de travailler à des pressions différentes de celles de l'atmosphère ; sous dépression (cuisson sous vide) ou sous pression (produits saturés).

-LES INVENTEURS

2.1 -Notions.

-La notion d'inventeur

Aux termes de la législation régissant la propriété industrielle, sont considérées comme étant inventeurs les personnes physiques ayant apporté une contribution inventive significative et directe à la réalisation de l'invention (dans sa conception ou dans sa mise en pratique). Sont exclues de cette définition les personnes :

-ayant seulement effectué des tâches de routine 3 -ayant seulement effectué des tâches d'exécution des instructions de leur responsable ayant fourni des moyens mais sans contribuer directement à l'obtention des résultats revendiqués responsables de laboratoire, d'unité sans participation directe à l'invention Dans le cas de résultats brevetables, la liste des inventeurs proposée (Cf-Points 2.2 et 2.3) fera l'objet d'une validation ultérieure au vu du contenu final de la demande de brevet. Par conséquent, nous vous remercions de vous conformer strictement à la définition énoncée ci-dessus et préciser la nature exacte des contributions de chacun (Cf-Point 5).

La notion de créateur :

Si l'invention fait l'objet d'une valorisation économique, une liste « d'inventeurs et créateurs » sera alors établie séparément du présent document en vue de mettre en oeuvre la prime d'intéressement (Cf. Note de service INRA n°2007-61).

-Quel est l'inventeur principal, responsable du projet ?

Le Responsable Scientifique sera l'interlocuteur privilégié des différents acteurs intervenant pour mettre en oeuvre la protection de l'invention tant du point de vue scientifique qu'administratif. Il sera notamment saisi des différents documents devant être signés par l'ensemble des inventeurs (Pouvoirs ; Cessions ; Déclaration d'abandon…). Résumé : La structure de la pâte à pain peut être décrite comme une dispersion de bulles de gaz dans une matrice gluten/amidon (structure de mousse). Au cours de la cuisson, la pâte est soumise à divers phénomènes, thermomécaniques et biochimiques (gélatinisation de l'amidon, dénaturation du gluten) entrainant le passage de la pâte d'une structure de mousse liquide à une structure alvéolaire solide. Le volume et la structure finale du pain dépendent fortement de quand et comment la paroi comprise entre deux bulles se rompt au cours de la cuisson. L'effondrement de la pâte en expansion est observé lorsque la rupture intervient trop tôt tandis qu'un pain contracté est obtenu au refroidissement lorsque la rupture de la paroi de pâte n'est jamais atteinte. Dans le souci de comprendre l'impact des différents mécanismes impliqués lors de la rupture mécanique de la paroi de pâte à l'échelle des principaux constituants au cours de la cuisson, deux approches ont été abordées. La première approche a consisté en la prédiction du comportement mécanique d'un film de pâte réduit à la taille d'un grain d'amidon grâce à une modèle visco-hyperelastique.
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GRENIER

L'analyse des champs de contraintes moyennes de von Mises et de la triaxialité des contraintes montre que la rupture mécanique de la paroi de pâte est fortement sensible à la nature des interactions gluten-amidon à partir des fractions d'amidon supérieures à 11% v/v. La seconde approche, complémentaire à la première, a porté sur le développement d'un dispositif de caractérisation du comportement mécanique d'un film de pâte (épaisseur 200μm-1mm) dans les conditions de fermentation et de cuisson. Une surestimation de la contrainte par la technique de soufflage à partir des déformations vraies supérieures à 1,5 pour les faibles épaisseurs considérées est observée. Les modules mécaniques du gluten et de l'amidon sont estimés grâce à une confrontation des résultats expérimentaux au modèle. De plus, l'évolution de la topographie du film notamment, la forme, la taille des grains d'amidon et des trous (rupture) est discutée au moyen d'analyses d'images. Les enjeux technologiques de cette thèse concernent le développement de nouveaux procédés comme la cuisson sous vide et l'intégration de la variabilité des matières premières dans la conduite de la cuisson.

Title : Contribution to the optimization of the baking products : study of bread dough gas cell wall rupture phenomenon Keywords : breadmaking, dough gas cell wall, bubble inflation technique, rupture.

Abstract :

The structure of bread dough can be described as a dispersion of gas bubbles in a gluten/starch matrix (foam structure). During baking, the dough is subjected to various thermomechanical and biochemical phenomena (gelatinization of the starch, denaturation of the gluten), resulting in the transition of the dough from a liquid foam structure to a solid cell structure. The final volume and structure of the bread strongly depend on when and how the wall between two bubbles ruptures during baking. The collapse of the expanding dough is observed when the rupture occurs too early, while a contracted loaf is obtained upon cooling when the dough wall ruptures occur at the later stage of baking. Two approaches have been considered to understand the impact of the different mechanisms involved in the mechanical rupture of the dough film at the starch granules scale during baking. The first approach consisted of predicting the mechanical behaviour of a dough film reduced to the size of a starch granule using a viscohyperelastic model.

