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Introduction

Industrial background

The works presented in this document were performed for Safran Reosc, as part of the Extremely Large Telescope international project. Safran Reosc, member of Safran Group, was selected for the manufacturing of the primary and secondary mirror of this telescope. Due to the particular background regarding this project, and to the issues at stakes, a thorough understanding of the behaviour of the materials involved in the structure is required. In particular, the mechanical properties of the adhesives used to assemble the structure are expected to be extensively documented.

The Extremely Large Telescope: presentation and missions

The Extremely Large Telescope (ELT) is an ESO 1 project started in 2012. The aim of this project is to design and to build an astronomical observatory including the largest optical/near-infrared telescope to this day. The building site is located in Chile, in the Atacama desert, on top of Cerro Armazones (alt: 3064 metres). Its first light is set to be in 2024.

The design comprises a reflecting telescope including a segmented primary mirror with a diameter of 39.3 metres and a secondary mirror with a diameter of 4.2 metres. It is backed by adaptive optics, eight laser guide star units and numerous scientific equipments. Thanks to the large surface of the primary mirror, this telescope is expected to gather 100 million times more light than the human eye, 13 times more light than the largest optical telescopes existing nowadays. Moreover, it will be able to correct for atmospheric distortion. In particular, its light gathering capabilities are 256 times greater than those of the Hubble Space Telescope. Consequently, the images given by the ELT are expected to be 16 times sharper than those provided by the Hubble Space Telescope. The objectives of this telescope are wide and of great scientific interest:

• The ELT will be used to search for extrasolar planets, through both direct 2 and indirect3 measurements.

• The advanced tools of the observatory will be used to characterise the early stages of the formation of planets and planetary systems.

• Due to its important light gathering power, the ELT will be useful to observe very distant objects, i.e. objects in their state several billion years ago. As such, it will be possible to better understand the mechanisms of the early stages of the universe, through the observation of primordial stars, primordial galaxies and black holes, shortly after the Big Bang.

• One of the most game-changing goals of the ELT is the direct measurement of the expansion of the universe, which would greatly impact the understanding of the laws of physics as they are stated to date.

Primary and secondary mirrors

The primary mirror is made of more than 900 hexaedral segments, to be assembled to form a 39.3 metres wide array. The elements of this array are attached to the structure using mechanical supports. Due to the materials involved in the structure, it is obviously not possible to use traditional bonding techniques (bolting, welding, etc.) The mechanical bonding is then performed using structural adhesives. These adhesives are subjected to various loadings (tensile, shear, thermal, etc.). Due to their complex mechanical behaviour, it is then necessary to accurately characterise their properties to obtain a proper dimensioning of the structure.

INTRODUCTION

Structural bonding in industry

A wide range of industrial fields nowadays use structural bonding for their applications, such as aeronautics, automotive or renewable energies. This extensive use is explained by the many advantages adhesive bonding features as opposed to bolting or riveting:

• multimaterials assembly capabilities • decrease in weight, for more energy-wise efficient structures

• preserved structure integrity • good stress distribution properties Unfortunately, this technique also has disadvantages [START_REF] Adams | Adhesive bonding science, technology and applications[END_REF][START_REF] Da Silva | Modeling of Adhesively Bonded Joints[END_REF]: the quality of the bond highly depends on the bonding process (surface treatment, curing, etc. ) [START_REF] Ziaee | Effects of Temperature on Cure Kinetics and Mechanical Properties of Vinyl -Ester Resins[END_REF]4], the mechanical behaviour of structural adhesives is non-linear and difficult to model accurately, and bonding defects are very likely to happen during the shaping of the joint.

The durability of adhesively bonded joints under various stresses and environmental conditions 4 is the main concern with replacing welding, brazing or mechanical fastening in industrial applications with such a technique. In particular, the accurate determination of the mechanical behaviour of adhesives is critical for most industrial fields, which usually require a certain degree of reliability regarding the strains and the mechanical failure of the structure.

Adhesives are materials fairly sensitive to the environmental conditions due to their polymeric nature. Notably, the temperature is of significant importance for adhesives with a relatively low glass transition temperature. Most of the applications in severe industrial fields such as aeronautics or space are submitted to harsh conditions, which lead engineers to gather data regarding the mechanical behaviour of adhesives for several thermal environments.

Even though structural adhesive bonding is a technique which requires particular safety precautions to guarantee good adhesive and cohesive properties, it is more and more used in industries. This increase in use is closely linked to the popularisation of composite materials, which are not quite suited to bolting. Aircraft manufacturers extensively rely on adhesives for their composite parts 5 as well as for many internal components of the cabin. Adhesives are also found in the automobile industry: car hoods are usually adhesively bonded assemblies of a top panel and of a stiffener. One should also mention the use of adhesives in the manufacturing of wood-based products 6 .

Scientific challenges and objectives

The aim of the PhD works detailed in this document are articulated around a few scientific and technical challenges. These challenges are all related to the behaviour of adhesives and bonded assemblies, observed from various standpoints. From the standpoint of the whole bonded assembly, it is expected to investigate the mechanical behaviour, both experimentally and numerically, in different thermal environments. Therefore, the influence of the temperature on the mechanical properties of bonded assemblies will be studied and quantified. In particular, a method developed to identify the residual stresses induced by the curing of the material will be presented, and the influence of these residual stresses, and of thermally induced stresses in a more general fashion, on the parameters of a viscoelastic-viscoplastic behaviour law will be discussed.

Structure Joint

From the mesoscopic scale (i.e. the joints and their visually detectable defects), the fracture properties of samples bonded using a structural epoxy adhesive will be investigated, as functions of the temperature. To do so, the development of a method that is both accurate and compatible with the common industrial requirements in terms of practicality and processing is needed. Moreover, this method must be validated using standardised data, in order to guarantee its reliability.

INTRODUCTION

Finally, regarding the microscopic scale, the microstructure of adhesive joints will be studied, by means of X-ray tomography. This aspect of the PhD requires the development of image processing tools dedicated to such experimental data. These tools mainly aim at the detection of porosities in the adhesive joints. The influence of various factors on these porosities should also be examined, since these porosities are microstructural defects, which lead to stress concentrations, and local decreases in terms of effective section and compactness. These voids may therefore be precursors to cracks, resulting in the mechanical failure of the joints. Moreover, the characteristics of these porosities are expected to be closely linked to the macroscopic behaviour of the assembly. The relationships between these two scales of observation will consequently be inspected.

In short, adhesives are complex materials, regardless of the considered scale. The works showcased in this thesis are then to be divided in three main parts (Fig. 0.4), depending on the characteristic sizes of the considered phenomena:

1. Chapters 2 and 3 are aimed at the macroscopic investigation of the temperaturedependent behaviour of adhesively bonded assemblies. The mechanical behaviour of bonded samples is investigated for multiaxial loadings ranging from tension to compression-shear, in various thermal environments. Using the data provided by these experiments, the parameters of a viscoelastic-viscoplastic behaviour model are identified, and the influence of the temperature is discussed. Moreover, the residual and thermal stresses created in the samples are computed, and their influence on the macroscopic behaviour is analysed.

2. Chapter 4 is a discussion on the temperature dependency of the fracture properties of adhesives. The fracture envelope of the adhesive considered in this study is identified using standardised methods at ambient temperature. An alternative approach is then used, which enables the testing in a thermal enclosure. After a comparison between the standardised results and the results obtained through the alternative method, the fracture envelopes of the adhesive are identified for two additional temperatures.

3. Chapter 5 is a thorough investigation of the microscopic features of adhesive joints, which highlights various external risk factors regarding the mechanical resistance of assemblies based on the observed changes in terms of microstructural properties. In particular, it is shown that adhesives contain pores, created during the manufacturing of the joints. These pores are subjected to changes due to the action of external factors, such as the temperature or the loading of the joints.

As a preamble to this study, an extensive study of the state-of-the-art regarding both mechanical characterisation techniques and mechanical behaviour modelling is presented in Chapter 1.

CHAPTER 1

State of the art of structural bonding and bonded assemblies mechanical characterisation

This first chapter features a summary of structural bonding and where this technique stands among other more conventional assembling methods, such as welding or bolting. Also, a thoroughly detailed overview of the various numerical models available to describe the mechanical behaviour of bonded structures will be presented, along with the experimental tests needed to identify the parameters of said behaviour laws. Finally, the reader will be shown a brief compendium of the impact of the environmental temperature on the behaviour of such adhesively bonded assemblies. Adhesives being materials used since mankind started to build tools (early signs of bonded tools were traced back to roughly 200 000 years ago [5] in central Italy, or more recently to more than 80 000 years ago in the Harz Mountains in Germany [START_REF] Koller | High-tech in the middle palaeolithic: Neandertal-manufactured pitch identified[END_REF]), they are traditionally manufactured using natural resources such as bark tar [5], animal bones, horns and hooves, or tree resins. Even if bonding techniques used in these ancient times were somehow rudimentary, as were the materials used, more complex adhesives and bonding processes were soon elaborated. For instance, it is possible to trace the first uses of bicomponent adhesives back to circa 70 000 years ago, in South Africa [START_REF]Implications for complex cognition from the hafting of tools with compound adhesives in the Middle Stone Age, South Africa[END_REF]. The tools found by Wadley in this site suggested adhesive joints between axes blades and wooden shaft, made out of plant gum and ochre. Not only did the ochre colour the adhesive red, but it also affected the mechanical properties of the glue, by means of acido-basic chemical reactions [START_REF]Implications for complex cognition from the hafting of tools with compound adhesives in the Middle Stone Age, South Africa[END_REF]. As a consequence of this additive, the adhesive bonds were more resistant to water and wet environmental conditions, and featured higher mechanical strength according to replications performed during the study [START_REF]Implications for complex cognition from the hafting of tools with compound adhesives in the Middle Stone Age, South Africa[END_REF]. More recently, the famous and extensively studied body of Ötzi (about 5 200 years old), exhumed from the ice in September 1991 in the Ötztal Alps was found with various of his belongings. Some of them were manufactured using organic adhesives made of pitch. This pitch was obtained through the regulated heating of tree bark, which suggests that the bonding process was both controlled and the result of a certain and unquestionable expertise [START_REF] Sauter | Studies in organic archaeometry I: Identification of the prehistoric adhesive used by the Tyrolean Iceman to fix his weapons[END_REF].
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The materials used and the processes employed to obtain glues kept on evolving through the ages, but the tracking of this evolution was made easier with the emergence of handwriting. For example, one may find mentions of various adhesives used by the ancient Egyptians [START_REF] Ebnesajjad | Handbook of Adhesives and Surface Preparation[END_REF][START_REF] Lucas | Ancient Egyptian materials and industries[END_REF], between 2 000 and 1 000 BC. Similarly, the ancient Greeks and Romans took a significant part in the development of new adhesives, such as the use of egg-based adhesive pastes with various additives [START_REF] Ebnesajjad | Handbook of Adhesives and Surface Preparation[END_REF], or the introduction of beeswax-based glues in their naval industry [START_REF] Ebnesajjad | Handbook of Adhesives and Surface Preparation[END_REF]. During the Middle Ages, records of adhesives being used may be found in numerous applications [START_REF] Landels | Engineering in the Ancient World[END_REF], such as ship building in the lineage of ancient Greece and Rome, arts, furniture building etc. Bommarito [START_REF] Bommarito | La tradizione dei ricettari e trattati sui colori nel Medievo e Rinascimento veneto e toscano[END_REF], as reported by Pocius [START_REF] Pocius | Adhesion and Adhesives Technology[END_REF], details adhesives formulated during the Middle Ages and the Renaissance in Italy, such as: Very Strong, Very Good Glue Take clay roof tiles and grind them to a fine powder using a flour grinder. Add a similar amount of iron rust, also ground to a fine powder. Add live lime in an amount equivalent to the clay and iron rust and incorporate the mixture with linseed oil. Use immediately to glue what you want as this glue is better when used fresh than otherwise.

From this piece of text, it is now the norm to generate composite adhesives with various ingredients (here, clay, iron oxide and vegetal oil). However, even if the elementary bricks of these adhesive pastes changed gradually from the Paleolithic to the Middle Ages and the late Renaissance era, they remained fairly similar in their sources, as those ingredients were extracted from the surrounding environment and were lowly processed, if processed at all. The next groundbreaking advance in adhesive materials and in their formulations happened during the 20 th century, with the appearance of synthetically prepared polymers [START_REF] Pocius | Adhesion and Adhesives Technology[END_REF]. Nonetheless, it is not before the mid-1950s that these newly manufactured adhesives were extensively used in the industry [START_REF] Hartshorn | Structural adhesives chemistry and technology[END_REF]. For instance Judge [START_REF] Judge | Aircraft and automobile materials of construction, vol. 2 Non-ferrous and organic materials a treatise for aircraft, automobile, and mechanical engineers, manufacturers[END_REF] in the 1920s, as it is mentioned by Adams [START_REF] Adams | Adhesive bonding science, technology and applications[END_REF], details in his books the main sources of adhesives in use in the automotive and aeronautics fields at the time (summarised by Ilioni in [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF]):

• Animal glue (hide, bone or hoof)

• Fish glue • Liquid glues (animal glues in liquid, ready-to-use state)

• Marine glues (made from India rubber, naphtha and shellac)

• Casein glues • Waterproof glues (modified 'ordinary glue')

• Vegetable glues • Flexible glue (modified animal glue)

• Albumen glues

Along with the rise of structural bonding, mainly during the second half of the 20 th century [START_REF] Hartshorn | Structural adhesives chemistry and technology[END_REF], various adhesives formulations have been elaborated, bringing if not a constant increase in mechanical properties, an ever-increasing variety of materials to choose from. A few of these synthetic adhesives are displayed in Tab. [START_REF] Adams | Adhesive bonding science, technology and applications[END_REF] Nowadays, adhesive bonding has grown into a widely spread technique in various industrial fields (automotive, medical, aeronautics or aerospace, Fig. 1.1b) due to the various advantages it features as it has been previously presented and to the numerous adhesive-based solutions now available to a given engineering problem.

The current main adhesives families are hereafter briefly presented, from the round-robin performed by Dilliard in [START_REF] Dillard | Advances in structural adhesive bonding[END_REF]:

• Epoxy -epoxy adhesives are probably the most commonly found formulation, due to their very high mechanical properties. One may found either monocomponent epoxy adhesives or bicomponent epoxies. The latter require a precise ratio between the resin and the hardener for the reaction to properly happen. Moreover, the curing reaction is thermally activated, which can be of interest to speed up the bonding process [4].

• Reactive acrylic -these adhesive formulations have preferences toward bonding plastic systems, such as polycarbonates, PolyMethyl MethAcrylate (PMMA), or Acrylonitrile Butadiene Styrene (ABS). Reactive acrylics are two-part systems comprising a viscous resin and an activator carried in a low volume of solvent. These formulations have the benefits to rapidly cure (usually a few minutes). They are extensively used to bond polymeric materials1 . These adhesives consist of a viscous resin and an activator carried in a low volume of solvent. Reactive acrylics are extremely fast to cure, which may be either an advantage (fast bonding process) or a disadvantage (short work time to adjust the parts to be bonded).

• Toughened acrylic -the main advantage of these adhesives is that they are quite permissive regarding imperfect bonding conditions, may it be poor surface preparation or inaccurate resin and hardener proportions.

• Anaerobic acrylic -known as thread-locking fluid applications, this formulation is used to secure, seal and retain turned screws or closely fitting metal parts to prevent loosening, leakage or corrosion. As a member of the acrylic family of adhesives, they are often in the form of low viscosity liquids. These single part adhesives cure when oxygen is excluded (anaerobic conditions) and in presence of metal the cure rate is much faster. The close fit excludes air and the metal surface speeds the rate of cure, hence its specific range of use.

• Cyanoacrylate -these adhesives known as "superglues" need close-fitting joints as well and usually solidify in seconds. Primarily curing requires a thin film of moisture on the surface to be bonded. Therefore, preferred bonded surfaces are non-porous materials. Compared to the previous systems, cyanoacrylate is a thermoplastic system hence this formulation is more susceptible to creep, especially at elevated temperatures.

• Silicone -owing to their low modulus of elasticity, silicone has gained popularity in structural and semi-structural applications requiring flexible bonding and resistance to extreme environmental conditions. Therefore, the main application for silicone adhesives is for glass bonding either as structural glazing or for tank fabrication, where both specific properties are needed. Silicone systems are available in single or two-part forms. Most of these products are applied and cured under ambient conditions, and they are termed room-temperature vulcanising (RTV) products.

• Polyurethane (PU or PUR) -PU adhesives are chemically reactive formulations that may exist in single part or two-part systems. For the single part systems cure is initiated by moisture in the atmosphere. Such as acrylic or epoxide formulations, for two-part systems cure can be controlled via catalysts or heating. PU find major uses in bonding composite structures especially glass fibre-reinforced plastics (GRP).

The key to use this kind of formulation is to control variables as cross link density, chain length or molecular building blocks properties in order to achieve interesting mechanical properties. The data displayed in Fig. 1.2 show how each of the most used adhesives compares to one another in terms of general mechanical properties. Among them, one may spot the epoxies, for very high stiffnesses and low elongation at failure. As they are described in [START_REF] Dillard | Advances in structural adhesive bonding[END_REF], they are extremely common in industrial applications, and the work presented in this thesis is aimed at this particular adhesives family. A patent registered by Pierre Castan in 1948 [START_REF] Castan | Process for the manufacture of thermosetting synthetic resins by the polymerization of alkylene oxide derivatives[END_REF] seems to pave the way for the industrial development of epoxy resins at an industrial scale. Epoxy adhesives may come in three different shapes:

• bi-components curable at room temperature • mono-component curable at high temperature

• film-shaped adhesive

Even though the bicomponent adhesives may be cured at low temperatures levels (the reaction is then activated by one of the components, the hardener), the necessary time to obtain a fully polymerised material can easily reach several days. That is why, apart from any application-related constraints, it is advised to apply a thermal curing cycle to the bonded assemblies to reach a fully polymerised state in a few hours. As a general rule of thumb, it is estimated that the reaction rate doubles for a 10°C increase in polymerisation temperature [START_REF] Dillard | Advances in structural adhesive bonding[END_REF] . Also, a polymerisation temperature of 10°C seems to be a limit not to be crossed, as it is an upper threshold delimiting a temperature range for which the reaction rate decreases in a significant fashion. This may even lead to partially uncured material and jeopardise the integrity of the bonded structure [START_REF] Dillard | Advances in structural adhesive bonding[END_REF]. Moreover, it has been shown by numerous studies that a higher curing tends to lead to a higher mechanical strength and to a higher glass transition temperature (T g ) [START_REF] Ziaee | Effects of Temperature on Cure Kinetics and Mechanical Properties of Vinyl -Ester Resins[END_REF][START_REF] Carbas | Effect of Cure Temperature on the Glass Transition Temperature and Mechanical Properties of Epoxy Adhesives[END_REF][START_REF] Enns | Time-Temperature-Transformation ( TTT ) Cure Diagram : Modeling the Cure Behavior of Thermosets below Tgm[END_REF][START_REF] Varley | Toughening of Trifunctional Epoxy System . V . Structure Property Relationships of Neat Resin[END_REF].

Epoxy adhesives chemical formulations all contain an epoxy reactive group (Fig. 1.3a) and somehow all derived from the bisphenol A diglycidyl ether (commonly abbreviated DGEBA) molecule, shown in Fig. 1.3b.

The curing of an epoxy adhesive corresponds to the formation of a tridimensional network of chemical bonds between polymer chains (cross-linking reaction), either between the same polymer molecules (in the case of a homopolymerisation) or with another chemical molecule (i.e. the hardener, in the case of a bicomponent adhesive). 

Adhesion mechanisms

The ability of an adhesive to maintain a bond in an assembled structure relies on two notions:

• cohesion properties: mechanical properties in the bulk of the adhesive joint [START_REF] Afnor | Adhésifs-Termes et définitions[END_REF] • adhesion properties: mechanical properties at the interfaces between the adhesive joint and the pieces bonded together [START_REF] Afnor | Adhésifs-Termes et définitions[END_REF] In order to guarantee the quality of this bond, one should take into account a large number of parameters [START_REF] Dillard | Advances in structural adhesive bonding[END_REF]:

• the materials to bond must be chemically compatible with the adhesive • the adhesive must be resilient to the environment conditions (temperature, relative humidity, UV, saline atmosphere, etc.)

• the storage conditions

• the adhesive application method on the surfaces to be bonded

• the polymerisation process

• the required mechanical performances

• the economic and aesthetic aspect of the process While cohesion properties are common to virtually every material, adhesion mechanisms are specific to the interfaces formed between adhesive materials and their adherends. These mechanisms are still very discussed in the scientific community, across several fields: chemists, physicists and mechanical engineers all have their take at the underlying theory. According to [START_REF] Bidaud | Analysis of the cyclic behavior of an adhesive in an assembly for offshore windmills applications[END_REF] in his thesis, chemists explain the adhesion mechanisms using molecular interactions between the substrates and the adhesive. Physicists on the other hand use energy-based approaches to theorise the phenomenon. The mechanical engineers, who are the end-user of those materials, choose an in-between stance regarding adhesion, as they apply the findings of chemistry and physics into the design of bonding process 1.1. ADHESIVE BONDING : FORMULATIONS AND ADHESION MECHANISMS which are in compliance with both the industrial constraints and the required performances.

Extensive work has been performed on this aspect of structural bonding (see [START_REF] Adams | Adhesive bonding science, technology and applications[END_REF][START_REF] Ebnesajjad | Handbook of Adhesives and Surface Preparation[END_REF] In summary, the adhesion phenomenon is described as the consequence of several mechanisms occurring at various scales (Tab.1.2), as explained by Joannes in [START_REF] Joannes | Caractérisation mécanique et outil d'aide au dimensionnement des collages structuraux[END_REF]. Based upon the works in [START_REF] Robert | On the Definition of Adhesion[END_REF][START_REF] Kinloch | Adhesion and Adhesives[END_REF][START_REF] Shanahan | Adhesion and wetting: similarities and differences[END_REF] and others, he explains, as reported by [START_REF] Bidaud | Analysis of the cyclic behavior of an adhesive in an assembly for offshore windmills applications[END_REF], that the phenomena mentioned in Tab. 1.2 are to be divided into two categories:

• mechanical adhesion: Introduced by the works of McBain in 1925 [START_REF] Mcbain | On Adhesives and Adhesive Action[END_REF], the underlying idea is that the adhesive enters the surface imperfections of the adherend thanks to its pasty consistency. The direct conclusion of these findings is that, in order to obtain an adhesion of quality, it is necessary for the adherend to feature a certain surface roughness; that is why bonding processes often include a mechanical treatment of the surfaces to be bonded (sandblasting, sandpaper treatment,etc).

• physico-chemical adhesion: Various phenomena may be included in this category, such as:

-Wettability -also referred to as thermodynamic adsorption, which describes the effects of the interfacial free energies [START_REF] Kinloch | Adhesion and Adhesives[END_REF] -Electrostatic adhesion -describes the bonded assembly as a flat capacitor, and explains the adhesion phenomenon as a simultaneous effect of Coulomb interactions and of van der Waals forces between the adhesive and the substrates [START_REF] Bidaud | Analysis of the cyclic behavior of an adhesive in an assembly for offshore windmills applications[END_REF][START_REF] Joannes | Caractérisation mécanique et outil d'aide au dimensionnement des collages structuraux[END_REF][START_REF] Deryagin | Proceedings of the Second International Congress of Surface Activity[END_REF]. Even though the adhesives are mainly polymers (except for mineral fillers which may be conductors), and as a consequence this theory may be judged as irrelevant, some studies tend to imply the contrary. As an example, Adams [START_REF] Adams | Adhesive bonding science, technology and applications[END_REF] reports a study [START_REF] Randow | An Investigation of the Cling of Thin Polymeric Films[END_REF] according to which electrostatic forces had a significant impact on the adhesion of plastic films to food.

-Diffusion -firstly introduced by Voyutskii in 1957 [START_REF] Voyutskii | The nature of self-adhesion (tack) of polymers[END_REF], applies the chemical diffusion theory to the polymer chains of the adhesive to explain self-adhesion (or autohesion) in the cases of polymeric materials. However, depending on the adherend material, this approach may be irrelevant. For example, in the case of a metal substrate, it is difficult to apply this theory to explain the adhesion phenomenon, if no primer has been applied to the bonded surfaces. Moreover, this requires a fairly high mobility of the polymer chains, meaning that this phenomenon should occur only for temperatures above the glass transition temperature.

-Chemical bonding -explains adhesion as the creation of covalent bonds between the adhesive and the adherend [START_REF] Joannes | Caractérisation mécanique et outil d'aide au dimensionnement des collages structuraux[END_REF]. Once again, this implies chemical compatibility between the two materials involved in the process, which is often not the case. As such, one may see this aspect of adhesion more as a reinforcement mechanism than as a fundamental mechanism. Nonetheless, due to the force of covalent bonds, we may assume that their creating at the interface of a bonded joint could significantly increase the mechanical strength of the assembly (Tab. 1.3).

• bulk adhesion: The theories included in mass adhesion try to explain adhesion using the mechanical failure of the assembly, mainly using energy-based approaches. These approaches take into account the properties of the involved materials rather than the properties of the interfaces. Among them, one may mention:

the rheological model, developed by Lake at the end of the 1960s [START_REF] Lake | The strength of highly elastic materials[END_REF], which links the adhesion energy to the energy dissipated during mechanical tests by fracturing covalent bonds in rubber materials the molecular dissipation model [START_REF] Shanahan | Physical adhesion of rubber to glass: crosslink density effects near equilibrium[END_REF] is somehow similar to the works of Lake [START_REF] Lake | The strength of highly elastic materials[END_REF] but for quasi-static loadings. He explains the adhesion of rubber to glass not only with van der Waals interactions, but also with an energetic term, dissipated by the elongation of the polymeric chains the weak boundary layer theory: explains premature adhesive failure of assemblies by the creation a layer of lesser mechanical properties at the interface between the adhesive and the substrate, due to various external factors, such as air bubbles, oily by-products, oxide layers and the like [START_REF] Bikermann | The Science of Adhesive Joints[END_REF].

Nature of the chemical bond Energy [kJ.mol 1.3: Some chemical interactions ranked by their energy, from [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF] As one may see, the adhesion phenomenon, although partially addressed here, can be explained by various complementary theories, at various observation scales. No other considerations shall be discussed on the adhesion between the glue and the surface of the substrates in the present thesis, as only the cohesive properties of the adhesive materials will be investigated: these works are carried out with regards to the adherence of the material and of the subsequent assemblies.
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Modelling the mechanical behaviour of structural adhesives : phenomenological models and behaviour laws

As stated previously, only the behaviour of the "bulk" of the adhesive will be studied in the works to come. As a consequence, no adhesion model will be presented in the following pages, firstly because the corresponding phenomena are out of the scope of the study, and secondly because as it may be seen in the previous pages, the adhesion theory is still an active subject in the scientific community, and the fundamental principles of the theory are still open to debate.

As the adhesive is considered to be a continuous mass, the study will be performed using the continuum mechanics framework, and therefore the main goal will be to link (Eq.1.1) the stress tensor σ to the strain tensor ε, by means of a function f so that:

σ = f (ε) (1.1)
with f depending on the rheological phenomenon to be described.

In the present section, a brief summary of the elementary rheological models will be proposed, and some reference works will be presented on the particular subject of the modelling of the mechanical behaviour of adhesives, ranked by complexity.

Elementary models: rheological bricks for more elaborated models

Materials display a high diversity of macroscopic behaviours: when they are mechanically stressed, some of them will resist and deform proportionally to the applied load, some will flow like liquids, and others will display both of these behaviours depending on the conditions (stress/strain, temperature etc.).

The most basic material model is the 1D elastic solid (or Hooke model, Fig. 1.4a), represented as a linear spring. For such a material, the stress is proportional to the strain following the Eq.1.2, commonly referred to as Hooke's law.

σ = E.ε (1.2)
where E is the Young's modulus, or elastic modulus, of the material represented by the spring.

In the case of a viscous material, one may either represent it with a linear or a non-linear dashpot (Figs.1.4b and 1.4c, showing Newton models), depending on the viscous behaviour of said material. For such rheological models, the stress-strain relationships are given by Eqs.1.3 and 1.4.

σ = η. ε (1.3) CHAPTER 1. STATE OF THE ART σ = λ. ε 1 N (1.4)
In those equations, η and λ denote the viscosity of the material, and N is a non-linearity parameter depending on the properties of the dashpot. The dependence on the deformation rate is clearly expressed in Eqs.1.3 and 1.4, with the term ε = ∂ε ∂t .

Lastly, a perfect plastic material would be described by a frictional device (Fig. 1.4d), relying on Coulomb's theory on contact and friction. For this model, a yield stress σ y is defined (Eq.1.5), above which frictional dissipation (i.e. plasticity) appears. As firstly introduced by Hencky in 1924 [START_REF] Hencky | Zur Theorie plasticher Deformationen und der hierdurch im Material hervorgerufenen Nachspannungen[END_REF], and later further developed by Ilyushin in 1943 [36], the theory of deformation indicates that the strain tensor describing a material under a given mechanical load may be divided into three different parts (Eq.1.6), related to three different sources of strains:

|σ| σ y (1.5) E 0 ε σ σ (a)
ε = ε e + ε v + ε p (1.6)
where ε is the strain tensor, and ε e , ε v , ε p are respectively the elastic, viscous and plastic strains tensors.

Or, for 1D cases:

ε = ε e + ε v + ε p (1.7)
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where ε is the total strain, and ε e , ε v , ε p are respectively the elastic, viscous and plastic strains.

Following this decomposition, one may simply assemble the elementary rheological models presented in Figs.1.4a to 1.4d to build more complex models, able to simultaneously describe the relevant terms of the Eq.1.6.

Modelling viscoelasticity

From the information presented above, it is obvious that a viscoelastic material may be modelled in a fairly simple fashion by combining a spring (i.e. elasticity) and a dashpot (i.e. viscosity), may it be linear or non-linear. This can be done either using a serial combination (resulting in a Maxwell viscoelastic model) or a parallel combination (resulting in a Kelvin-Voigt viscoelastic model). Viscoelastic models are of course not limited to such simple arrangements, and those are merely foundations to more elaborated rheological models.

Maxwell viscoelastic model

This model was firstly introduced by James Clerk Maxwell in 1867 to describe the fluidic behaviour of gases [START_REF] Maxwell | On The Dynamical Theory of Gases[END_REF]. This model consists of a serial arrangement of a spring and of a dashpot, as it may be seen in Fig. 1.5.

η E Figure 1.5: Maxwell viscoelastic model

The governing equations of the model are the following:

   ε = ε el + ε v σ = σ el = σ v (1.8)
where σ and ε are the total stress and strain in the system, and (σ el , ε el ) and (σ v , ε v ) are respectively the stress and the strain in the spring and in the dashpot. From Eqs.1.2 and 1.3, one may rewrite Eq.1.8 (the derivative, actually) as Eq.1.9:

η ε = τ σ + σ (1.9)
with the introduction of the relaxation time of the mechanical system τ = η E .
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This differential equation is solved to obtain the σ = f (ε) function solution to the problem, presented in Eq.1.10.

σ(t) = Eε(t) exp - t τ (1.10)
The viscous behaviour (i.e. the dependence upon the strain rate) is clearly highlighted in Eq.1.10, with the exponential term. It may be experienced fairly easily, by simulating the behaviour of such a mechanical assembly using Eq.1.10, and by varying the strain rate: it is then possible to highlight a hardening effect (Fig. 1.6a). Moreover, the fluidic properties of such a material may be experienced through creep and relaxation characteristic patterns (Fig. 1.6b and 1.6c). 

Voigt viscoelastic model

As opposed to the Maxwell approach, which was to arrange a serial combination of a spring and of a dashpot (Fig. 1.5), the Voigt model is a parallel association of these 20 1.2. MODELLING THE MECHANICAL BEHAVIOUR OF STRUCTURAL ADHESIVES : PHENOMENOLOGICAL MODELS AND BEHAVIOUR LAWS rheological elementary elements. Therefore, the constitutive equations of this model are the following (Eq.1.11):

   ε = ε el = ε v σ = σ el + σ v (1.11)
where σ and ε are the total stress and strain in the system, and (σ el , ε el ) and (σ v , ε v ) are respectively the stress and the strain in the spring and in the dashpot, as it was previously presented. The relationship between σ and ε is driven by the differential equation in Eq.1.12.

σ = Eε + η ε (1.12)
From the diagram in Fig. 1.7 and the equations presented in Eqs.1.11 and 1.12, one may notice that this kind of model does not feature any instantaneous elasticity. In other words, under an sudden deformation (i.e. ε → ∞), the system undergoes an infinite stress. The Voigt model therefore does not offer an accurate description of stress relaxation. One may solve the differential equation in Eqs.1.12 and find the following formula (Eq.1.13) between σ and ε (with σ = σ 0 H(t), H(t) being the Heaviside function):

ε = σ E 1 -exp - t τ (1.13)
where τ = η E is the retardation time of the system.

One particularity of this model, when compared to the Maxwell model (mainly, Fig. 1.5 and Eq.1.10) is that under a constant stress σ 0 , the creep strain after an infinite time will reach an asymptotic value, as opposed to the prediction of the Maxwell model (Eqs.1.14.