The analysis of the average von Mises stress fields and the stress triaxiality shows that the mechanical failure of the dough wall is strongly sensitive to the nature of the gluten-starch interactions from starch fractions higher than 11% v/v. The second approach, complementary to the first one, focused on developing a small-sized bubble inflation device to characterize the mechanical behaviour of a dough film (thickness 200μm-1mm) under fermentation and baking conditions. An overestimation of the stress by the inflation technique above Hencky strains of 1.5 for the low thicknesses considered is observed. The mechanical moduli of gluten and starch are estimated by comparing the experimental results with the model. Moreover, the evolution of the film topography, particularly the shape and size of the starch granules and holes (rupture), is discussed through image analysis. The technological issues of this thesis concern the development of new baking techniques such as vacuum baking and the integration of the variability of raw materials during breadmaking.
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 27 Figure 2.7 Gas cell walls of various thicknesses : (a) at advanced thinning stage,reduced to the size of starches(Bloksma, 1990); at the end of proofing (b) 50 µm, to (d) 10 µm thick, varying locally according to the size of the starch granule embedded in the gluten film(Sandstedt, 1954). Magnification × 400 for all except (b) and (c) ( × 200). . . . . . . . . . .
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 28 Figure 2.8 Scanning Electron Microscopy (SEM) micrographs of white dough at different stages of proving. (a) Immediately after mixing; (b) 5 min of proving; (c) 15 min proving (arrow indicating apparent discontinuities in the gluten-starch matrix) and (d) 40 min proving. From Gan et al. (1990).
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 21 Figure 2.1: Multi-scale structure organisation of the bread dough from macro to microscale. (a) macroscale : continuous dough, (b) Observations of gas cell walls by X-ray tomography at ESRF. Gluten (Dark-colored) and starch (gray-colored) from Babin et al. (2006); (c) Schematic representation of GCW composition byGrenier et al. (2021).

  Figure 2.2: Effect of water content in dough mixed at the optimum time of 2 min; (a) 50% wb (b) 53% wb (c) 56% wb of water content. From[START_REF] Létang | Characterization of wheat flour-water doughs. part i: Rheometry and microstructure[END_REF].
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 23 Figure 2.3: Confocal Laser Scanning Microscopy view (a) of the dough matrix with two gas bubbles, and (b) focus on liquid lamellae at gas cell interface after 120 minutes of fermentation; green : hydrophilic part (w); red : gluten proteins (p); and blue : liquid lamellae (l or L); "a" indicates aqueous(hydrophilic) phase; "b" gas cells and "m" dough matrix (from Turbin-Orger et al. (2015)); (c) Schematic view of the LL by[START_REF] Mills | Bubble formation and stabilization in bread dough[END_REF].
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 2 Figure 2.5: Change in air content during mixing in four laboratory-scale mixers. From Campbell et al. (2003).
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 27 Figure 2.7: Gas cell walls of various thicknesses : (a) at advanced thinning stage, reduced to the size of starches(Bloksma, 1990); at the end of proofing (b) 50 µm, to (d) 10 µm thick, varying locally according to the size of the starch granule embedded in the gluten film(Sandstedt, 1954). Magnification × 400 for all except (b) and (c)( × 200).

Figure 2 . 8 :

 28 Figure 2.8: Scanning Electron Microscopy (SEM) micrographs of white dough at different stages of proving. (a) Immediately after mixing; (b) 5 min of proving; (c) 15 min proving (arrow indicating apparent discontinuities in the gluten-starch matrix) and (d) 40 min proving. From[START_REF] Gan | The microstructure and gas retention of bread dough[END_REF].
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 35 Figure3.5: Calibration of the visco-hyperelastic model using the least squares method under cyclic compression at -0.083 s -1 . FromMohammed et al. (2013).
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  large for shear at 0.5/min (RMSPE = 71.2 %). A probable reason is that the cohesive zone parameters could be rate dependent [ Geiβler and Kaliske 2010].
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Figure 4 . 2 :

 42 Figure 4.2: Bubble inflation device imagined by Cicerelli et al. (2004) (a) side view of the two chambers apparatus, (b) to (d) differents cases of dough film loading.

  Fig. 4.4 presents a starch

FIG. 1 .

 1 FIG. 1. (a) Stress-strain curve of wheat flour dough under uniaxial tension in different regions, and (b) starch and gluten interactions in the different regions ((b)i is reproduced from Amemiya and Menjivar (1992) and (b)iii from Dobraszczyk and Morgenstern (2003)). Stress and strain in 1(a) are calculated through Eqs. (1) and

Figure 4

 4 Figure 4.3: (a) Different regions of the stress-strain curve of wheat flour dough under uniaxial tension and their associations, (b) to starch and gluten interactions. FromMohammed et al. (2013).

  Figure 4.4: GCW under extension before starch gelatinization temperature a) no interaction b) existence of interaction between gluten and starch.

Figure

  Figure 4.5: Cross-section (A) of a GCW without liquid lamella and (B, C, and D) evolving crosssection of a rupturing GCW, along with what can be seen from the corresponding lower-case letters(a, b, c). The image of the complex structure of holes with strings crossing them was captured from[START_REF] Gan | The microstructure and gas retention of bread dough[END_REF]. FromGrenier et al. (2021).

  4.6) b.

  Figure4.6: Cross-section of a GCW with liquid lamella. The water already lining the GCW and any water that may be expelled from the gluten matrix reinforce the wall until it ruptures. Starch granules hydrate during baking; the darker the blue, the more hydrated the starch granule. The hole left after the second rupture (that of the liquid lamella) is rounder in shape than that observed when no liquid lamella is present. The round holes visible on the right-hand image had previously contained water that had been sublimated at the sample-preparation steps preceding SEM[START_REF] Gan | The microstructure and gas retention of bread dough[END_REF]. FromGrenier et al. (2021).
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 47 Figure 4.7: GCW under extension beyond starch gelatinization temperature a) no interaction, b) existence of interaction between gluten and starch.

Figure 4 . 8 :

 48 Figure 4.8: Illustration of dimension constraint that closed chamber is subjected to (A in Fig. 4.9).
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 49 Figure 4.9: Outline of the experimental device implemented during the PhD thesis.