         ε ∞ = lim t→+∞ ε(t) = σ 0 E in the case of a Voigt solid ε ∞ = lim t→+∞ ε(t) = +∞ in the case of a Maxwell solid (1.14)
Similarly, under a constant strain ε 0 , the stress in a Voigt model will reach an asymptotic, non-zero, value equal to σ ∞ = Eε 0 .

Composed and generalised models

As it may be seen in the previous sections, Maxwell and Voigt models quickly reach their modelling limits and hypothesis, which may prohibit their use to describe the behaviour of an actual material. That is why more complex models have been developed. Among them, the most encountered are the Kelvin-Voigt model (Fig. 1.8a) and the Zener model (Fig. 1 For σ(t) = σ 0 H(t) (H(t) being a Heaviside function), the strain produced by a Kelvin-Voigt model is given by the relation in Eq.1.15.

.8b). η E 2 E 1 (a) Kelvin-Voigt model η E 2 E 1 (b) Zener model η 1 E 2 E 1 η 2 (c) Burgers model
ε(t) = 1 E 1 + 1 E 2 1 -exp - t τ c σ 0 (1.15)
where τ c = η E 2 is the characteristic time of the material under creep conditions.

Similarly, the stress in such a model under a strain ε(t) = ε 0 H(t) is given by Eq.1. [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF].

σ(t) = E 2 E 1 + E 2 + E 1 E 1 + E 2 exp - t τ r E 1 ε 0 (1.16)
where τ r = η E 1 +E 2 is the characteristic time of the material under stress relaxation conditions.

From the comparison of the expression of τ c and τ r , we conclude that a material described by a Kelvin-Voigt model is faster to reach its asymptotic relaxation behaviour 1.2. MODELLING THE MECHANICAL BEHAVIOUR OF STRUCTURAL ADHESIVES : PHENOMENOLOGICAL MODELS AND BEHAVIOUR LAWS than its asymptotic creep behaviour.

The Zener model, presented in Fig. 1.8b, is actually the same solid as the Kelvin-Voigt model, described using a different arrangement of springs and dashpots. This can be mathematically proven by performing two changes of variable (Eq.1.17):

         1 E (1,Zener) = 1 E (1,Kelvin-V oigt) + 1 E (2,Kelvin-V oigt) E (2,Zener) = E (1,Kelvin-V oigt) + E (2,Kelvin-V oigt) (1.17)
The Burgers model consists of a serial arrangement of a Maxwell model and of a Voigt model (Fig. 1.8c). The constitutive equation of such a rheological model is presented in Eq.1.18.

σ + η 1 E 1 + η 2 E 1 + η 2 E 2 σ + η 1 η 2 E 1 E 2 σ = η 2 ε + η 1 η 2 E 1 ε (1.18)
Under creep conditions (constant stress σ 0 , the resolution of the previous second order differential equation yields the following expression for ε(t) (Eq.1.19):

ε(t) = σ 0 E 1 1 + E 1 η 1 t + E 1 E 2 1 -exp - E 2 η 2 t (1.19)
The Eq.1.19 can be written differently (Eq.1.20), by introducing the Burgers model compliance function J B (t):

       ε(t) = σ 0 J B (t) J B (t) = 1 E 1 1 + E 1 η 1 t + E 1 E 2 1 -exp -E 2 η 2 t (1.20) Time ε σ 0 E 1 σ 0   1 E 1 + 1 E 2   slope = σ 0 η 1 Figure 1.9: Creep response of a Burgers model
These equations in the creep response plotted in Fig. 1.9, where the exponential and the asymptotic domains can be visualised.
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For an even more accurate description of experimental behaviours of materials, these models may be once again associated in serial and/or parallel combinations, into generalised models. For example, a generalised Kelvin-Voigt model is the serial association of n Kelvin-Voigt models, ideal for the modelling of highly cross-linked polymers [START_REF] Besson | Mécanique non linéaire des matériaux[END_REF]. In a same fashion, a generalised Maxwell model is the parallel combination of n Maxwell models, used for the description of thermoplastic polymers [START_REF] Besson | Mécanique non linéaire des matériaux[END_REF]. Another approach is to use Prony series [START_REF] Hamid | Determination of the parameters of the Prony series in hyper-viscoelastic material models using the finite element method[END_REF][START_REF] Chen | Determining a Prony Series for a Viscoelastic Material From Time Strain Data Varying[END_REF] to decompose the mechanical response of the material when subjected to a sudden strain into a sum of terms as in Eq.1.21.

G(t) = G ∞ + k=N k=1 G k exp - t τ k (1.21)
where G ∞ is the long term modulus (here, for a shear loading), and τ i are the relaxation characteristic times of the material.

Modelling plasticity

Perfect plastic model

The word "plasticity" derives from the ancient greek πλασσευν, which translates into "put into shape", or "fit to be molded". The theories on plasticity started in the second part of the 19 th century, with the works of Tresca in 1864 [START_REF] Tresca | Mémoire sur l'écoulement des corps solides soumis à de fortes pressions[END_REF] and Levy in 1871 [42].

The most straight-forward way to model plasticity is to serially combine a spring and a frictional device (Fig. 1.10). This model is referred to as the Saint-Venant model (or the Prandtl model). It describes a perfectly plastic material, as there is no hardening effect whatsoever. Under the yield stress σ y of the frictional device, the strains of the system are purely elastic, resulting in an elasto-plastic behaviour. Once the applied stress reach σ y , the strain becomes undetermined, due to the missing hardening (Fig. 1.11). As a consequence, the system cannot undergo a stress higher as σ y . In order to characterise this model, a yield function f may be introduced, defined by the Eq.1.22.

E σ y

                  
Elasticity domain: f < 0 when ε = εel = σ E Elastic unloading: f = 0 and ḟ < 0 when ε = εel = σ E Plastic flow: f > 0 and ḟ = 0 when ε = εp (1.22) with ε el and ε p are respectively the elastic and plastic strains.

As there is no hardening effect, there is no mechanically-stored energy2 in the system for σ = σ y , meaning that all the energy provided to the system is thermally dissipated. Moreover, such a system can reach infinite strains under finite stress, leading to a defective modelling, and to the mechanical ruin of the system.

It is however obvious that in most of real cases for solids, hardening effects are not to be neglected. The two main types of hardenings encountered in materials science are the isotropic hardening (Fig. 1.12a) and the kinematic hardening (Fig. 1.12b). The isotropic hardening corresponds to an expansion of the elasticity domain, without any translation or rotation in the stress invariants space. It is suited to large strains (above 10%) [START_REF] Besson | Mécanique non linéaire des matériaux[END_REF], and therefore is widely used to model plasticity for adhesives. On the other hand, the kinematic hardening corresponds to a translation of the elastic domain of the material, without distortion or expansion. It is particularly useful in the case of cyclic loadings, as it is able to model the Bauschinger effect, unlike any isotropic hardening rule, which is the decrease in compressive yield stress after a tensile prehardening. 

Präger model

The Präger model is a simple parallel combination of a spring and of a frictional device (Fig. 1.13). Even if, in this state, it is not an elasto-plastic model (as opposed to the Saint-Venant model), the addition of a spring in serial leads to such a solid model.

E σ y

Figure 1.13: Schematic representation of the Präger model

The Präger model features a kinematic hardening, as it may be visualised in Fig. 1.14. The shape of the plastic flow in Fig. 1.14 is driven by the properties of the spring in the model, since during the plastic flow the stress in the spring is defined by Eq.1.23:

σ = Eε p (1.23)
This aforementioned plastic flow only occurs if the yield stress σ y is reached in the 1.2. MODELLING THE MECHANICAL BEHAVIOUR OF STRUCTURAL ADHESIVES : PHENOMENOLOGICAL MODELS AND BEHAVIOUR LAWS frictional device, leading to the expression for the yield function f presented in Eq.1.24

f (σ, σ el ) = |σ -σ el |-σ y (1.24)
In order to trigger the plastic flow, the function f (σ, σ el ) meets the following conditions (Eq.1.25, as it was expressed in Eq.1.22):

       f (σ, σ el ) = 0 ḟ (σ, σ el ) = 0 (1.25)
This translates into the equations Eqs. If one calculates the dissipated energy for a cyclic loading, the conclusion will be that this energy does not change with the number of cycles. In other words, the energy stored during the loading (in the spring) is fully restored during the unloading, which is a property of linear kinematic hardenings.

Modelling viscoplasticity

The modelling of adhesives using viscoplastic formulations has been the object of a few studies in the past [START_REF] Maurice | Characterization and modelling of the 3D elastic-plastic behaviour of an adhesively bonded joint under monotonic tension/compressionshear loads: Influence of three cure cycles[END_REF][START_REF] Arnaud | Identification of the Elastic-Plastic Behavior of Adhesively Bonded Structures Under Multi-Axial Loadings: Comparison of a Modified Arcan Test and a Tension/Compression-Torsion Test[END_REF]. One of these rheological models has been introduced in 1922 by Bingham (Bingham-Norton model, in [START_REF] Bingham | Fluidity and plasticity[END_REF]), after previous works performed on the comparison between viscous and plastic flows [START_REF]An investigation of the laws of plastic flow[END_REF]. This model is also found under the name of Bingham-Maxwell model, by analogy with the model of Maxwell presented in the previous pages (Fig. 1.5), since it is a serial arrangement of a spring and of a viscoplastic rheological element (a parallel set-up of a frictional device and of a dashpot), as it is shown in Fig. 1.15a. Another way to arrange these elements is in a parallel combination, resulting in a Bingham-Kelvin model (Fig. 1.15a).

One may notice that the viscoplastic element in the Bingham-Maxwell model does not contain any spring, meaning that there will be no hardening once the yield stress σ y is reached. [START_REF] Bingham | Fluidity and plasticity[END_REF][START_REF]An investigation of the laws of plastic flow[END_REF] The model can be mathematically expressed as Eq.1.30:

σ y η E 1 (a) Bingham-Maxwell model σ y η E 1 (b) Bingham-Kelvin model
       σ = Eε if |σ|< σ y ε = εe + εvp = σ E + σ η 1 - σy |σ| if |σ| σ y (1.30)
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In the case of a non-linear dashpot, the last case of Eq.1.30 becomes:

ε = σ E + σ λ |σ| λ N -1 1 - σ y |σ| (1.31)
In an attempt to unify instantaneous elasticity (i.e. Bingham-Maxwell) and strain hardening (i.e. Bingham-Kelvin), it is possible to merge their rheological definition, into a generalised Bingham model (Fig. 1.16). Once again, the equation of the behaviour of

σ y η H E Figure 1.16: Generalised Bingham model
the model is found by expressing the individual behaviour equations of each element, as suggested in [START_REF] Besson | Mécanique non linéaire des matériaux[END_REF]. The elastic strain ε el is relative to the spring in serial (modulus E) and the viscoplastic strain ε vp is relative to the [spring; dashpot; frictional device] parallel assembly. Consequently:

X = Hε vp σ v = λ ε 1 N vp σ p σ y (1.32)
where X, σ v and σ p are the stresses in the spring (modulus H), the dashpot and the frictional device in the Bingham-Kelvin element of the model. Also, by definition of a parallel set-up:

σ = X + σ v + σ p = Eε el (1.33)
For this model as well, we may consider three different cases (Eq.1.34), due to the existence of the plastic domain:

                     εvp = 0 =⇒ |σ p |= |σ -Hε vp | σ y εvp > 0 =⇒ σ p = σ -Hε vp -λ ε 1 N vp = σ y εvp < 0 =⇒ σ p = σ -Hε vp -λ ε 1 N vp = -σ y (1.34)
Among all the cases expressed in Eq.1.34, only the first one corresponds to an elastic state of the system. The merging of all these conditional equations into one gives the statement in Eq.1.35.

λ ε 1 N vp = |σ -X|-σ y sign (σ -X) (1.35)
where x = max(0, x).

Eq.1.35 is the mathematical representation of two distinct phenomena:

• A flow may exist in the material even though there is no increment in stress or strain, as long as the threshold σ y has been crossed (Fig. 1.17a)

• The viscoplastic flow depends upon the strain rate (Fig. In particular, solving the equation displayed in Eq.1.35 gives the predicted viscoplastic strain under creep conditions and the stress under stress relaxation conditions, as shown in Eqs.1.36 and 1.37.

ε vp (t) = σ 0 -σ y H 1 -exp - t τ c τ c = η H or τ c = λ N H (1.36) σ(t) = σ y + Eε 0 -σ y 1 + N -1 λ N (Eε 0 -σ y ) N -1 t (1.37)

Towards 3D behaviour laws for structural adhesives : long-term behaviour and influence of the hydrostatic stress

As it appears on the previous pages, each introduction of a characteristic time τ i is relative to a given rheological elementary model, i.e. relative to an application, a modelling choice, or more generally, relative to a certain range for (σ, ε, t). However, in a real use, bonded structures are subjected to a wide variety of mechanical loads, may them be stress-driven, strain-driven, cyclic, slow, fast, multiaxial, etc. In other words, the rheological models presented in the previous sections are able to predict behaviours for:

• a given (σ, ε, t) range • a given loading direction 1.2. MODELLING THE MECHANICAL BEHAVIOUR OF STRUCTURAL ADHESIVES : PHENOMENOLOGICAL MODELS AND BEHAVIOUR LAWS

Increasing the characteristic times

In order to take into account several time scales, an approach is to consider that the parameters of the rheological model are functions of the elapsed time, instead of being constants. For example, this may be useful to describe both short-term and long-term creep strains, since creep strains (or more precisely the creep strain rate) evolve with time (Fig. This approach was introduced in 1969 by Schapery in [START_REF] Schapery | On the characterization of non-linear Viscoelastic materials[END_REF], for the mechanical characterisation of viscous material featuring non-linearity. In this study, the author introduces a reduced-time Ψ defined in Eq.1.38. This reduced-time is then used in the expression of the creep compliance D, used to link σ and ε in Eq.1.39.

Ψ(t) = t 0 dt a σ (t ) (1.38) ε(t) = g 0 D 0 σ + g 1 t 0 ∆D(Ψ) dg 2 σdt dt (1.39)
where g 0 , g 1 , and g 2 are material parameters.

A similar calculation can be done for a stress relaxation modulus expressed as a function of time to describe complex behaviour in stress relaxation conditions [START_REF] Schapery | On the characterization of non-linear Viscoelastic materials[END_REF].

Such an approach has been exploited and derived into several other studies, to describe various materials such as adhesives [START_REF] Peretz | Nonlinear Viscoelastic Characterization of FM-73 Adhesive[END_REF] and composites [START_REF] Ha | Time Dependent Behavior of Laminated Composites at Elevated Temperatures[END_REF]. Such expressions (Eq.1.39) can be for example turned into power-laws for the variation of the viscous compliance ( [START_REF] Ha | Time Dependent Behavior of Laminated Composites at Elevated Temperatures[END_REF], or more recently in [START_REF]An approach for nonlinear modeling of polymer matrix composites[END_REF], where the variation is taken into account with respect to temperature instead of elapsed time). The main idea here is then to keep a small amount of rheological elementary models in the complete material model, and to have the parameters of these rheological elements vary with time.

Exploiting the potential of generalised models

Another popular solution is to use generalised models (generalised Maxwell, generalised Kelvin-Voigt, generalised Bingham, etc.), with various characteristic times for each individual brick of these models. Therefore, depending on the timescale, the activated mechanisms will differ. Often, the time-dependence will be driven by a mathematical (probabilistic or statistical) law, such as Gaussian distributions. We will present two of the most basic generalised models, which laid the road to more complex models, as it will be discussed in the next paragraph.

The generalised Kelvin-Voigt, as it is shown in Fig. 1.19, corresponds to the serial combination of a linear spring and of n Voigt viscoelastic models (Fig. 1.7 for the definition of the Voigt model). It may also be seen as the serial combination of a Kelvin-Voigt model (Fig. 1.8a) and of (n -1) Voigt models.

η i E i E el n Figure 1.19: Generalised Kelvin-Voigt model
Therefore, using the definition of a serial combination, the following relationships for the stresses and the strains in the model may be expressed (Eqs.1.40 and 1.41):

σ = σ el = σ ve,1 = ... = σ ve,i = ... = σ ve,n (1.40) ε = ε el + n i=1 ε ve,i (1.41)
where σ el and ε el are respectively the stress and the strain in the linear spring, and σ ve,i and ε ve,i are respectively the stress and the strain in the Voigt model i,

for i ∈ [1, n].
As such, it is possible to express the viscoelastic strain rate εve as a function of the stress σ and of the material parameters of the model (Eqs.1.42 and 1.43), using the equations already established for the Voigt model (Eq.1.12). εve =

n i=1 σ η i - E i η i ε ve,i (1.42)
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It is also convenient to define µ i and τ i , respectively the compliance modulus and the characteristic time of the Voigt model i as expressed in Eq.1.43.

       εve = n i=1 1 τ i (µ i σ -ε ve,i ) µ i = 1 E i τ i = η i E i (1.43)
The generalised Kelvin-Voigt model is usually well-suited for the modelling of highly crosslinked polymers [START_REF] Besson | Mécanique non linéaire des matériaux[END_REF][START_REF] Jalocha | Revisiting the identification of generalized Maxwell models from experimental results[END_REF].

Similarly, the generalised Maxwell model takes the form of a parallel combination of a spring and of n Maxwell models, as shown in Fig. 1.20.

η i E i E el n Figure 1.20: Generalised Maxwell model
This model being a serial combination of rheological elements, the following relationships (Eqs.1.44 and 1.45) are valid:

ε = ε el = ε ve,1 = ... = ε ve,i = ... = ε ve,n (1.44) σ = σ el + n i=1 σ ve,i (1.45)
Once again, using Eqs.1.9, 1.44 and 1.45, it is possible to link the strain rate ε to the viscoelastic stress σ ve and the viscoelastic stress rate σve , as shown in Eqs. 1.46 

η i E i ε - 1 E i σ ve,i (1.47)
Or, with the introduction of µ i and τ i , respectively the weight and the characteristic time of the Maxwell model i as expressed in Eq.1.48, the expression Eq.1.47 can be written under the following shape:

       σve = n i=1 τ i ( ε -µ i σ ve,i ) τ i = η i E i µ i = 1 η i (1.48) CHAPTER 1. STATE OF THE ART
This formulation is usually suited to the modelling of thermoplastic polymers [START_REF] Besson | Mécanique non linéaire des matériaux[END_REF][START_REF] Pap | Experimental Characterization and Simulation of the Mechanical Behavior of an Epoxy Adhesive[END_REF].

Nevertheless, even though various timescales are now taken into account for the modelled behaviour, most of the adhesives, in their actual applications, cannot rely only on unidirectional modelling. That is why tridimensional models were developed, often based on the rheological elements presented on the previous pages.

Tridimensional modelling of the behaviour of structural adhesives

A large number of models were developed to this day in order to take into account as many phenomena as possible [START_REF] Maire | Etudes théorique et expérimentale du comportement de matériaux composites en contraintes planes[END_REF][START_REF] Schieffer | A coupled analysis of mechanical behaviour and ageing for polymer-matrix composites[END_REF][START_REF] Cognard | A study of the non-linear behaviour of adhesively-bonded composite assemblies[END_REF][START_REF] Badulescu | Analysis of the low temperature-dependent behaviour of a ductile adhesive under monotonic tensile/compression-shear loads[END_REF][START_REF] Arnaud | A tension/compression-torsion test suited to analyze the mechanical behaviour of adhesives under non-proportional loadings[END_REF][START_REF] Carrere | 3D models of specimens with a scarf joint to test the adhesive and cohesive multi-axial behavior of adhesives[END_REF][START_REF] Ilioni | A viscoelastic-viscoplastic model to describe creep and strain rate effects on the mechanical behaviour of adhesively-bonded assemblies[END_REF]. The authors of most of these papers acknowledged the importance of the influence of the hydrostatic pressure, and therefore implemented it in their behaviour laws. Due to the huge amount of available models, only three of them will be discussed, of significant importance for the works in the following chapters. These phenomenological models were developed to describe as accurately as possible the behaviour of structural adhesives and of bonded assemblies.

3D viscoelasticity: spectral model

As it is suggested on the previous pages, there exists a fair amount of ways to model tridimensional viscosity and viscoelasticity: Prony series, integral formulations [START_REF] Schapery | On the characterization of non-linear Viscoelastic materials[END_REF], spectral models [START_REF] Maire | Etudes théorique et expérimentale du comportement de matériaux composites en contraintes planes[END_REF][START_REF] Badulescu | Analysis of the low temperature-dependent behaviour of a ductile adhesive under monotonic tensile/compression-shear loads[END_REF], etc. The use of spectral formulations to model the viscoelastic behaviour of polymeric materials (composites or adhesives) will be discussed in a first stage. The first step in the development of this model was taken by Maire [START_REF] Maire | Etudes théorique et expérimentale du comportement de matériaux composites en contraintes planes[END_REF] in order to simulate the mechanical behaviour of composite materials, as in [START_REF] Laurin | Journal of Composite Materials[END_REF][START_REF] Carrere | Micromechanical-based hybrid mesoscopic 3D approach for non-linear progressive failure analysis of composite structures[END_REF]. This model was built upon thermodynamic considerations and hypothesised that two different thermodynamic potentials (free energy Ψ and dissipation ρ * ) drive the mechanical behaviour of the material (Eqs.1.49 and 1.50).

Ψ = 1 2ρ (ε -ε v -ε th ) : C 0 : (ε -ε v -ε th ) + n i=1 1 µ i ξ i : C r : ξ i (1.49)
where ρ is the density of the medium, ε v and ε th are respectively the viscous and thermal strains, C 0 and C r are respectively the elastic and viscous compliance rank 4 tensors, and µ i and ξ i are the weight and the strains of the elementary viscous mechanism i, for i ∈ [1, n], n being the number of elementary viscous mechanisms chosen for the modelling.

ρ * = 1 2 n i=1 µ i τ i ω i (σ v ) : C r -1 : ω i (σ v ) (1.50)
with ω i (σ v ) being a non-linear function of the viscous stress σ v and τ i the characteristic time of the viscous mechanism i.

Using the conditions imposed by the first principle of thermodynamics, the constitutive law between ε and σ for this model can be extracted (Eqs.1.51 to 1.54): 

σ = C 0 : (ε -ε v -ε th ) (1.
ε th = α∆T (1.54)
where g(σ) is a function involved in ω i (σ v ), α is the coefficient of thermal expansion of the media, and ∆T is the change in temperature during the considered time.

This formulation is therefore able to predict the elastic and viscous behaviour of a material under thermomechanical loadings. It should be highlighted that this model is not limited to uniaxial loadings. However, due to its relative complexity, one would need a Finite Element (FE) implementation to use such a model. This model has since then been extensively used, either under this shape or altered to fit a particular application, for both composite materials [START_REF] Laurin | Journal of Composite Materials[END_REF][START_REF] Carrere | Micromechanical-based hybrid mesoscopic 3D approach for non-linear progressive failure analysis of composite structures[END_REF] and structural adhesives [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF][START_REF] Badulescu | Analysis of the low temperature-dependent behaviour of a ductile adhesive under monotonic tensile/compression-shear loads[END_REF][START_REF] Ilioni | A viscoelastic-viscoplastic model to describe creep and strain rate effects on the mechanical behaviour of adhesively-bonded assemblies[END_REF][START_REF] Medina | Characterization and modeling of multi-material assemblies under mixed quasi-static loadings for the design of automotive structures[END_REF].

Most of these cited works assume a Gaussian distribution for the weights µ i of the elementary viscous mechanisms. Therefore, the relationships between the characteristic times τ i and their corresponding weight µ i in the total behaviour of the material (Eqs.1.55 to 1.57) may be expressed:

µ i = µ i n i=1 µ i (1.55) µ i = 1 n 0 √ π exp - n i -n c n 0 2
(1.56)

n i = exp(τ i ) (1.57)

3D plasticity and viscoplasticity models: theory and examples

In order to decompose the strains tensor as introduced by Hencky [START_REF] Hencky | Zur Theorie plasticher Deformationen und der hierdurch im Material hervorgerufenen Nachspannungen[END_REF] into elastic (ε el ), thermal (ε th ), plastic (ε p ) and viscoplastic (ε vp ) strains tensors (Eq.1.58), the elastic strains tensor ε el should first be expressed, as in Eq.1.59. In the following line of reasoning, it is hypothesised that there is no phase or chemical transformations within the material, as it is highly unlikely in the case of structural adhesives. (1.58)

ε = ε el + ε th + ε p + ε vp
ε el = Λ -1 : (σ -σ 0 ) (1.59)
with σ 0 and Λ being respectively the initial stress state and the elastic stiffness tensor of the material.
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The thermal strains tensor ε th , similarly to Eq.1.54, is expressed in the following fashion (Eq.1.60):

ε th = α(T ) • [T -T 0 ] = α(T ) • ∆T (1.60)
with α and ∆T being respectively the thermal expansion coefficients tensor and the thermal increment with respect to the initial temperature T 0 . By combining Eqs.1.58 to 1.60, it is possible to detail the expression of ε, as shown in Eq.1.61.

ε = Λ -1 : (σ -σ 0 ) + α(T ) • ∆T + ε p + ε vp (1.61)
The remaining terms to express are the plastic and viscoplastic strains tensors ε p and ε vp . To describe these strains, three quantities should be introduced:

• a yield function

• a flow function • a hardening function

The yield function (also referred to as "yield surface") basically describes the frontier between the stress states relative to reversible strains and the stress states corresponding to non-reversible strains (i.e. plastic and viscoplastic strains). The yield surface is a function of the components of the stress tensor σ. For a given temperature and hardening, and in the general case of tridimensional modelling, it is therefore a function of six variables (i.e. the six components of the symmetrical stress tensor), represented by a 5-dimensional hypersurface. This hypersurface defines three distinct domains: In order to be able to visualise this hypersurface, it is fairly common to use the stress tensor invariants, defined by the Eqs.1.62 to 1.64 (using the Einstein summation convention).

• D el = {σ/f (σ, A I ,
I 1 = σ kk = tr(σ)
(1.62)

I 2 = 1 2 (σ ij σ ji ) = 1 2 tr(σ 2 )
(1.63)

I 3 = 1 3 (σ ij σ jk σ ki ) = 1 3 tr(σ 3 ) (1.64)
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Using these properties, it is possible to reduce the n-dimensional hypersurface f (σ) to a mere surface f (I 1 , I 2 , I 3 ).

Once the yield function reaches 0 (the frontier D 0 expressed above), the plastic flow is triggered. The characteristics of this flow (mainly the corresponding strain rate) is defined using a flow function, which drives the strain rate, and the flow direction, as it is needed in the case of a tridimensional model.

During the plastic flow, various energy dissipation mechanisms can occur, such as thermal dissipation, internal structure modification, increase in temperature, etc. These mechanisms are in a position to modify the properties of the material. In particular, the positions of the domains D el , D 0 and D pl are subjected to changes. These changes are described using the hardening rule (or a set of hardening rules), which strongly depends on the material investigated. As already stated for unidirectional cases, the hardening is either isotropic (Fig. 1.12a) or kinematic (Fig. 1.12b) for most materials.

A wide range of plasticity criteria are available (yield, flow and hardening functions), some of them including a dependence upon the hydrostatic pressure, which is preferable in the case of materials such as structural adhesives. A brief summary of some of these criteria is available in Tab. 1.4, where σ V M denotes the von Mises stress, σ H the hydrostatic pressure and p is the cumulated plastic strain.

Model

Yield surface Flow rule Parameters

Modified von Mises [START_REF] Bowden | The Plastic Flow of Isotropic Polymers[END_REF][START_REF] Chun | Plastic yielding of a film adhesive under multiaxial stresses[END_REF][START_REF] Duncan | Measurements and models for design with modern adhesives[END_REF] f = σV M -σ0 -µσH -σ0 initial yield stress µ hydrostatic sensitivity Modified Tresca [START_REF] Bowden | The Plastic Flow of Isotropic Polymers[END_REF][START_REF] Chun | Plastic yielding of a film adhesive under multiaxial stresses[END_REF] f = max {i =j} [σi -σj] -σ0 -µσH -σ0 initial yield stress µ hydrostatic sensitivity Linear Drucker-Prager [START_REF] Drucker | Relation of Experiments to Mathematical Theories of Plasticity[END_REF][START_REF] Abrate | Criteria for yielding or failure of cellular materials[END_REF] 

f = t -d -σH tan β g = t -σH tan Ψ d hardening parameter β meridional angle t = σV M 2 1 + 1 K -1 -1 K r σV M 3 K third invariant sensitivity Ψ deviatoric angle Exponential Drucker-Prager[68, 69] f = aσ b V M + σH -σH t 0 g = (eσ|0tan Ψ) 2 + σ 2 V M a Material
f = σ 2 V M -1 3 Y 2 0 -a1Y0σH -a2σ 2 H g = σ 2 V M -1 3 Y 2 0 -a * 1 Y0σH -a * 2 σ 2 H a1 Yield parameter a2 Yield parameter Y0 Shear yield stress a * 1 Flow rule parameter a * 2 Flow rule parameter Modified Mahnken-Schlimmer [73] f = σ 2 V M -1 3 Y 2 0 -a1Y0σH -a2σ 2 H gσ H >0 = σ 2 V M -1 3 Y 2 0 -a * 1 Y0σH -a * 2 σ 2 H a1 Yield parameter a2 Yield parameter Y0 Shear yield stress gp<0 = σ 2 V M -1 3 Y 2 0 -a * 1 Y0p -a * 3 p 2 a * 1 Flow rule parameter a *
2 Flow rule parameter a *

3 Flow rule parameter Table 1.4: 3D plasticity criteria with an integrated dependence upon the hydrostatic pressure, based upon the works in [START_REF] Bidaud | Analysis of the cyclic behavior of an adhesive in an assembly for offshore windmills applications[END_REF][START_REF] Devaux | Analysis and optimization of mixed-mode conical adhesively bonded joints under thermo-mechanical loadings[END_REF] Depending on the considered adhesive, the addition of such plasticity criteria and mechanisms (i.e. a yield function and a flow function, Tab.1.4) may be necessary in order to accurately predict the mechanical behaviour of the material, especially of course for high stress levels. However, it is not mandatory, as it was shown by the recent works of Medina [START_REF] Medina | Characterization and modeling of multi-material assemblies under mixed quasi-static loadings for the design of automotive structures[END_REF], who managed to obtain a fairly accurate modelling of adhesively bonded assemblies without any plasticity-related mechanisms. Among all these yield and flow functions, the Mahnken-Schlimmer formulation is of particular interest for the works in this thesis, as it will be used as a starting point for the law chosen to model the mechanical behaviour of the considered adhesive. The model proposed by Mahnken-Schlimmer [START_REF] Mahnken | Simulation of strength difference in elastoplasticity for adhesive materials[END_REF] is a non-associated viscoplastic model, suited to the three-dimensional modelling of adhesives. The term "non-associated" refers to the chosen formulations of the yield surface and of the flow rule. If the mathematical expressions used to describe these two quantities are the same, the model is described as "associated", and conversely the model is "non-associated" if the yield surface is not equal to the flow rule. It can be seen in Tab.1.4 that for the Mahnken-Schlimmer model, f = g. It should also be noticed that it is fairly easy to turn this model into an associated model, as f and g differ only in terms of parameters, and not in terms of overall formulation. The yield function (or yield surface) describes the frontier between the stress states relative to reversible strains and the stress states corresponding to non-reversible strains (i.e. plastic strains). As it is visible in Tab.1.4, this function f depends mostly on the components of the stress tensor σ, and more precisely on the invariants of σ. The hardening rule used is an isotropic formulation as in Eq.1.65.

Y = Y 0 + He v + Q (1 -exp(-be v )) (1.65)
with H,Q and b three material parameters to be identified.

Such a formulation has already been used in order to model the behaviour of structural adhesives [START_REF] Maurice | Characterization and modelling of the 3D elastic-plastic behaviour of an adhesively bonded joint under monotonic tension/compressionshear loads: Influence of three cure cycles[END_REF][START_REF] Cognard | On modelling the behaviour of a ductile adhesive under low temperatures[END_REF][START_REF] Mahnken | Simulation of strength difference in elastoplasticity for adhesive materials[END_REF][START_REF] Devaux | Analysis and optimization of mixed-mode conical adhesively bonded joints under thermo-mechanical loadings[END_REF][START_REF] Jousset | Constitutive modelling of structural adhesives, experimental and numerical aspects[END_REF][START_REF] Maurice | Characterization and modelling of the 3D elastic-plastic behaviour of an adhesively bonded joint under monotonic tension/compressionshear loads: Influence of three cure cycles[END_REF], since it features the key dependence on the hydrostatic pressure σ H , while remaining relatively simple in terms of formulation. The quadratic relationship between σ V M and σ H is moreover suitable for adhesives, as it may be seen in Fig. 1.21. 