Figure 5 . 1 :

 51 Figure 5.1: The small-sized bubble inflation device: the red color denoted the dough or the gluten and bubble, the yellow one the circulating temperature regulated water. (a) and (e) External view (b) half of a cross-view from a side c) cross-view from the top d) schematic of the inflating dough (F1 or F2) or gluten (G) bubble, #8 in (b) (from[START_REF] Charalambides | Biaxial deformation of dough using the bubble inflation technique. i. experimental[END_REF].

  Figure 5.2: Stress at the top of the bubble vs. Hencky strain for dough prepared with wheat flour F1 (a) and hydrated gluten (b); effect of replicates (three replicates for each condition tested) and strain rates 0.0006 s -1 and 0.09 s -1 .

  Figure5.3: Stress at the top of the bubble vs. Henchy strain: comparison between experiments on doughs prepared with F1, F2, and hydrated gluten G at strain rate 0.09 s -1 and experiments carried out by[START_REF] Dobraszczyk | Extensional rheology and stability of gas cell walls in bread doughs at elevated temperatures in relation to breadmaking performance[END_REF] on Hereward flour dough at strain rate 0.1 s -1 at 20°C.

  Figure5.4: Stress at the top of the bubble vs. Hencky strain for doughs prepared with wheat flours F1 (a), F2 (b) and hydrated gluten G (c): effect of strain rate 0.0006 s -1 , 0.003 s -1 , 0.03 s -1 and 0.09 s -1 . Average and standard deviation between three to four replicates.

Fig. 5 .

 5 Fig. 5.5 and Fig. 5.6 present top-view images of hydrated gluten films (Fig. 5.5) and dough films (Fig. 5.6) taken with the Low-to-Mid Range Magnification Digital Microscope at different strains and magnifications.

Figure 5 . 5 :

 55 Figure 5.5: Close up of the microstructure of hydrated gluten films (a, b, c), initially (a, b), and during bubble inflation (c). The letter H indicates hairs of brush from the wheat grain, P insoluble pentosans, S starch granules, LW liquid lamella lining the film with some discontinuities (b) which disappear with the increasing strain (c). Light source from the bottom for (a) and (c) and from top and bottom for (b).

Figure 5 . 6 :

 56 Figure 5.6: Close up of the microstructure of dough films prepared with F1, initially (a), during inflation at 0.09 s -1 (b, c, d for the same film as in (a)) and just after rupturing (e, f). The letter G indicates almost pure gluten, P insoluble pentosans, S starch granules, the holes formed in the film after the rupture are in yellow bright (e) and dark (f).

Figure 5 . 7 :

 57 Figure 5.7: (a) Hencky strain vs time (t), comparison between analytical, experimental (from image analysis) and semi-experimental data using the average strain rate (ASR); (b) Height of the bubble vs time; (c) Film thickness vs. time (d) Comparison of stress vs semi-experimental strain and analytical stress vs analytical strain. Flour F1, strain rate 0.09 s -1 .

Figure 6 . 1 :

 61 Figure 6.1: Details of the holding clamp of the small-sized bubble inflation device. 1 and 2: Upper and lower chamber, 3: Plumbing for thermoregulated bath circulation, 4: Dough tanks (two per chamber), 5: O-ring Silicone flat gasket, 6: Double glazing (one per chamber), 7: wing nuts.

Figure 6 . 2 :

 62 Figure 6.2: Location of the thermocouples for gas tightness analysis (a), for the investigation of the uniformity in temperature in the vicinity of the dough film (2 mm away from the film) (b) and (c) the location of the thermocouples T1 and T4 in one out of the four dough tanks.

Figure 6 . 3 :

 63 Figure 6.3: (a) (1) The motorized syringe used for bubble inflation. (2) The stepper motor and its associated (3) motor reductor and the coupled controller and motorshield card used for controlling the stepper motor and programmed for exponential movement of the plunger and constant strain rate at the top of the bubble (Appendix A). (b) Photograph of a bubble without the upper chamber of the smallsized bubble inflation device. (c) Recall of the schematic of the inflating bubble (from Charalambides et al. (2002)). T(t) dough film thickness at the top of the bubble at time t, R the bubble radius, h the bubble height, a initial radius of dough disc, P the pressure inside the bubble.

  Figure 6.4: Relative pressure Pr within the chambers vs time, (a) at room temperature (b) at 70°C. All for 5,000 s (about 1hours 20 minutes). Mean and standard deviation between three runs.

  Figure 6.5: (a) Temperature vs time for thermocouples T2, T3 near the dough film, T1, T4 in a dough tank, (b) zoom in on the blue boxed area in Fig. 6.5 a. The temperature was set to 70°C. Mean and standard deviation between three runs.

  Figure6.7: Effect of the initial film thickness varying from 100 µm to 1.5 mm on the analytical stressstrain curve at 0.09 s -1 strain rate, 45 min resting time and a = 7.5 mm ; comparison to experimental stress strain curves obtained with initial film thicknesses (445 ± 143 µm and 621 ± 122 µm) using the small-sized bubble inflation device at 0.09 s -1 . The stress-strain curve obtained with the Alveolab ® using a dough film of 5 mm thick initially and non-constant strain rate.

  Figure 6.8: Stress vs Hencky strain for the two radii of the receiving clamp a = 7.5 mm and 10 mm and two strain rates of 0.09 s -1 and 0.0006 s -1 . (a) experimental data (45 min resting time and initial film thickness of 0.445 mm), (b) analytical data.