3D elasto-viscoelasticity-viscoplasticity: an attempt at a unified model

The models presented before were in an increasing order of complexity, but failed to 1.2. MODELLING THE MECHANICAL BEHAVIOUR OF STRUCTURAL ADHESIVES : PHENOMENOLOGICAL MODELS AND BEHAVIOUR LAWS gather all the rheological phenomena presented in Fig. 1.4 into a unique formulation. It is however possible to do so, as it was shown by the works of Ilioni [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF][START_REF] Ilioni | A viscoelastic-viscoplastic model to describe creep and strain rate effects on the mechanical behaviour of adhesively-bonded assemblies[END_REF], who proposed an elasto-viscoelastic-viscoplastic model for the description of the mechanical behaviour of structural adhesives. The adhesive studied in these reference works was a bicomponent epoxy adhesive (Huntsman™Araldite 420 A/B). The main idea behind this formulation is to build a model able to describe the behaviour of adhesives in the context of a large variety of mechanical loadings. It is build in such a fashion that it is extensive in terms of described mechanisms, but its complexity can be reduced depending on the adhesive intrinsic properties: as it was mentioned earlier, some adhesives can be modelled using only viscoelastic mechanisms [START_REF] Medina | Characterization and modeling of multi-material assemblies under mixed quasi-static loadings for the design of automotive structures[END_REF]. Also, depending on the actual application, viscous phenomena may be neglected and an elastoplastic formulation would therefore be sufficient to model the desired behaviour [START_REF] Badulescu | Analysis of the low temperature-dependent behaviour of a ductile adhesive under monotonic tensile/compression-shear loads[END_REF][START_REF] Maurice | Characterization and modelling of the 3D elastic-plastic behaviour of an adhesively bonded joint under monotonic tension/compressionshear loads: Influence of three cure cycles[END_REF]. This complete behaviour law is based upon the spectral viscoelastic model introduced by the works of [START_REF] Maire | Etudes théorique et expérimentale du comportement de matériaux composites en contraintes planes[END_REF]. The starting point of the modelling approach is to partition the strain tensor ε into three components, as in Eq.1.66.

ε = ε el + ε ve + ε vp (1.66)
where ε el , ε ve and ε vp are respectively the elastic, viscoelastic and viscoplastic strains tensors.

As a consequence, the stress tensor σ may be written under the shape of the Eq.1.67.

σ = C e 0 : (ε -ε ve -ε vp ) (1.67)
with C e 0 being the Hooke operator, expressed in Eq.1.68 with the Young's modulus E and the Poisson ratio ν.

C e 0 = E (1 + ν)(1 -2ν)           1 -ν ν ν 0 0 0 ν 1 -ν ν 0 0 0 ν ν 1 -ν 0 0 0 0 0 0 1-2ν 2 0 0 0 0 0 0 1-2ν 2 0 0 0 0 0 0 1-2ν 2           (1.68)
The Eqs.1.66 and 1.67 can be differentiated with respect to time, to obtain a strain rates based formulation, as detailed in Eqs.1.69 and 1.70.

ε = εel + εve + εvp (1.69) σ = C e 0 : ( ε -εve -εvp ) (1.70)
The viscoelastic strain εve rate is divided into the contribution of n t elementary mechanisms (Eq.1.71):

εve = n i=1 ξi , with ξi = 1 τ i µ i S r : σ -ξ i (1.71)
where τ i and µ i are respectively the characteristic times and the weights relatives to each elementary viscous mechanism. Those quantities are defined as in Eq.1.72:

τ i = exp(n i ) and µ i = μi n i=1 μi with μi = 1 n 0 √ π exp - n i -n c n 0 2 (1.72)
where a H and a D are the parameters of the viscous compliances tensor S r (Eq.1.73).

               S r = 1 (1-d H )a H H H + 1 (1-d D )a D H D H H = 1 3 I ⊗ I H D = I -H D (1.73)
and for i ∈ [H, D]:

       d i = d max i 1 -exp - y i -y 0 i y c i and y i = 1 2a i σ : H i : σ x = x if x > 0 or 0 else (1.74)
It should be noted that the distribution of µ i with respect to n i follows a normal probability density function, as it may be seen in Eq.1.72, whose mean and standard deviation are respectively n c and n 0 . This distribution defines the spectrum of the elementary viscous mechanisms, illustrated in Fig. 1.22. Regarding the viscoplastic part of the model, the yield surface f is written under the shape displayed in Eq.1.75.

f (σ, p) = a f 3J 2 (σ) + b f σ H + c f σ 2 H -R(p) (1.75)
with:

                       J 2 (σ) = 1 2 S : S S = σ -1 3 σ H σ H = tr (σ) = σ : I R(p) = R 0 + Hp + Q [1 -exp (-bp)] (1.76)
where a f , b f and c f are three constant parameters. The hardening rule is defined as an isotropic function, written R(p) (Eq.1.76), which depends on four other parameters R 0 , H, Q and b.

When the yield surface is reached, irreversible strains are generated (Eq.1.77):

εvp = f K n n = ṗn (1.77)
with K and n being two constant parameters. n represents the viscoplastic flow direction, depending on the viscoplastic flow potential g(σ, p) (Eqs.1.78 to 1.80)

n = ∂g (σ, p) ∂σ (1.78)
with:

g (σ, p) = 3J 2 (σ) + a 1 R 0 σ H + a 2 σ 2 H -R(p) (1.79) thus: n = 3S 2 3J 2 (σ) + a 1 R 0 I + 2a 2 σ H I (1.80)
This model was mainly used by Ilioni [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF][START_REF] Ilioni | A viscoelastic-viscoplastic model to describe creep and strain rate effects on the mechanical behaviour of adhesively-bonded assemblies[END_REF] so far, in order to model the behaviour of an epoxy adhesive for various water ageing conditions. The modelling works presented in this document are based upon these published results and methodologies, as it is detailed further. In particular, the parameters identification methodology is thoroughly documented in the following chapters.

On the failure of adhesively bonded assemblies: theory and modelling

All the considerations regarding the modelling of the mechanical behaviour of adhesives, and solids in general, presented so far are made in the scope of the mechanics of materials theory, leading to stress-strain relationships. These relationships may be extremely basic or conversely fairly complex, as in the numerous equations expressed through the previous section. Even though all these models are built following very different approaches, for very different mechanical behaviours, they do feature a common point. All of these models are able, to various extents, to specify the stress occurring within a material for a given strain under given conditions. They are however unable to predict all the mechanisms and phenomena regarding the propagation of cracks, and ultimately regarding the failure of a material or of an assembly. As it is nonetheless a legitimate question in materials science, and especially in engineering problems, various tools were developed to bring answers to these specific questionings. A few of these theories are presented in the following pages.

Linear Elastic Fracture Mechanics theory

Early works

The first works regarding fracture mechanics are usually attributed to A. A. Griffith [START_REF] Griffith | The Phenomena of Rupture and Flow in Solids[END_REF][START_REF] Griffith | The Theory of Rupture[END_REF], from his aeronautical engineer experience, but a few other works were carried out earlier about the failure of materials. A particular example is that of the works of Leonardo da Vinci (1452-1519) in his famous Codex Atlanticus, as reported and translated in [START_REF] Parsons | Engineers and engineering in the Renaissance[END_REF][START_REF] Gross | Some Remarks on the History of Fracture Mechanics[END_REF]:

The object of this test is to find the load an iron wire can carry. Attach an iron wire 2 braccia long 3 to something that will firmly support it, then attach a basket or any similar container to the wire and feed into the basket some fine sand through a small hole placed at the end of a hopper. A spring is fixed so that it will close the hole as soon as the wire breaks. The basket is not upset while falling, since it falls through a very short distance. The weight of the sand and the location of fracture of the wire are to be recorded. The test is repeated several times to check the results. Then a wire of one-half the previous length is tested and the additional weight it carries is recorded; then a wire of one-fourth length is tested and so forth, noting each time the ultimate strength and the location of the fracture.

The sketch of the corresponding experimental setup is given in Fig. 1.23a, as drawn by da Vinci and reported in [START_REF] Gross | Some Remarks on the History of Fracture Mechanics[END_REF]. A few decades after da Vinci, Galileo Galilei (1564-1642) also took interest into fracture mechanics [START_REF] Gross | Some Remarks on the History of Fracture Mechanics[END_REF][START_REF] Gross | Discorsi e dimostrazioni matematiche intorno a due nuove scienze[END_REF]. In his Discorsi e dimostrazioni matematiche intorno a due nuove scienze 4 , the reader may find a discussion between three fictional characters (Sagredo, Simplicio and Salviati) divided into four chapters (or "days", as in the original book). In particular, the first and second days deal with the cohesion of materials, using bones, ropes and columns as examples (Fig. 1.23b). Other examples of early works 1.3. ON THE FAILURE OF ADHESIVELY BONDED ASSEMBLIES: THEORY AND MODELLING on fracture mechanics are to be found in [START_REF] Gross | Some Remarks on the History of Fracture Mechanics[END_REF]. 

Griffith's theory

Along with time, the study of fracture became more and more advanced in terms of understanding of crack growth phenomena (e.g. see the work of Weighardt [START_REF] Wieghardt | Über das Spalten und Zerreißen elastischer Körper[END_REF] and Inglis [START_REF] Inglis | Stresses in a plate due to the presence of cracks and sharp corners[END_REF]). However, all these theories relied on stress-based calculations and criteria. This formalism implies that in the case of a sharp crack, the stress in the neighbourhood of the crack tip approaches infinity. This paradoxical assertion lead Griffith [START_REF] Griffith | The Phenomena of Rupture and Flow in Solids[END_REF][START_REF] Griffith | The Theory of Rupture[END_REF] into developing a theory based upon the variation of the strain energy in a medium (Eq.1.81).

U * = 1 V f dx (1.81)
where U * is the volumetric strain energy, V is the volume of the considered medium and f is the applied force.

It is possible to express Eq.1.81 using the stress σ and the strain ε, as in Eq.1.82.

U * = f A dx L = σdε with V = A • L (1.82)
In the case of a linear elastic material, using Hooke's law (Eq.1.2), the volumetric strain energy U * is easily expressed as a function of ε or σ (Eq.1.83).

U * = Eε 2 2 = σ 2 2E (1.83)
A part of this energy stored in the material is released when the crack propagates, i.e. when U * reaches a critical value. The crack creates two free surfaces, resulting in the release of a surface energy S given in Eq.1.84.

S = 2γa

(1.84

)
where γ is the surface energy released by unit of length and a is the crack length.

The energy balance at the equilibrium state before the propagation of a crack inside a material can be written as the following (Eq.1.85).

U * + 2γa = 0 (1.85)
Therefore, the condition to be met for the crack to propagate over a length a can be written as in Eq.1.86, with G = 2γ.

G = - ∂U * ∂a G c (1.86)
where G c is the critical strain energy release rate.

In other words, the energy input must be greater than a critical value (G c ) in order to create new free surfaces. Using the works of Inglis [START_REF] Inglis | Stresses in a plate due to the presence of cracks and sharp corners[END_REF], Griffith proved that there is a stress concentration zone in the close neighbourhood of the crack tip. The value of this stress, inducing the local failure of the material (i.e. the crack propagation), hereafter noted σ f in Eq.1.87, was also calculated, assuming that the material is linear elastic.

σ f = 2γE * πa with E * = E 1 -ν 2 (1.87)
where a is the crack length, E is the Young's modulus under plane stress conditions, E * is the Young's modulus under plane strain conditions, and γ is the surface energy released by unit of length.

Irwin's theory

This theory developed by Griffith was initially meant to be applied to brittle materials, which display little to no plastic behaviour, such as glass, for example. However, this approach fails to accurately describe the failure of more ductile materials such as metals, and of course polymers. In an attempt to modify the theory of Griffith, Irwin [START_REF] Irwin | Fracture Dynamics, Fracturing of Metals[END_REF] and a little bit later Orowan [START_REF] Orowan | Fracture and strength of solids[END_REF] started to correct the assertion of Griffith: according to them, a large part of the energy brought to a medium to propagate a crack is dissipated due to the plasticisation of the material. In order to take into account this stress concentration zone, Irwin introduced the stress intensity factor K I , to study the mechanical failure of a holed plate submitted to a tensile loading [START_REF] Irwin | Analysis of Stresses and Strains Near the End of a Crack Traversing a Plate[END_REF]. This stress intensity factor is expressed in Eq.1.88 as a function of the crack length a and of the failure stress σ f (Eq.1.87).

K I = σ f. √ πa (1.88)
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He also demonstrated that, as implied by the works in [START_REF] Irwin | Fracture Dynamics, Fracturing of Metals[END_REF][START_REF] Orowan | Fracture and strength of solids[END_REF], the plastic flow occurring in the neighbourhood of the crack tip plays a part in the strain energy release rate (Eq. 1.89).

G c = 2γ + G p (1.89)
where γ is the surface energy released by unit of length and G p is the contribution of the plastic flow in the strain energy release rate.

Therefore, in the case of a brittle failure, G p = 0. It is then possible to correct the expression in Eq.1.87 to include the particular stress distribution near the crack tip, as it is presented in Eq.1.90.

σ f = EG c πa (1.90)
This basic relationship for Linear Elastic Fracture Mechanics (LEFM) in Eq.1.90 ties together the different factors that impact the mechanical failure of a solid: the material parameters (E and G c ), the size of the crack (a) and the stress level around the crack (σ f ). It is therefore of interest for engineers in the very common cases of mechanical dimensioning of structures. Irwin also calculated the size of the plastic process zone around the crack tip [START_REF] Irwin | Fracture[END_REF], expressed in Eq.1.91.

d p = 1 nπ K σ f 2 (1.91)

Contour integral

Another advance of the Linear Elastic Fracture Mechanics is the use of J-contour integral calculations by Cherepanov and Rice in the late 1960s [START_REF] Cherepanov | Crack propagation in continuous media PMM[END_REF][START_REF] Rice | A Path Independent Integral and the Approximate Analysis of Strain Concentration by Notches and Cracks[END_REF]. This integral, also known as the Rice-Eshelby integral, is an efficient way to compute the strain energy release rate with FE analysis using LEFM theory. It is defined by Eq.1.92, where Γ is an arbitrary counter-clockwise curve which fully contains the crack tip, W is the strain energy density defined by W = σd (σ and being the stress and strain tensors, respectively), T = σn is the traction vector (n being the vector normal to Γ) and ds is the differential of the curvilinear abscissa along Γ. The numerical value of the integral is independent from the chosen Γ path [START_REF] Rice | A Path Independent Integral and the Approximate Analysis of Strain Concentration by Notches and Cracks[END_REF].

J = Γ W dy -T ∂u ∂x ds (1.92)
This approach is based on the calculation of the elastic potential π el using the stress and strain tensors, as in Eq.1.93.

σ ij = ∂π el ∂ε ij (1.93)
From Eq.1.93, it is possible to retrieve Eq.1.92, as it was shown by the works of 

Cohesive Zone Models and other Finite Element approaches

As it is implied by its name, the Linear Elastic Fracture Mechanics theory cannot be applied to materials displaying a highly non-linear mechanical behaviour, if one desires to take into account this non-linearity. The Linear Elastic Fracture Mechanics theory hypothesises that all the dissipated energy is used to propagate the crack, which is of course not the case when the considered materials display:

• plasticity • viscosity • phase transformations • thermal dissipation • etc.
Several other methods were developed in order to resolve these cases, which are common in engineering applications. Most of them are based upon the Finite Element Method (FEM). A few of them are presented in the following sections.

Cohesive zones models (CZM)

The underlying theory behind cohesive zones was born in the 1960s [START_REF] Dugdale | Yielding of steel sheets containing slits[END_REF][START_REF] Barenblatt | The Mathematical Theory of Equilibrium Cracks in Brittle Fracture[END_REF]. Most of the commercially available Finite Element Analysis softwares nowadays feature CZM possibilities, either out-of-the-box, or easily implemented [START_REF] Ortiz | Finite-deformation irreversible cohesive elements for three-dimensional crack-propagation analysis[END_REF].

Extended finite element methods (XFEM)

The Extended Finite Element Method (XFEM) was developed in the late 1990s [START_REF] Moës | A finite element method for crack growth without remeshing[END_REF] as a method to study crack propagation in a model without the need to remesh the geometry. It is an extension of the usual FEM, relying on the notion of partition of unity.

To achieve this, the crack in the material is implicitly defined, using the Level Set method. This description is then used to enrich the displacement field in the FEM (Eq.B.1, from [START_REF] Du | eXtended Finite Element Method (XFEM) in Abaqus[END_REF]).

u = N I=1 N I (x, y, z) u I + H(x, y, z)a I + 4 α=1 F α (x, y, z)b α I (1.94)
where u is the displacement field, N I are the shape functions, u I are the nodal displacements, H(x, y, z) is the discontinuous jump function, a I is the nodal enriched degree of freedom vector, F α (x, y, z) are the asymptotic crack-tip functions and b α I is the crack-tip nodal enriched degree of freedom vector. XFEM models were successfully used in published works for a variety of applications [START_REF] Budyn | A method for multiple crack growth in brittle materials without remeshing[END_REF][START_REF] Prabel | Modélisation avec la méthode X-FEM de la propagation dynamique et de l'arrêt de fissure de clivage dans un acier de cuve REP[END_REF]. It is of particular interest for several reasons:

• The crack propagation path does not need to be pre-determined • The region to crack does not require an extremely fine mesh • It is possible to use various mechanical behaviour laws conjointly with XFEM, as the method is not limited to elastic materials.

• The method is already implemented in various FE softwares, and is fairly easy to use.

Experimental tests for the mechanical characterisation of structural adhesives and adhesively bonded assemblies 1.4.1 Scope of the study

The use of adhesives in industrial applications being more and more common since the 1960s, a lot of experimental means to investigate their mechanical behaviour and to verify some of their properties were developed to this day. However, adhesives are particular materials, due to their specific role in a complex structure: they play a part in the overall mechanical resistance of the assembly, but their most peculiar function is to bond one adherend to another, and to transmit stresses without failing. As such, their macroscopic behaviour is strongly influenced by multiscale phenomena, related to their cohesive and adhesive properties (p.14).

By definition, adhesives are used in mechanical assemblies, and not as stand-alone materials. Unfortunately, these assemblies depend heavily on the actual industrial application, which makes it difficult to design experimental tests that are both representative of the service life of the adhesive, and suitable to other applications. Aside from the classical bulk specimens, some tests configurations and samples geometries, aimed at bonded assemblies mechanical characterisation, may be found repeatedly in the literature.

Mechanical behaviour investigation

Bulk tests

Tensile tests

The most straight-forward way to investigate the mechanical behaviour of a material, adhesive or other, is a test on a bulk specimen (Fig. 1.26). The main advantage of this kind of samples is also its main drawback depending on the purpose of the mechanical characterisation: since there are not any substrates, the measured properties are not influenced by the presence of adherends, but as a consequence such a test setup might not be representative of an actual industrial use.

These samples are mainly used to measure the Young's modulus, the Poisson ratio and the failure stress of the material, under tensile loading. To obtain such samples, it is possible to inject or to pour the adhesive in a mould with the adequate geometry (Fig. 1

.26).

Since it is common for adhesives to display a hydrostatic pressure-dependant behaviour, similar bulk considerations can be made for other loading (mainly shear and compressive stresses).

Compressive tests

Even though such tests are not encountered as often as bulk tensile tests, they are particularly useful for adhesives, due to their hydrostatic stress dependence. Two international Figure 1.26: Bulk specimen geometry according to the NF EN ISO 527 standard [START_REF]Plastiques -Détermination des propriétés en traction -Partie 1 : principes généraux[END_REF] (extracted from [START_REF] Joannes | Caractérisation mécanique et outil d'aide au dimensionnement des collages structuraux[END_REF]) standards may be found for the corresponding samples, using different geometries. The NF T 51-101 standard [START_REF]Plastiques-Détermination des propriétés en compression[END_REF] uses samples with square cross-sections, whereas the ASTM D695-15 standard [START_REF]Standard Test Method for Compressive Properties of Rigid Plastics[END_REF] uses either cylindrical (Fig. 1.27) or prism-shaped samples. 

Shear tests

One way to access shear behaviour using bulk specimens is to apply a torque to tubeshaped samples (Fig. 1.28), but there is no standard to define the geometry to be used. As such, the shapes of the samples differ between the sources in the literature [START_REF] Nadai | Plasticity A Mechanics Of The Plastic State Of Matter[END_REF][START_REF] Gali | An effective stress/strain concept in the mechanical characterization of structural adhesive bonding[END_REF][START_REF] Chen | Fracture toughness of bulk adhesives in mode I and mode III and curing effect[END_REF].

Knowing the applied torque T , the rotation angle θ and the geometrical properties of the sample, it is possible to analytically compute the shear stress τ and the shear strain γ, x -x +x Figure 1.28: Bulk specimen geometry for torsion tests [START_REF] Chen | Fracture toughness of bulk adhesives in mode I and mode III and curing effect[END_REF] as shown in Eqs.1.95 and 1.96.

τ = T • r I 0 (1.95) τ = r • θ l (1.96)
It is paramount, in order to obtain a homogeneous stress state, to precisely control the radius of such samples. Due to the practical difficulty to do so, this kind of tests is not widely used in research laboratories.

Advanced bulk tests

More advanced tests were developed, still to be carried out on bulk specimens. Two major purposes of these developments were to design an effective methodology of investigation of the shear properties, and later to allow for the multiaxial testing of materials. Regarding these particular matters, two works of reference should be cited: the work of Iosipescu [START_REF] Iosipescu | New accurate procedure for single shear testing of metals[END_REF], and those of Arcan [START_REF] Arcan | A Method to Produce Uniform Plane-stress States with Applications to Fiber-reinforced Materials[END_REF][START_REF] Voloshin | Pure shear moduli of unidirectional fibre-reinforced materials (FRM)[END_REF]. The Iosipescu test, also referred to as the V-notched beam shear method, is useful to determine the shear properties of materials. It should be noted that this method has been adapted to an ASTM standard (ASTM D5379 [START_REF]Standard Test Method for Shear Properties of Composite Materials by the V-Notched Beam Method[END_REF]). This test consists in applying a 4-points bending loading on a notched sample, as presented in Fig. 1.29. V-notched beams specimens were successfully used in a certain number of published studies, on a variety of 50 1.4. EXPERIMENTAL TESTS FOR THE MECHANICAL CHARACTERISATION OF STRUCTURAL ADHESIVES AND ADHESIVELY BONDED ASSEMBLIES different materials: composites [START_REF] M D'almeida | The Iosipescu test method as a method to evaluate the tensile strength of brittle materials[END_REF][START_REF] Bru | Use of the Iosipescu test for the identification of shear damage evolution laws of an orthotropic composite[END_REF], polymers [START_REF] Adams | The Iosipescu shear test method as used for testing polymers and composite materials[END_REF], reinforced aerogels [START_REF] Sun | Stress State Analysis of Iosipescu Shear Specimens for Aerogel Composite with Different Properties in Tension and Compression[END_REF], etc.

The Arcan test setup (Fig. 1.30) was initially developed to investigate the shear properties of materials (resins for fibre-reinforced composites in [START_REF] Arcan | A Method to Produce Uniform Plane-stress States with Applications to Fiber-reinforced Materials[END_REF]) under uniform plane-stress conditions.

Figure 1.30: Arcan test sample (significant sample in dashed lines) [START_REF] Arcan | A Method to Produce Uniform Plane-stress States with Applications to Fiber-reinforced Materials[END_REF] It was experimentally proven using photoelastic analysis and strain gauges that such a test configuration results in a fairly homogeneous stress distribution, with little to no stress concentrations [START_REF] Arcan | A Method to Produce Uniform Plane-stress States with Applications to Fiber-reinforced Materials[END_REF][START_REF] Voloshin | Pure shear moduli of unidirectional fibre-reinforced materials (FRM)[END_REF].

Tests on assemblies

Since adhesives are used to bond mechanical parts to form an assembly in practical applications, it is preferable to use bonded samples rather than bulk specimens to be as representative as possible when performing mechanical characterisation tests. It is common for bulk adhesive samples and bonded samples to feature slight differences in terms of mechanical properties, due to the influence of various factors such as:

• the effect of the joint thickness Moreover, mechanical properties of bulk samples are closely linked with the presence of defects such as porosities or microcracks introduced during the pouring or the injection of the adhesive into the mould. It is though worth to be noted that even if a certain gap between bulk adhesive properties and assembly adhesive properties may be expected, this gap is most of the time fairly small. Therefore, a lot of published studies focus on bonded assemblies rather than bulk samples for the investigation of the properties of adhesives. A non-exhaustive list of the most common samples geometries is presented in the following paragraphs.

Single Lap Joint (SLJ) and Double Lap Joint

The most common bonded sample type encountered in mechanical characterisation works is probably the Single Lap Joint (SLJ). The corresponding samples consists of two adherends (usually thin sheets of metal or composite) bonded together by an adhesive joint (Fig. 1.31). The thickness of the joint is usually of a few hundreds of micrometers, and is kept relatively thin with respect to the thickness of the adherends. Various standards are used to define the conditions and the methodology for SLJ tests, such as the ISO 6721-1:2019 standard [110] or the ASTM D1002 standard [START_REF]Standard Test Method for Apparent Shear Strength of Single-Lap-Joint Adhesively Bonded Metal Specimens by Tension Loading (Metal-to-Metal)[END_REF]. This thorough standardisation and the facts that these tests are quite representative of lots of industrial applications while remaining fairly simple to perform make the SLJ very popular among both researchers and engineers. These advantages are however to be pondered with a few shortcomings. Under a macroscopic shear loading, the adhesive joint is actually in a complex stress state, mainly due to the rotation of the substrates. As a result, the stress field in the adhesive is highly heterogeneous [START_REF] Volkersen | Die Nietkraftverteilung in Zugbeanspruchten Neitverbeindungen mit Konstanten Laschequerschnitten[END_REF], with shear and peel components (Fig. 1.32). Furthermore, it was also proven using Finite Element Analysis that important stress concentrations are created in the neighbourhood of the edges and of the corners of the joint (Fig. 1.32), which may cause premature mechanical failures [START_REF] Harris | Strength prediction of bonded single lap joints by non-linear finite element methods[END_REF][START_REF] Dorn | The stress state and failure properties of adhesive-bonded plastic/metal joints[END_REF][START_REF] Cognard | Influence of adhesive thickness on the behaviour of bonded assemblies under shear loadings using a modified TAST fixture[END_REF]. In addition, the substrates are prone to plasticisation due to the important bending moment induced by the loading [START_REF] Harris | Strength prediction of bonded single lap joints by non-linear finite element methods[END_REF]. Finally, it was shown that this geometry remains fairly sensitive to bonding defects (both adhesion defects and voids in the joint) [START_REF] Heidarpour | Experimental investigation of the effects of adhesive defects on the single lap joint strength[END_REF]. A lot of studies tried to tackle down these practical issues, so as to find an optimised geometry in terms of bondline thickness to reduce as much as possible these stress heterogeneities [START_REF] Gleich | Analysis and evaluation of bondline thickness effects on failure load in adhesively bonded structures[END_REF][START_REF] Murat Demir Aydin | The effect of adherend thickness on the failure of adhesively-bonded single-lap joints[END_REF][START_REF] Lucas | Effect of Adhesive Type and Thickness on the Lap Shear Strength[END_REF].

A common substitute to SLJ are Double Lap Joints [START_REF] Hart-Smith | Adhesive-bonded double lap joints[END_REF][START_REF] Tong | Bond shear strength for adhesive bonded double-lap joints[END_REF][START_REF] Hou | Double lap adhesive joint with reduced stress concentration: Effect of slot[END_REF]. These samples are fairly similar to SLJ, but consist of three adherends bonded together instead of two, as presented in Fig. 1.33. Such samples are therefore stiffer than SLJ samples, which contributes to reduce the rotation of the substrates. As such, the peel stress around the edges of the joints (visualised in Fig. 1.32 for Single Lap Joints) is far lesser than in SLJ. Nonetheless, this configuration results in an hyperstatic test, and consequently, it is not possible to precisely determine the stress state at each interface. Theoretically for perfectly symmetrical samples, each joint would be equally stressed; however in practice the samples are imperfect, leading to undetermined load distribution between the upper and lower joints.

Thick Adherend Shear Test (TAST)

The Thick Adherend Shear Test method (also known as TAST) is derived from the principle of the SLJ, from the works of Krieger in [START_REF] Krieger | Stress Analysis Concepts for Adhesive Bonding of Aircraft Primary Structure[END_REF]. The major improvement is the increase in the thickness of the substrates (i.e. the increase in stiffness) as it is shown in Fig. 1.34, which, in a similar fashion as for the DLJ, decreases the peel stress in the adhesive bond. This test is standardised (ASTM D3983 -98(2019) [START_REF]Standard Test Method for Measuring Strength and Shear Modulus of Nonrigid Adhesives by the Thick-Adherend Tensile-Lap Specimen[END_REF]), and it has been used in numerous studies to characterise mechanical properties of adhesives [START_REF] Cognard | Influence of adhesive thickness on the behaviour of bonded assemblies under shear loadings using a modified TAST fixture[END_REF][START_REF] Créac | Analyse et modélisation du comportement non linéaire d ' assemblages collés pour application marine[END_REF][START_REF] Cognard | Analysis of the nonlinear behavior of adhesives in bonded assemblies-Comparison of TAST and Arcan tests[END_REF]. Even if the effect of the thickness of the adherends is clearly beneficial in terms of peel stress concentrations, it was shown that the stress field in the adhesive bondline remains slightly non-uniform, mainly due to edge effects [START_REF] Créac | Analyse et modélisation du comportement non linéaire d ' assemblages collés pour application marine[END_REF]. Consequently, modifications of the substrates were suggested, under the shape of sharp beaks to locally decrease the stiffness of the substrates, and therefore to reduce these edge effects [START_REF] Cognard | Influence of adhesive thickness on the behaviour of bonded assemblies under shear loadings using a modified TAST fixture[END_REF].

Butt-joint test

The butt-joint tests are the most simple way to access tensile properties of an adhesive using a bonded sample. The corresponding geometry consists of two substrates (usually metal) bonded together by a thin layer of adhesive (Fig. Several standards may be used to put this test into practice, such as the ISO 6922:1987 standard [START_REF]Adhésifs -Détermination de la résistance en traction des joints à bout[END_REF], the ASTM D897 -08(2016) standard [START_REF]Standard Test Method for Tensile Properties of Adhesive Bonds[END_REF], or the ASTM D2095 -96(2015) standard [START_REF]Standard Test Method for Tensile Properties of Adhesive Bonds[END_REF]. Each one of these standards uses slightly different substrate geometries, but the main principle of the test remains the same. Such tests are said to give a uniform tensile stress state, but several works showed that this is actually not the case. For instance, it is shown in [START_REF] Adams | The elastic moduli of structural adhesives[END_REF] that parasitic stresses are introduced due to effect of the substrates, which oppose the radial contraction of the adhesive layer (i.e. Poisson effect).

In order to reduce the stress concentrations that may occur near the edges of the adherends, it was suggested in recent studies to introduce beaks around the perimeter of the substrates [START_REF] Arnaud | Identification of the Elastic-Plastic Behavior of Adhesively Bonded Structures Under Multi-Axial Loadings: Comparison of a Modified Arcan Test and a Tension/Compression-Torsion Test[END_REF][START_REF] Arnaud | A tension/compression-torsion test suited to analyze the mechanical behaviour of adhesives under non-proportional loadings[END_REF]. In particular, the geometric characteristics of the substrates were optimised in [START_REF] Arnaud | A tension/compression-torsion test suited to analyze the mechanical behaviour of adhesives under non-proportional loadings[END_REF] in order to reduce as much as possible the edge effect in tension, and in the same time to minimise the stresses at the adhesive-substrate interface under torsion loadings. In other words, the butt-joint samples were modified in such a fashion that it was possible to perform multiaxial mechanical characterisation with moderate stress disturbances (Fig. 1.36).

Modified Arcan test

The Arcan test, presented for bulk testing (Fig. 1.30), was quickly adapted to assembly testing due to its various advantages. As previously mentioned, the Arcan test apparatus was initially developed in the late 1970s for shear properties investigation under uniform plane-stress conditions [START_REF] Arcan | A Method to Produce Uniform Plane-stress States with Applications to Fiber-reinforced Materials[END_REF]. It is however fairly easy to conceive that only small alterations are needed to transform the geometry presented in Fig. 1.30 into a geometry suited to STRUCTURAL ADHESIVES AND ADHESIVELY BONDED ASSEMBLIES (a) Principle of the modified butt-joint samples for multiaxial tensile-torsion testing [START_REF] Arnaud | A tension/compression-torsion test suited to analyze the mechanical behaviour of adhesives under non-proportional loadings[END_REF] (b) Beaks machined along the perimeter of the modified butt-joint samples [START_REF] Arnaud | A tension/compression-torsion test suited to analyze the mechanical behaviour of adhesives under non-proportional loadings[END_REF] Figure 1.36: Modified butt-joint sample [START_REF] Arnaud | A tension/compression-torsion test suited to analyze the mechanical behaviour of adhesives under non-proportional loadings[END_REF] multiaxial loadings. That is why successive modifications were proposed in various studies to adapt this method to the investigation of the mechanical properties of bonded assemblies [START_REF] Cognard | Development of an improved adhesive test method for composite assembly design[END_REF]. One interesting feature of the resulting apparatus is to enable compression loadings (Fig1.37b), which is useful for the mechanical characterisation of structural adhesive given their general dependence upon the hydrostatic pressure. More generally, the positioning angle γ of the Arcan apparatus in the machine (Fig. 1.37) defines the loading mode of the sample. [START_REF] Bidaud | Analysis of the cyclic behavior of an adhesive in an assembly for offshore windmills applications[END_REF][START_REF] Badulescu | Analysis of the low temperature-dependent behaviour of a ductile adhesive under monotonic tensile/compression-shear loads[END_REF][START_REF] Ilioni | A viscoelastic-viscoplastic model to describe creep and strain rate effects on the mechanical behaviour of adhesively-bonded assemblies[END_REF][START_REF] Cognard | On modelling the behaviour of a ductile adhesive under low temperatures[END_REF][START_REF] Maurice | Characterization and modelling of the 3D elastic-plastic behaviour of an adhesively bonded joint under monotonic tension/compressionshear loads: Influence of three cure cycles[END_REF][START_REF] Cognard | Analysis of the nonlinear behavior of adhesives in bonded assemblies-Comparison of TAST and Arcan tests[END_REF][START_REF] Cognard | Development of an improved adhesive test method for composite assembly design[END_REF][START_REF] Davies | Influence of adhesive bond line thickness on joint strength[END_REF][START_REF] Thevenet | Experimental analysis of the behavior of adhesively bonded joints under tensile/compression-shear cyclic loadings[END_REF][START_REF] Créac | A stress concentration-free bonded arcan tensile compression shear test specimen for the evaluation of adhesive mechanical response[END_REF][START_REF] Bidaud | A Prediction Method of the Behavior of Adhesively Bonded Structures under Cyclic Shear Loading Based on a Characterization of the Viscous Aspects of the Adhesive in an Assembly[END_REF][START_REF] Alfonso | Use of the modified Arcan fixture to study the strength of bonded assemblies for automotive applications[END_REF] for various purposes: CHAPTER 1. STATE OF THE ART fracture mechanics, influence of thermal environments, cyclic and fatigue loadings, influence of the joint thickness, etc.