Figure 6

 6 Figure 6.9: Analytical (a) mean height and radius of the bubble vs time, (b) mean thickness of the bubble vs time, (c) mean stress vs Hencky strain and (d) Hencky strain vs time, black lines. The range of uncertainty (mean ± standard deviation) is shown in red dash lines.

Figure 6

 6 Figure6.10: Relative error on analytical outputs issued from the calculation under Bloksma's assumption with the assumption of uncertainties of 5% on the initial bubble radius, 30% on the initial thickness of the dough film, 30% on the strain rate at the top and 5% on the pressure measurement.

Figure 7 . 1 :

 71 Figure 7.1: Stress vs. Hencky strain for dough F2 at (a) 0.0006 s -1 , (b) 0.09 s -1 and for gluten at (c) 0.0006 s -1 , (d) 0.09 s -1 .
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 72 Figure 7.2: Dough film at 20°C (a), 70°C (b) at the lowest magnification. Zoom on small gas cells observed in the thickness of the film (c) and on the starch granules (d, e) at 70°C.
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 7374 Figure 7.3: Light intensity of the dough film as a function of temperature (before deformation).

Figure 7 .

 7 Figure 7.5: macroscopic images of rupture propagated in dough films pre-heated at 70°C before mechanical testing (a) to (f), illustration of rupture dough film (g).
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 76 Figure 7.6: Zooms on details of the upper holes left after rupture at 70°C.

Figure 7 . 7 :

 77 Figure 7.7: Details of some of the small gas cells encompassed within a much larger open gas cell wall separating gas cells in bread crumb (from three different bread prepared using the same recipe). (a) small gas cells encompassed with the dough film. (b) Large field of view of a crumb and zoom on one of the holes (d). (c) zoom on another hole.

Fig. 1 .

 1 Fig. 1. Microscopic views of GCW cross-sections at the end of fermentation from Sandstedt (1954): a. thick GCW; b., c. and d. thin GCWs.

Fig. 2 .

 2 Fig. 2. Geometries and boundary conditions: a. cross-section of a gas cell wall (GCW) about to rupture at the end of proving (Sandstedt, 1954); b. 2D reference geometry for simulations; c. cylindrical geometry of filament stretching experiments in Ng et al. (2006); d. 2D axisymmetric model-validation geometry based on the filament stretching experiment shown in c.

Fig. 3 .

 3 Fig. 3. Mechanical properties for T < 50-60 • C, E starch /E gluten = 10 (early in baking) and T > 70-80 • C, E starch /E gluten = 0.1 (later in baking). The GCW spatial organization and morphology shown in the upper part of the figure has been adapted from Grenier et al. (2021).

Fig. 4 .

 4 Fig. 4. Average values for von Mises stress vs Hencky strain in the case of cohesive interaction at the gluten-starch interface.

Fig. 5 .

 5 Fig. 5. Plotted average values for von Mises stress vs Hencky strain, comparing linear viscoelasticity with visco-hyperelasticity where there is cohesive interaction at the gluten-starch interface.
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 78 Fig. 7. Reference starch fractionaverage values for von Mises stress vs Hencky strain computed with the proposed model for both the cohesive and non-cohesive gluten-starch interface hypotheses and for two different starchgluten modulus ratios E starch /E gluten = 0.1 and E starch /E gluten = 10.

Fig. 9 .

 9 Fig. 9. Von Mises stress fields within the GCW at the end of extension (0.67 Hencky Strain) for the two references E starch /E gluten = 10 (a, c, e) and E starch / E gluten = 0.1 (b, d, f). Triaxiality factor: uniaxial extension (TF = 0.33, c and d) and shear (TF = 0, e and f). Cohesive (left-hand image) and non-cohesive (right-hand image) gluten-starch interfaces are shown for each subplot a, b, c, d, e and f.

Fig. 10 .

 10 Fig. 10. Von Mises stress fields within the GCW at the end of extension (0.41 Hencky Strain) for a 28% starch fraction where E starch > E gluten (a) and E starch <E gluten (b). Cohesive (left-hand image) and non-cohesive (right-hand image) gluten-starch interfaces are shown for each subplot.
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 1 Fig.9.1 presents the fitting of the response obtained during the compression relaxation test at 25°C for the wheat bread dough prepared by[START_REF] Vanin | Effect of the drying rate on the complex viscosity of wheat flour dough transforming into crust and crumb during baking[END_REF], using the algorithm

Figure 9 . 1 :

 91 Figure9.1: Normal stress vs. time on test applied to wheat bread dough at room temperature (25°C), experimental data obtained on bread dough according to the preparation procedure described in[START_REF] Vanin | Effect of the drying rate on the complex viscosity of wheat flour dough transforming into crust and crumb during baking[END_REF], fitting with 1-element generalized Maxwell model of which parameter values are identified using the[START_REF] Laridon | Identification of broad-spectrum viscoelastic parameters: influence of experimental bias on their accuracy and application to semihard-type cheese[END_REF] algorithm. Normal stress was calculated from three replicates.