Nonetheless, the Arcan samples also feature a few disadvantages. Among them, one should mention the inhomogeneity of the stress field within the adhesive, as it was thoroughly documented by Cognard et al. [START_REF] Cognard | Development of an improved adhesive test method for composite assembly design[END_REF] and later by Créac'hcadec in his PhD work [START_REF] Créac | Analyse et modélisation du comportement non linéaire d ' assemblages collés pour application marine[END_REF]. The use of beaks (Fig. 1.38a) was therefore suggested, in order to reduce these edge effects and to obtain a better experimental repeatability in terms of failure load [START_REF] Yves | Numerical analysis of edge effects in adhesively-bonded assemblies application to the determination of the adhesive behaviour[END_REF].

Moreover, due to this non-uniform stress field, it is not possible to obtain classical stress-strain curves from Arcan tests. Instead, load-displacement curves are provided, which are then used in Finite Element modelling for instance, in inverse identification processes.

(a) Arcan substrates with beaks [START_REF] Cognard | Development of an improved adhesive test method for composite assembly design[END_REF] (b) Arcan sample installed in the adequate apparatus (tensile test) [START_REF] Cognard | Development of an improved adhesive test method for composite assembly design[END_REF] Figure 1.38: Arcan samples for adhesively bonded assemblies mechanical testing [START_REF] Cognard | Development of an improved adhesive test method for composite assembly design[END_REF] SCARF tests Scarf tests are fairly similar to Arcan tests, but more operational and easier to implement, since no special apparatus is required to install the samples in the machine. The loading directions are defined by the machining of the substrates as it may be seen in Fig. 1.39. It is therefore impossible to reach pure shear loadings, or to apply any compression on the adhesive joint using such geometries. Despite this deficiency, Scarf samples are relatively common in the literature, especially to investigate the influence of various parameters on the macroscopic behaviour of the assembly.

For instance the influence of the Scarf angle γ (Fig. 1.39) on the stress distributions at the adherend-adhesive interfaces is discussed in [START_REF] He | Stress analysis and strength evaluation of scarf adhesive joints subjected to static tensile loadings[END_REF]. It is also shown that stress
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concentrations exist in such configurations. In this aspect, the authors showed that 2D Finite Element Analysis should be avoided since once a certain γ value is reached, they are unable to highlight these stress peaks near the edges of the adherend, contrary to 3D modelling. The effect of the mismatch between the Young's moduli of the adherends and of the adhesive is also investigated, with the conclusion that the lower the elastic modulus of the adhesive, the lower the strength of the assembly, as it could be expected.

Similar considerations are carried out in [START_REF] Afendi | Strength prediction of epoxy adhesively bonded scarf joints of dissimilar adherends[END_REF], for dissimilar adherends (steel-adhesivealuminium assemblies). It is brought to light that the highest stress concentrations are located at the interface between the adhesive and the steel substrate, which is in accordance with the results in [START_REF] He | Stress analysis and strength evaluation of scarf adhesive joints subjected to static tensile loadings[END_REF] regarding the importance of the stiffness mismatch. The authors of this study also showed the effect of the bondline thickness on the apparent Young's modulus and Poisson ratio of the adhesive. In particular, the authors of the study warned that depending on the thickness of the joint, the elastic properties of the adhesive calculated using Scarf samples may be very different from the properties identified on bulk samples: 1.5 to 5 times greater, for thicknesses between 0.1 to 1.2 mm [START_REF] Afendi | Strength prediction of epoxy adhesively bonded scarf joints of dissimilar adherends[END_REF]. A few studies focusing on the description of the failure of the samples may also be found, such as [START_REF] Liao | Effect of adhesive thickness, adhesive type and scarf angle on the mechanical properties of scarf adhesive joints[END_REF]. In this study, the authors take advantage of Cohesive Zone Modelling (CZM) to inspect the influence of the adhesive properties (brittle versus ductile) and of the joint thickness. It is shown in this paper that, even though it seems to be a general rule for the failure load to increase along with the decrease in the bondline thickness, it is not the case in terms of failure energy (Fig. 1.40).

It is also possible to perform damage assessment on Scarf joint, either using classical strain gauges [START_REF] Gacoin | Comparison between experimental and numerical study of the adhesively bonded scarf joint and double scarf joint: Influence of internal singularity created by geometry of the double scarf joint on the damage evolution[END_REF], or more recently using acoustic emissions measurements [START_REF] Destouesse | Cluster analysis of acoustic emission data to investigate the damage evolution in modified scarf joint under bi-axial loading[END_REF]. In this last paper, a modified version of the Scarf samples is proposed, using beaks and lateral arms in order to obtain a homogeneous stress state in the significant part of the joint, and various acoustic signals are recorded during a monotonic loading. The complete pool of acoustic signatures is then organised into clusters (Fig. 

Fracture properties investigation

The investigation of fracture properties of materials usually requires the use of specific samples, with a pre-operated defect (either a non-adhesive shim, or a small pre-crack). In the following pages, a few of these samples will be presented, along with their corresponding standards.

Bulk samples

As for the classical mechanical testing, it is possible to consider bulk samples rather than bonded assemblies. In particular, one should refer to the ASTM D5045 -99 standard [START_REF]Standard Test Methods for Plane-Strain Fracture Toughness and Strain Energy Release Rate of Plastic Materials[END_REF] and to the ISO 13586:2018 standard [START_REF]Plastics -Determination of fracture toughness (GIC and KIC) -Linear elastic fracture mechanics (LEFM) approach[END_REF]. These standards recommend the use of a single-edge notched bending sample (SENB) or the use of a compact tension sample (CT). These samples need to display a pre-crack (length a on Figs.1.42a and 1.42b) that is sharp enough to create a sufficient stress concentration. 

Double Cantilever Beam (DCB)

The Double Cantilever Beam (DCB) is the most common sample type for fracture properties characterisation. This approach was mainly developed in the late 1960s by the conjoined works of Ripling and Mostovoy [START_REF] Ripling | Measuring fracture toughness of adhesive joints[END_REF][START_REF] Mostovoy | Use of crack-line loaded specimens for measuring plane-strain fracture toughness[END_REF] to design a method able to determine the fracture toughness of structural bonds between metal substrates, as reported by Blackman et al. in [START_REF] Blackman | Measuring the mode I adhesive fracture energy, G IC , of structural adhesive joints: the results of an international round-robin[END_REF]. These early works resulted in the publication of an ASTM standard (ASTM D3433-99(2012) [START_REF]Standard Test Method for Fracture Strength in Cleavage of Adhesives in Bonded Metal Joints[END_REF]) in 1973. Later, ISO standards were released regarding this particular matter of mode I fracture properties, first for composites [150] The DCB samples are fairly simple in their design, as they only consist of two substrates (aluminium substrates, usually) bonded together by a thin adhesive layer (Fig. 1.43a). A pre-crack is performed at the loading end in order to create a small defect to propagate when the sample is loaded (Fig. 1.43b).

The critical strain energy release rate G c (in this particular case, G I,c since only mode I loading is applied to the sample) is calculated during the steady crack propagation, using the Linear Elastic Fracture Mechanics theory. Namely, it is common to use the Irwin-Kies equation [START_REF] Melvin | Advanced fracture mechanics[END_REF] (Eq.1.97) to compute G I,c .

G c = F 2 2b dC da (1.97)
where G c is the fracture toughness (here, the mode I fracture toughness, i.e G I,c ), F is the applied load during the steady propagation of the crack, b is the width of the samples and dC da is the rate of change of the compliance of the assembly with respect to the crack length a.

The most problematic term to identify in Eq.1.97 is dC da . Several methods exist to access this value, either analytically or experimentally.

The first one of these methods is to use the Simple Beam Theory (SBT), based on the discussions in [START_REF] Mostovoy | Use of crack-line loaded specimens for measuring plane-strain fracture toughness[END_REF][START_REF]Standard Test Method for Fracture Strength in Cleavage of Adhesives in Bonded Metal Joints[END_REF]. Using these reference works, it is possible to express the compliance C as in Eq.1.98.

C = 8 a 3 + h 2 a E s bh 3 (1.98)
where h, b and E s are the height, width and Young's modulus of the substrate, respectively. The expression of C as a function of a in Eq.1.98 leads to Eq.1.99 for G I,c .

G I,c = 4F 2 E s b 2 3a 2 h 3 + 1 h (1.99)
Another approach consists in using the Corrected Beam Theory (CBT). The CBT not only takes into account the bending and the shear of the DCB samples, but also the effects of beam root rotation [START_REF] Blackman | Measuring the mode I adhesive fracture energy, G IC , of structural adhesive joints: the results of an international round-robin[END_REF], especially for high load levels. This root rotation has a significant influence on the compliance of the assembly, and therefore on the value of the G I,c . The correction takes the shape of an additional length ∆ added to the measured crack length [START_REF] Blackman | Measuring the mode I adhesive fracture energy, G IC , of structural adhesive joints: the results of an international round-robin[END_REF][START_REF] Williams | End corrections for orthotropic DCB specimens[END_REF]. Therefore, the equation presented in Eq.1.98 is slightly altered to introduce ∆ (Eq.1.100). The last method is the Experimental Compliance Method (ECM). This method consists in experimentally measuring C = f (a), in order to differentiate the resulting data and to use the expression and values of dC da in Eq.1.97. Using this approach is particularly advantageous for the Tapered Double Cantilever Beam tests, as it will be presented on the following pages.

C = 8(a + |∆|) 3 E s bh 3 (1.
In spite of the practical complexity of the DCB tests, they have been widely used in various published papers to investigate the mode I fracture properties of numerous materials, including structural adhesives [START_REF] Blackman | Measuring the mode I adhesive fracture energy, G IC , of structural adhesive joints: the results of an international round-robin[END_REF][START_REF] Caprino | The use of thin DCB specimens for measuring mode I interlaminar fracture toughness of composite materials[END_REF][START_REF] Yoshihara | Mode I fracture toughness estimation of wood by DCB test[END_REF][START_REF] Blackman | The fracture behaviour of adhesively-bonded composite joints: Effects of rate of test and mode of loading[END_REF][START_REF] Aurore | Double cantilever beam tests on a viscoelastic adhesive: effects of the loading rate[END_REF].

Tapered Double Cantilever Beam (TDCB)

The Tapered Double Cantilever Beam is an improvement of the DCB geometry, where the cross section of the substrates is not kept constant, as it is shown in Fig. 1.44a. Similarly to the DCB samples, a pre-crack is created at the loading end of the sample (Fig. 1.44b). Depending on the standard used [START_REF]Standard Test Method for Fracture Strength in Cleavage of Adhesives in Bonded Metal Joints[END_REF]151,152], the pre-crack corresponds either to the complete absence of adhesive on the adequate length (for the ASTM standards for instance [START_REF]Standard Test Method for Fracture Strength in Cleavage of Adhesives in Bonded Metal Joints[END_REF]), or to a thin sheet (a few tens of micrometers) of an adequate material placed halfway through the thickness of the joint, so as to prevent adhesion on the corresponding length This advantageous relationship between C and a makes the TDCB tests a popular alternative to the DCB tests for the mode I fracture properties of adhesives. Therefore, the use of TDCB is common in the literature, either for pure characterisation works or for investigations regarding the influence of various parameters, such as the loading rate or the bondline thickness [START_REF] Wang | Dynamic crack growth in TDCB specimens[END_REF][START_REF] Blackman | The calculation of adhesive fracture energies in mode I: revisiting the Tapered Double cantilever Beam (TDCB) test[END_REF][START_REF] Marzi | On experimental methods to investigate the effect of layer thickness on the fracture behavior of adhesively bonded joints[END_REF][START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF].

Mixed Mode Bending (MMB)

DCB and TDCB are convenient methods to access the mode I properties of adhesives, but these approaches are unable to provide data regarding mixed-mode I/II and mode II crack opening. The measurement of G II,c for structural adhesives is actually significantly more arduous than that of G I,c , especially to the highly non-linear behaviour of these materials under shear loading. This complexity is one of the reasons to explain the absence of standard for any mixed-mode I/II and mode II considerations. Such standards exist for composites though, and it is to this day common to port these suggested methodologies to the field of structural adhesives. Among these methods, the Mixed Mode Bending (MMB) test is of interest for several reasons. This test was standardised for composite materials in 2001 [START_REF]Standard Test Method for Mixed Mode I-Mode II Interlaminar Fracture Toughness of Unidirectional Fiber Reinforced Polymer Matrix Composites[END_REF] to investigate their fracture properties in the mixed-mode plane I/II. Moreover, it is possible to vary the mode ratio G II Gc between 0 and roughly 0.8. Pure mode II loadings are inaccessible using this kind of samples; End-Notched Flexure (ENF) samples are a common solution to this deficiency, as it is presented later in this document. The MMB apparatus used nowadays is based on a design suggested in a NASA technical report from 1988 [START_REF] Crews | A mixed-mode bending apparatus for delamination testing[END_REF], for the testing of composites (Fig. 1.46).

The MMB samples are fairly similar to DCB samples, except that they are loaded using a specially designed apparatus, which is used to tune the mode ratio (Fig. 1.47). This tuning is performed by adjusting the lever arm c (Fig. to a given mode ratio can be determined using Eqs.1.101 and 1.102 [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF][START_REF] Crews | A mixed-mode bending apparatus for delamination testing[END_REF]:

c = (0.167 + 1.37e -4 ã -0.108 √ ln ã G II G C 4 - 1400 + 0.725 ã2 -141 ln ã -302 ln G II G C 219 -5000 G II G C + 55 ln ã ) (1.101) with: ã = a hχ , Γ = 1.18 √ E 11 E 22 G 13 and χ = E 11 G 13 3 -2 Γ Γ + 1 2 (1.102)
where ã is the non-dimensional crack length value, h is the sample half thickness, χ is the crack length correction, Γ is the transverse modulus correction parameter, E 11 and E 22 are the longitudinal and transverse modulus, G 13 is the shear out-of-plane modulus and G II G C is the given mode ratio [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF]. A few values of c are given in Tab.1.5 for mode ratios of interest. 1.5: A few values of the lever arm c for some mode ratios of interest [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF] Contrary to DCB and TDCB tests, there is no analytical formula such as the Irwin-Kies equation (Eq.1.97) to easily calculate the critical strain energy release rate for MMB tests. A common practice for adhesives is to use the J-integral method [START_REF] Rice | A Path Independent Integral and the Approximate Analysis of Strain Concentration by Notches and Cracks[END_REF] (Eq.1.92) in FE simulations [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF] using Linear Elastic Fracture Mechanics theory, or Cohesive Zone Models [START_REF] Stamoulis | Investigating the influence of material non-linearity in the fracture properties of ductile adhesives submitted to mixed-mode loading[END_REF].

It should be noted that such a method gives satisfactory results as long as the tested material does not display an excessive stiffness. It is suitable for composites and most of the adhesives, but not for high modulus polymers or metals. In the case of a high resistance material, there is a significant risk of plasticisation of the substrates, which would disturb the resulting fracture properties if the Linear Elastic Fracture Mechanics theory is used. For this reason and as a general rule, the MMB substrates are made out of high yield stress steel.