Fig. 9

 9 Fig. 9.2 compares the experiments obtained on dough with the bubble inflation device and the simulated data using the visco-hyperelastic model fed with the values determined in

Ea

  el (kPa) E(kPa) t relax (sMohammed et al. (2013); b estimated from compression relaxation tests performed on bread dough by Vanin et al. (2018) and adjusted by the algorithm implemented by Laridon et al. (

  Figure 9.3: Comparison between visco-hyperelastic model and the experimental results on gluten (G) at (a) ε = 0.0006 s -1 , (b) ε = 0.003 s -1 , (c) ε = 0.03 s -1 , (d) ε = 0.09 s -1 . The parameters of the 1-element generalized Maxwell model were presented in Table9.2.
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 11 tous les programmes développés au cours de cette thèse pour la résolution des équations (Matlab) et pour la commande du moteur pas à pas utilisé pour piloter le système d'injection. r o ( f , h0 ) ; mat ( round ( d/p ) , 1 )=d ; mat ( round ( d/p ) , 2 )=h ; end %Save data i n d , h i n column a t . t x t f i l e named " data2 " %i f d==f i n %d e l e t e data2 . t x t f i d=f o p e n ( ' data2 . t x t ' , ' wt ' ) ; f p r i n t f ( f i d , '%d %d\n ' , mat . e p e r t o i r de t r a v a i l path= ' chemin du d o s s i e r dans l e q u e l s e t r o u v e l e f i c h i e r e x c e l ; f i l e n a m e= ' Non du f i c h i e r e x c e l ( . x l s x ) ' ; f u l l p a t h =[ path , ' \ ' , f i l e n a m e ] ; %S t o c k a g e dans l a v a r i b a l e dataC des donnees de l a f e u i l l e i du f i c h i e r %e x c e l nomme ' f i l e n a m e ' dataC=x l s r e a d ( f u l l p a t h , 4 ) ; %Le rang pour l e q u e l sigma e s t max s i g m a b i s=dataC ( : , Numero de l a c o l o n n e de c o n t r a i n t e ( sigma ) ) ; %sigma2=smooth ( s i g m a b i s ) ; k=l e n g t h ( s i g m a b i s ) ; m=f i n d ( s i g m a b i s==max( s i g m a b i s ( : ) ) ) ; j=f i n d ( s i g m a b i s==min ( s i g m a b i s ( 2 :m) ) ) ; %s i g m a t e r=s i g m a b i s ( j :m) ; %i =1; %w h i l e s i g m a t e r ( i )<s i g m a t e r ( i +150) && i+j <k %i=i +1; %end %S t o c k a g e dans l a v a r i a b l e Sigma1 des donnees de l a l i g n e i ( s t r e s s ) de l a %v a r i n b a l e dataC %Sigma1=dataC ( 1 : i , 8 ) ; %Le sigma1 a p a r t i r du deuxieme rang ( a c a u s e du l o g ) Sigma=s i g m a b i s ( j :m) ; %S t o c k a g e dans l a v a r i a b l e E p s i l o n 1 des donnees de l a c o l o n n e j ( s t r a i n ) de l a %v a r i n b a l e dataC E p s i l o n 1=dataC ( : , Numero de l a c o l o n n e de d e f o r m a t i o n ( e p s i l o n ) ) ; %E p s i l o n 1 a p a r t i r du 2eme rang E p s i l o n=E p s i l o n 1 ( j :m) ; %F i t t a g e e x p o n e n t i e l des donnees f=a * exp ( b * x ) , a=K, b=n , x=e p s i l g i n a l sample r a d i u s ( d i a m e t r e i n s e r t dans n o t r e c a s ) , a (mm) a = 7 . 5 ; % Cross s e c t i o n a l a r e a o f t he p i s t o n , S (mm) S = 2 0 0 . 9 6 ; %V i t e s s e l i n e a i r e avancee p i s t o n pour 0 . 0 9 s -1(mm/ s ) %F a i r e v a r i e r c e t t e v a l e u r a c e que l a courbe de l a v i t e s s e de %d e f o r m a t i o n en f o n c t i o n du temps c o r r e s p o n d e a l a v i t e s s e v o u l u e dans %l e c a s de l a v i t e s s e de d e f o r m a t i o n non-c o n s t a n t e vp = 0 . 5 7 ; %P r e s s i o n ( kPa ) P= 0 . 5 ; %E p a i s s e u r i n i t i a l e T0(mm) T0 = 0 . 3 ; %V i t e s s e de d e f o r m a t i o n eps_point (1 / s ) %v a l e u r i n i t i a l e pour l e c a s de v i t e s s e de d e f o r m a t i o n nonc Cas v i t e s s e de d e f o r m a t i o n non-c o n s t a n t e f o r t =1: pas : f i n t %Avancee p i s t o n (mm) d=t * vp ; 167 Programmes %Air volume V(mm3, f o r p i s t o n d i s p l a c e m e n t d ) V=S * d ; %S o l v e f ( h )=0 ( C a l c u l e de l a hauteur de l a b u l l e ) f=@( h ) ( h^3+3 * a ^2 * h-(6 * V) / p i ) ; (1+h_nc^2/ a ^2) ; %V i t e s s e de d e f o r m a t i o n epsi_point_nc=epsi_nc / t ; %C o n t r a i n t e sigma ( kPa ) s i _ n c ( t )=epsi_nc ; % Cas v i t e s s e de d e f o r m a t i o n c o n s t a n t e %Hauteur de l a b u l l e h (mm) h_c=a * s q r t ( exp ( e p s i _ p o i n t * t ) -1t i e sh_c ( t )=h_c ; sR_c ( t )=R_c ; s e p s i _ p o i n t ( t )=e p s i _ p o i n t ; t ( s t , sT_c , '-b * ' , ' l i n e w i d t h ' , 1 ) l e g e n d ( ' Non-c o n s t a n t ' , ' Constant ' ) %Courbes d e f o r m a t i o n f i g u r e ( 2 ) ; t i t l e ( ' Hencky s t r a i n ( t ) ' ) s e t ( g c f , ' c o l o r ' , ' white ' ) p l o t ( s t , sepsi_nc , '-r o ' , ' l i n e w i d t h ' t ( s t , s e p s i _ c , '-b * ' , ' l i n e w i d t h ' , 1 ) l e g e n d ( ' Non-c o n s t a n t ' , ' Constant ' ) %Courbes v i t e s s e de d e f o r m a t i t ( s t , s e p s i _ p o i n t , '-b * ' , ' l i n e w i d t h ' , 1 t ( s t , sh_c , '-b * ' , ' l i n e w i d t h ' , 1 ) l e g e n d ( ' Non-c o n s t a n t ' , ' Constant ' ) %Courbes R( t ) f i g u r e ( 5 ) ; t i t l e ( ' h ( t ) ' ) s e t ( g c f , ' c o l o r ' , ' white ' ) p l o t ( s t , sR_nc , '-r o ' , ' l i n e w i d t h ' t ( s t , sR_c , '-b * ' , ' l i n e w i d t h ' , 1 ) l e g e n d ( ' Non-c o n s t a n t ' , ' Constant ' ) %Courbes c o n t r a i n t e -d e f o r m a t i o n f i g u r e ( 6 ) ; t i t l e ( ' S t r e s s ( s t r a i n ) ' ) s e t ( g c f , ' c o l o r ' , ' white ' ) p l o t ( sepsi_nc , ssigma_nc , '-r o ' , ' l i n e w i d t h ' t ( s e p s i _ c , ssigma_c , '-b * ' , ' l i n e w i d t h ' , 1 ) l e g e n d ( ' Non-c o n s t a n t ' , ' Constant ' ) %Courbes c o n t r a i n t e -temps f i g u r e ( 7 ) ; t i t l e ( ' S t r e s s ( t ) ' ) 170 A.2 Programmes Arduino pour la commande du moteur pas à pas s e t ( g c f , ' c o l o r ' , ' white ' ) p l o t ( s t , ssigma_nc , '-r o ' , ' l i n e w i d t h ' Vitesse de déformation non constante // I n c l u d e t h e S t e p p e r l i b r a r y : #i n c l u d e <S t e p p e r . h> // D e f i n e number o f s t e p s p er r e v o l u t i o n : / / c o n s t i n t s t e p s P e r R e v o l u t i o n = 2 0 0 ; // D e f i n i t i o n des c o n s t a n t e s e t des p a r a m e t r e s // D e f i n e t he time i n t e r v a l ( time s t e p ) t r / s , e s t i m a t e d by t he s t r a i n r a t e through e x e c l f i l e f l o a t Vts = 0 . 5 ; // P i t c h o f t h r e a d e d s h a f t f l o a t p a s v i s = 0 . 0 0 4 ; // Constant m u l t i p l i c a t i v e t r / s-->t r /min ( k ) f l o a t k=1/ p a s v i s * 6 0 ; // Give t h e motor c o n t r o l p i n s names : #d e f i n e pwmA 3 #d e f i n e pwmB 11 #d e f i n e brakeA 9 #d e f i n e brakeB 8 #d e f i n e dirA 12 #d e f i n e dirB 13 // I n i t i a l i z e th e s t e p p e r l i b r a r y on t he motor s h i e l d : S t e p p e r myStepper = S t e p p e r ( s t e p s P e r R e v o l u t i o n , dirA , dirB ) ; n i t i a l i z e th e s t e p p e r l i b r a r y on t he motor s h i e l d : S t e p p e r myStepper = S t e p p e r ( s t e p s P e r R e v o l u t i o n , dirA , dirB ) ; // Motor p i n c o n t r o l : d i r e c t i o n , speed and s t o p v o i d s e t u p ( ) { // S e t t h e PWM and brake p i n s so t h a t th e d i r e c t i o n p i n s can be used t o c o n t r o l t he motor : pinMode (pwmA, OUTPUT) ; pinMode (pwmB, OUTPUT) ; pinMode ( brakeA , OUTPUT) ; pinMode ( brakeB , OUTPUT) ; d i g i t a l W r i t e (pwmA, HIGH) ; d i g i t a l W r i t e (pwmB, HIGH) ; d i g i t a l W r i t e ( brakeA , LOW) ; d i g i t a l W r i t e ( brakeB , LOW) ; i g n e d l o n g t = ( m i l l i s ( )+pas ) / 1 0 0 0 ; myStepper . s e t S p e e d ( ( 3 . 1 4 1 5 9 * pow ( a , 3 ) * pow ( pow ( e , eps * t ) -1 ,0.5) * (2+pow ( e , ep s * t ) ) ) * k / (6 * S * t ) * r e d u c t i o n ) ; myStepper . s t e p (1 * s ) ; S e r i a l . p r i n t l n ( ( 3 . 1 4 1 5 9 * pow ( a , 3 ) * pow ( pow ( e , eps * t ) -1 ,0.5) * (2+pow ( e , ep s * t ) ) ) * k / (6 * S * t ) * r e d u c t i o n ) ; } Disponible sous : https://www.abcontrats.inra.fr/portail/index.html Les résultats décrits dans cette fiche visent tous les résultats susceptibles de faire l'objet d'une valorisation. Ils concernent les résultats brevetables ou destinés à faire l'objet d'un autre type de protection: savoir-faire secret ; marque ; logiciel ; base de données ; matériel biologique...ou toute perspective d'innovation, selon la définition proposée par l'OCDE : « Une innovation est la mise en oeuvre d'un produit (bien ou service) ou d'un procédé (de production) nouveau ou sensiblement amélioré, d'une nouvelle méthode de commercialisation ou d'une nouvelle méthode organisationnelle dans les pratiques d'une entreprise, l'organisation du lieu de travail ou les relations extérieures » (OCDE, Manuel d'Oslo : Principes directeurs pour le recueil et l'interprétation des données sur l'innovation, 3e édition (2005). Cf partie 3.2 du rapport). L'objet et le contenu de ce document répondent aux exigences règlementaires qui imposent à l'inventeur d'une invention :d'en faire la déclaration à son employeur : « Le fonctionnaire ou agent public auteur d'une invention en fait immédiatement la déclaration à l'autorité habilitée par la personne publique dont il relève. » (Art.R.611-14 du Code de la Propriété Intellectuelle) -de proposer à son employeur le classement de son invention selon l'une des 3 catégories suivantes : Invention de mission ; Invention hors mission attribuables ; Inventions hors mission non attribuables (Art.R.611-2 du Code de la Propriété intellectuelle) Cette fiche est à remplir par le Responsable Scientifique avec l'aide de l'Ingénieur de Projets en Partenariat (IPP) de son Centre et éventuellement de son Chargé de Partenariat et d'Innovation -CPI (Cf : https://intranet.inra.fr/partenariat/Domaines-d-Innovation) 1 -TITRE ET RESUME DE L'INVENTION Dispositif régulateur d'un matériau sous atmosphère et transferts gazeux (Pression, nature du gaz, température) maîtrisés et/ou de caractérisation d'un matériau
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  Quel que soit le type de protection de l'invention qui sera retenu, il est rappelé que la non divulgation des résultats obtenus est obligatoire de manière à sauvegarder nos droits et à ne pas compromettre l'efficacité d'une future valorisation. en détail les différentes parties du dispositif développé au cours de cette thèse pour l'analyse de la rupture d'un film de pâte dans les conditions de cuisson. Il s'agit de la partie "présentation de dispositif" de la déclaration d'invention. L'ensemble du dispositif est constitué principalement du dispositif régulateur d'ambiance thermo-hydrique et gazeuse autour d'un film de pâte et de caractérisation de comportement mécanique (invention), et d'une partie d'observation de l'échantillon au cours de sa transformation. Le dispositif comprend deux chambres (A et B) thermo-régulées au moyen de la circulation d'un bain chaud (Fig. C.1, 2 et Fig. C.2 f) dans des tuyaux flexibles (Fig. C.2 f). Les deux chambres sont séparées par une épaisseur initiale maitrisée de matériau à caractériser en particulier la pâte à pain (Fig. C.2 c). C'est ce matériau (film de pâte à pain) qui va être soumis à une déformation par application de différence de pression pour détermination de son comportement mécanique. L'une des deux chambres est en contact avec un dispositif de contrôle de débit de faible volume (Fig. C.1, 3) via l'intermédiaire d'un orifice de faible dimension (Fig. C.3 a) de sorte que les phénomènes d'évapo-condensation soient limités au maximum vers les éléments externes non régulés en température. Chaque chambre est constituée de deux tubes régulateurs dans lesquels sont placés des morceaux du matériau de réserve (pâte à pain) (Fig. C.4 e, ii), de deux orifices (haut et bas) pour la mesure de température (thermocouples) (Fig. C.4 b, i) et d'un orifice de connexion du système de pression (mesure et contrôle) (Fig. C.3 a ii). Le système est constitué d'un système de « double vitrage » (Fig. C.2 g) dans lequel circule du bain chaud par le biais d'un cryostat (Fig. C.1, 2). L'objectif du double vitrage est d'éviter l'apparition de condensation d'eau sur le vitrage (phénomène d'évapo-condensation) tout en permettant l'observation (dans ce cas précis la chambre haute) et/ou l'éclairage (chambre basse) de l'échantillon. Les chambres ont été imprimées par frittage de poudre et fusion (conception Autocad et fabrication chez Sculptéo). Le matériau d'impression utilisé est le nylon 3200 chargé verre (plus durable, et résistant à des températures de l'ordre de 150°C). Le film de pâte à pain (épaisseur d'environ 200 microns) est placé entre les deux chambres A et B qui sont à leur tour hermétiquement assemblés grâce à un joint torique plat (membrane en mousse silicone de 2 mm d'épaisseur) et des tiges feuilletés à papillon. Le diamètre du film de pâte peut être ajusté au moyen des inserts de différents diamètres (10, 15, 20, 30 mm) afin de donner la possibilité à l'expérimentateur de choisir le diamètre. L'ensemble du dispositif expérimental est placé sous un macroscope digital (DMS 1000, Leica Microsystems, Allemagne) pour les prises d'images du matériau (film de pâte à pain) au cours de sa transformation. Le microscope digital peut être remplacé par tout autre appareil d'acquisition d'images (exemple : microscope, RX, scanner (IRM, etc. . . ), synchrotron, etc...). Fig. C.2 Appareil d'observation : macroscope 6 systèmes d'acquisition de données

Figure C. 1 :

 1 Figure C.1: Vue d'ensemble du dispositif régulateur d'ambiance gazeuse, de caractérisation du comportement mécanique, et d'analyse d'image d'un film de pâte.
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	Unit	Value	Ref
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		Unit	Value	Ref
	T	Transpose	
	vm	Von Mises	
	vol	Volumetric	
	∞	Infinity symbol	
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Figure 9.2: Comparison between the visco-hyperelastic model with different parameter settings and the experiment obtained on wheat bread dough in this work, using F1 and the bubble inflation test operating at (a) ε = 0.0006 s -1 , (b) ε = 0.003 s -1 , (c) ε = 0.03 s -1 , (d) ε = 0.09 s -1 . The parameters of the 1-branch generalized Maxwell were presented in Table

9
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1. 
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.2: Maxwell model parameters used for simulating the bubble inflation test applied to gluten.

  Table 9.1, Fig. 9.2). These results are displayed in Fig. 9.3.
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  La technique de soufflage a été préférée par rapport à d'autres techniques car elle permet de déformer biaxialement le film tout comme est déformée une paroi séparant les bulles en fermentation et en cuisson. Un autre avantage est que cette technique permet de caractériser le comportement mécanique sans contact direct avec la pâte. De plus, cette technique est très pratique quand on souhaite observer la microstructure de l'échantillon simultanément au test mécanique;• La mise au point d'un système étanche couplant la technique de gonflement d'une bulle à un système d'observation. Afin d'éviter l'influence des conditions extérieures et mieux suivre les conditions thermodynamiques dans le dispositif, il était important de maintenir le dispositif étanche. Le but recherché était aussi de pouvoir travailler à terme sous des pressions autres que la pression atmosphérique pour la conduite d'autres procédées de cuisson, plus spécifiquement la cuisson sous vide. De plus, en raison de la technique de gonflement de bulle qui consiste à déformer le film en injectant du gaz, des fuites dans le dispositif conduiraient à des estimations erronées. Le suivi de la pression dans le dispositif à froid et à chaud nous a permis de mettre en évidence l'étanchéité du dispositif pour des durées de manipulation d'environ 45 minutes ce qui permet des deformations à la rupture pour des vitesses de déformation supérieures à 10 -3 s -1 ;

  ). Une première partie a été consacrée à l'adaptation de la théorie de la technique de soufflage pour le cas des vitesses de déformation constantes. La seconde partie a consisté à la programmation informatique du moteur et de la carte électronique permettant la commande du système d'injection. Les premières estimations des vitesses de déformations aux environs du sommet de la bulle par des enregistrements vidéos ont révélé une fiabilité du système d'injection soit entre 24%-60% d'erreur entre la vitesse réellement mesurée au sommet de la bulle et la consigne programmée au niveau du système d'injection. Le gros avantage du système d'injection mis au point est de rendre assez facile l'observation de l'échantillon à des vitesses de déformation très faibles ; ce qui facilite grandement l'analyse d'images tout en étant proche des vitesses de déformation réelles en fermentation et cuisson.

The maximum height of the set of bottom and upper chambers (Fig.4.8) was set to a little less than twice the depth of field of the Low-to-Mid Range Magnification Digital Microscope (DMS 1000, Leica, Germany), 70 mm (h = 35 mm for each chamber, Fig.4.8). Note that the two chambers had to have the same dimensions in order to avoid any geometrical non-uniformity and subsequent heterogeneities in temperature and gas composition between the two chambers. Under all these conditions, the observation of the surface of the dough film was possible without too much blurring effect even if it moved 4 mm downward. Beyond 39 mm below the surface of the upper part of the device, the observations of the surface of the film was no longer possible.

#1 and #2 upper and lower chamber, #3 dough tanks, #4 water flow, #5 double-glazed windows, #6 lightening, #7 dough holding clamp, #8 inflating bubble, #9 holes managed for the 4 dough tanks, #10 holes for the connection of the motorized syringe

The analysis of the literature (Part I) has shown the scarcity of data on the elasticity and viscosity of gluten and starch granules, especially in the cases of baking temperatures and limited amounts of water for starch granules. As filling these gaps in the scientific knowledge of biopolymers was largely beyond the scope of this thesis work, we considered two extreme

• Les résultats révèlent un effet non significatif de la nature des interactions gluten-amidon sur la contrainte moyenne de von Mises pour des fractions d'amidon inférieures à 11%. Le caractère cohésif ou non cohésif de l'interaction gluten-amidon devient toutefois significatif lorsque la fraction d'amidon augmente. Pour une fraction de grains d'amidon de 28%, qui était la plus proche de celle rapportée dans la littérature pour les films de pâte minces et qui a été estimée par imagerie, la nature des interactions entre le gluten et l'amidon s'avère avoir un impact sur les valeurs de contrainte moyenne, comme cela a déjà été mis en évidence pour la pâte dans la littérature;• La nature des interactions entre l'amidon et le gluten pendant la cuisson fait toujours l'objet d'un débat dans la communauté scientifique céréalière. Les simulations ont confirmé l'importance de la considération de la nature des interactions entre le gluten et l'amidon pour la modélisation du comportement mécanique du film de pâte. L'analyse des champs de contrainte de von Mises a révélé que l'endroit de la rupture mécanique du film de pâte est fortement lié à la nature de l'interaction gluten-amidon et à la proportion de gluten enrobant le grain d'amidon au voisinage de la rupture.
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Part III

Finite-Element modelling of unidirectional extension of GCW

A mathematical model was developed to increase the understanding of stress concentrations within a gas cell wall (GCW) in bread dough during baking. The GCW was composed of a single A-type wheat starch granule surrounded by various proportions of gluten typical of GCWs when about to rupture. Finite element simulations were carried out in 2D using linear viscoelasticity and visco-hyperelasticity. Strain orders of magnitude and rates relevant to dough during baking were applied as boundary conditions for two plausible sets of mechanical properties before and after protein coagulation and starch gelatinization (T < 50-60 • C and T > 70-80 • C). The average stress within the GCW was found to be strongly dependent on the starch fraction. Gluten-starch interactions influenced average stress values considerably when the starch fraction was greater than 11% v/v. The locations within the GCW where rupture was most likely to be initiated were identified by mapping maximal stress points using stress field and triaxiality analysis and the findings were discussed.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. org/10.1016/j.jfoodeng.2021.110669. 

Mathematical modelling of uniaxial extension of a heterogeneous GCW in