End-Notch Flexure (ENF)

The End-Notched Flexure test method is a standardised approach for the investigation of the mode II fracture properties of composites [166,[START_REF]Aerospace Series Carbon Fibre Reinforced Plastics Test Method Determination of Interlaminar Fracture Toughness Energy Mode II -G II,c . Standard[END_REF], but it has been successfully used in the case of structural adhesives in a variety of studies either from the Linear Elastic Fracture Mechanics or non-linear mechanics standpoints [START_REF] Blackman | The fracture behaviour of adhesively-bonded composite joints: Effects of rate of test and mode of loading[END_REF][START_REF] Sela | The effect of adhesive thickness on interlaminar fracture toughness of interleaved cfrp specimens[END_REF][START_REF] De Moura | Pure mode II fracture characterization of composite bonded joints[END_REF][START_REF] Alia | ENF test in the adhesive bonding of aluminium-composite joints and evaluation of its reliability with Weibull distribution[END_REF][START_REF] Leal | Numerical evaluation of the ENF and 4ENF tests for the shear toughness estimation of adhesive joints[END_REF].

The samples for ENF tests consist of two adhesively bonded metal substrates, loaded at midlength. A pre-crack of initial length a 0 (Fig. 1.48a) is prepared at one end of the sample. Even though it is widely spread for the calculation of G II,c for adhesives, such a test setup still features a few disadvantages, the major one being unstable crack propagation phenomena. Regarding this particular issue, a modification of the ENF was suggested, resulting in the 4-points End-Notched Flexure test (Fig. 1.48b). 

On the influence of the temperature on the behaviour of structural adhesives and adhesively bonded assemblies

Due to their polymeric nature, structural adhesives are materials which are heavily dependent upon the temperature. In particular, their use near their glass transition temperature (T g ) may result in a significant decrease in terms of mechanical properties. Moreover, regarding fracture mechanics, adhesives tend to display a brittle-ductile transition along with the increase in temperature.

Experienced phenomena

According to [START_REF] Dr | Improving bonding at high and low temperatures[END_REF], the phenomena related to the variation in temperature for adhesives may be divided into three types:

• shrinkage of the adhesive • differential thermal expansion in the case of bonded assemblies
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• changes in the mechanical properties of the adhesive As a general rule, the effects of changing thermal environments are prone to decrease the mechanical strength of an adhesive, and therefore that of a bonded assembly [START_REF] Apalak | Steady-state thermal and geometrical non-linear stress analysis of an adhesively bonded tee joint with double support[END_REF][START_REF] Srivastava | Characterization of adhesive bonded lap joints of C/C-SiC composite and Ti-6Al-4V alloy under varying conditions[END_REF][START_REF] Hu | Strength prediction of adhesively bonded joints under cyclic thermal loading using a cohesive zone model[END_REF][START_REF] Hu | Research on the static strength performance of adhesive single lap joints subjected to extreme temperature environment for automotive industry[END_REF]. However, in particular cases, it was shown that a high temperature may have beneficial effects in terms of joint strength, especially due to the brittle-ductile transition and to the effects on the voids in the material [START_REF] Lucas | Manufacture of adhesive joints and bulk specimens with high-temperature adhesives[END_REF].

The effect of the shrinkage of the adhesive is usually of secondary importance when compared to the effect of coefficients of thermal expansion (CTE) mismatches between adherends and adhesive [START_REF] Lucas | Manufacture of adhesive joints and bulk specimens with high-temperature adhesives[END_REF][START_REF] Adams | The effect of temperature on the strength of adhesive joints[END_REF][START_REF] Adams | The Effect of Temperature on the Strength of Adhesively-Bonded Composite-Aluminium Joints[END_REF]. These possible mismatches are illustrated by the data in Tab.1.6. The most critical point is the modification of the materials properties for adhesives within the classical ranges of temperatures for most industrial applications [START_REF] Dr | Improving bonding at high and low temperatures[END_REF].

The most important parameter to determine is the glass transition temperature T g , since this temperature is a thermal threshold in terms of mechanical properties. When T g is reached, the Young's modulus and the failure stress of an adhesive decrease abruptly, to the point where the material is not able to sustain any load (i.e. it is not structural any longer). Conversely, the lower the temperature with respect to T g , the higher the modulus, the failure stress and the brittleness of the material. For these reasons, the determination of T g is paramount for any structural bonding application, as it is reminded in [START_REF] Dr | Improving bonding at high and low temperatures[END_REF].

Various methods are available for the determination of T g , such as the dynamic mechanical analysis (DMA), the thermomechanical analysis (TMA) and the differential scanning calorimetry (DSC). A comparative study of these methods is presented in [START_REF] Rieger | The glass transition temperature T g of polymers-Comparison of the values from differential thermal analysis (DTA, DSC) and dynamic mechanical measurements (torsion pendulum)[END_REF]. In this paper, the author shows that even though it is often reported that depending on the method, different values of T g may be obtained for a same material, the careful selection of the DMA parameters (namely the frequency) can help to reduce this gap between DSC and DMA.

Modelling the influence of the temperature

Taking into account the influence of the temperature on the behaviour of bonded assemblies in terms of modelling is a task with several aspects. As it was mentioned in the previous section, the alteration of the mechanical properties of the adhesives remains the main impact of temperature variations. These fluctuations in properties need to be identified and modelled as such. Furthermore, it is common, for such cases, to consider the thermally-induced stress field due to CTE mismatches, and to integrate these thermal stresses in the macroscopic behaviour of the studied assemblies.

Regarding this point, several models have been proposed along the years to include the thermal stress in the stress-strain relationships of bonded samples. Reported by da Silva in [START_REF] Dr | Improving bonding at high and low temperatures[END_REF], one may mention the works of Hart-Smith [START_REF] Hart-Smith | Adhesive-bonded double lap joints[END_REF] 

du i dx = P i E i t i + α i ∆T (1.104)
where u is the axial displacement of the adherend, P is the applied load per unit width, E is the Young's modulus, t is the thickness and the subscripts o and i represent the The use of analytical models is however fairly limited to simple problems; for more elaborated configurations most authors turn towards numerical methods, such as Finite Element Analysis. For instance, Apalak and Gunes in [START_REF] Apalak | On non-linear thermal stresses in an adhesively bonded single lap joint[END_REF] took advantage of the possibilities offered by FE softwares (Ansys™ in this particular paper) to investigate the influence of thermal loads on Single Lap Joints samples. More precisely, both conductive and convective heat transfers were taken into account, so as to demonstrate that the resulting stress field caused high strain concentrations in the adhesive, near the interfaces. Another conclusion of this work is that the overlap length does not have a significant influence on the thermal peak strains.

Figure 1.50: Shear stress-strain curves obtained from TAST samples bonded using a monocomponent epoxy adhesive [START_REF] Dr | Improving bonding at high and low temperatures[END_REF] The study of the thermal dependence of the mechanical properties of adhesives usually requires heavy experimental campaigns, due to the number of cases to be investigated (Fig. 1.50 for instance). As an example, the work presented in [START_REF] Lee | Debonding failure characteristics of multi-laminated bonding system under cryogenic temperature[END_REF] uses a temperature-dependent elasto-plastic Ramberg-Osgood model (Eq.1.105) to describe the low-temperature behaviour CHAPTER 1. STATE OF THE ART of lap-shear and pull-off samples.

ε(T ) = σ(T ) E(T ) + |σ(T )| -σ Y (T ) E (T ) n(T ) (1.105)
where ε is the normal strain, σ is the normal stress, E is the elastic modulus, σ Y is the normal yield stress, E (T ) is the normal stress coefficient and n is the normal softening coefficient.

The elastic modulus E, the yield stress σ Y and the n coefficient are then identified for various temperatures. A simple linear fitting is performed on the resulting data, as it is presented in Fig. 1.51. Similar considerations are made by Badulescu et al. [START_REF] Badulescu | Analysis of the low temperature-dependent behaviour of a ductile adhesive under monotonic tensile/compression-shear loads[END_REF], using a slightly more complex model for the yielding of the adhesive. In this paper, the authors used an exponential Drucker-Präger model (Eq.1.106) to fit the yield surface, and the evolution of this surface is tracked along with the decrease in temperature (down to -60 o C).

F 0 = a(T ) • (σ vm ) b(T ) + P h -P h0 (T ) = 0 (1.106)
where σ vm is the equivalent von Mises stress and P h is the hydrostatic stress. a, b and P h0 are material parameters. A linear evolution of the material parameters a, b and P h0 is chosen, for the considered temperatures range (Eq.1.107).

a(T ) = C 1 • T + D 1 b(T ) = C 2 • T + D 2 P h0 (T ) = C 3 • T + D 3 (1.107) CHAPTER 2

Experimental characterisation of the mechanical behaviour of adhesively bonded assemblies in thermal environments

In this chapter will be presented the experimental campaign that was performed in order to characterise the mechanical behaviour of bonded samples in various thermal environments. The geometry of the samples and various preliminary considerations in this regard will be exposed in a first stage. The preparation of the samples will then be presented, including discussions on both the bonding and the curing processes. Lastly, the details of the experimental tests and the resulting data will be presented and analysed. 
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Preliminary discussion

This chapter aims at presenting the characterisation tests campaign performed on the adhesive, selected by Safran Reosc for the ELT project. The tests are divided into two categories:

• Monotonic tests

• Creep -recovery tests

Every sample made during this test campaign was realised with full consideration of the bonding process specification, released by Safran Reosc. The observed material characteristics are then representative of the adhesive treated following this particular procedure.

Structural adhesive investigated

The material to be characterised is a bicomponent epoxy adhesive, manufactured by and already used in numerous industrial projects lead by Safran Group. It is a thixotropic, gap filling two components epoxy glue with good application characteristics, due to its paste-like texture.

Base

Hardener Texture Mix ratio (weight) 100 50 The adhesive is provided in cartridges (different volumes are available depending on the surface to bond), which may be used with an applicator gun and mixing nozzles. It was shown that this method leads to a somehow inhomogeneous mix, and therefore to a material featuring highly scattered mechanical properties. The epoxide resin ("base", Tab.2.1) and the amine resin ("accelerator", or hardener, Tab.2.1 are to be mixed in precise proportions (2-to-1, Tab.2.1) for the cross-linking reaction to happen. This reaction happens naturally at ambient temperature (Tab.2.2), but may be thermally activated in order to speed up the process, or to reach higher cross-linking rate. It is worth mentioning that different curing cycles may lead to similarly cross-linked materials in terms of rate, but variations may be experienced on the glass transition temperature. Moreover, depending on the structures to be bonded, a high-temperature bonding may not be suited, as:

• it lowers the viscosity of the adhesive, leading potentially to a modification of the bond geometry

• the structures need to be relatively small, in order to fit in a thermal chamber

• depending on the involved materials, thermally-induced stresses may appear, possibly harmful to the correct functioning of the final product

Substrates characteristics

Geometry

The work reported in this chapter is about the mechanical characterisation, and overall behaviour of bonded assemblies, under complex multiaxial loadings. Therefore, even though bulk samples feature more or less the same properties as bonded assemblies, any considerations on bulk specimens are discarded, for several reasons:

• Even though only the cohesive properties of the adhesive are to be investigated, the following experimental campaign is also of importance regarding the bonding process: if repeated bonding defects (adhesive failures, highly inhomogeneous curing degree, etc.) were to be found out, such deficiencies would give precious information for the improvement of the manufacturing process of the joints

• The PhD work of Ilioni showed that for elastic properties (namely Young's modulus and Poisson ratio) bulk and bonded samples displayed fairly similar characteristics [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF], but the similarity between bulk and bonded samples grows weaker for more elaborated mechanical properties, such as viscosity or plasticity related parameters. Moreover, it was also shown that in some cases, the discrepancy between bulk properties and joint properties may reach critical values [START_REF] Afendi | Strength prediction of epoxy adhesively bonded scarf joints of dissimilar adherends[END_REF]. These seemingly paradoxical observations lead to the hypothesis that the quality of the bulk-to-joint comparison depends on the nature of the adhesive. Consequently, to avoid any risk factor, it was chosen to perform the mechanical characterisation on bonded joints rather than bulk specimens.

• Bulk specimens are inexpensive, standardised [START_REF]Plastiques -Détermination des propriétés en traction -Partie 1 : principes généraux[END_REF][START_REF]Plastiques-Détermination des propriétés en compression[END_REF][START_REF]Standard Test Method for Compressive Properties of Rigid Plastics[END_REF][START_REF]Standard Test Method for Shear Properties of Composite Materials by the V-Notched Beam Method[END_REF] and fairly easy in their manufacturing but it is quite difficult to apply multiaxial loadings to such samples. On the other hand, there are out-of-the-box bonded samples geometries that present such an advantage (p.54 and p.56 for instance).

The selected geometry for the mechanical characterisation work is based on Arcan samples, as they were presented in the previous chapter (p.56 for example). This geometry is shown in Figs.2.1a and 2.2.

The samples and corresponding apparatus used in this work have various advantages, as it is suggested by their extensive use in previous studies [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF][START_REF] Badulescu | Analysis of the low temperature-dependent behaviour of a ductile adhesive under monotonic tensile/compression-shear loads[END_REF][START_REF] Ilioni | A viscoelastic-viscoplastic model to describe creep and strain rate effects on the mechanical behaviour of adhesively-bonded assemblies[END_REF]]. The major advantage of these samples is the possibility to apply proportional multiaxial loadings, including compression, using a simple tension machine. This is achieved using the Arcan fixture (Fig. 2.1c), whose angular position γ (Fig. 2.3a in the clamping jaws of the machine will define the ratio between tension (or compression) and shear (Fig. 2.3b). The mounting device (semi-circular shaped pieces visible in Fig. 4.16) are made of high stiffness steel in order to avoid their plasticisation during the tests. The holes pierced in these pieces are used to control the value of γ and to properly install the apparatus in the machine using clevis pins. These pins ensure a correct alignment of the apparatus in the machine.

Another reason to explain the choice of Arcan samples is the low stress concentrations created in the joints under mechanical loading [START_REF] Créac | A stress concentration-free bonded arcan tensile compression shear test specimen for the evaluation of adhesive mechanical response[END_REF][START_REF] Yves | Numerical analysis of edge effects in adhesively-bonded assemblies application to the determination of the adhesive behaviour[END_REF][START_REF] Cognard | A modified Arcan test to analyze the behavior of composites and their assemblies under out-of-plane loadings[END_REF]. This is achieved thanks to beaks machined around the bonded surface (Figs.2.1b and 2.2c). This geometrical modification of the substrates contributes to decrease the scattering of the experimental data and to obtain cohesive failures.

It is possible to see in Figs.2.1 and 2.2 that the samples are provided with spacers on both sides of each specimen. These spacers, which are cut from the samples after the bonding is complete, are used to precisely control the thickness of the bondline. From Fig. 2.2a, it appears that each spacer exceeds the height of the bonded surfaces by 0.2 mm, which results in 0.4 mm thick adhesive joints. In addition, these spacers ensure the correct relative alignment of the substrates. 

Materials

The Arcan substrates are made of an aluminium alloy (AW2017). This shade includes up to 4% of copper and traces of silicon and magnesium. Due to its high strength and its fairly good workability, this shade of aluminium is common in various industrial fields such as the aerospace industry, defence, and aeronautics. A few mechanical properties of this alloy are presented in Tab. 

Surface treatment

The surface treatment applied to the surfaces to bond is critical to obtain an adhesion of high quality. Various reference works give guidelines in this regard [START_REF] Adams | Adhesive bonding science, technology and applications[END_REF][START_REF] Pocius | Adhesion and Adhesives Technology[END_REF][START_REF] Dillard | Advances in structural adhesive bonding[END_REF]. The consensus on this subject is as follows: the surface treatment applied to the adherends must create a surface condition conducive to the establishment of the various adhesion mechanisms. As such, both mechanical and physico-chemical treatments must be applied. The mechanical treatment creates an adequate roughness for the mechanical adhesion phenomena, while the physico-chemical treatment is important regarding the elimination of any by-products that may be on the adherends. As a consequence, the surface treatment used in this study consists of the following steps:

• Acetone degrease bath (3h)

• Ambient drying (30 min)

• Mechanical treatment (grade 120 sandpaper)

• Acetone cleaning using a medical pad, so no fibre would detach and remain on the surfaces

• Ambient drying (10 min)

These steps ensure at the same time the removal of any organic and non-organic impurities, which may be present due to the machining of the substrates or their handling, and the creation of a surface roughness suitable to the glue adhesion.

Mixture preparation

As it is presented in Tab.2.1, the two components of the adhesive must be mixed according to a certain ratio. This ratio, corresponding to the stoichiometric ratio of the curing reaction, has to be respected in order to optimise the chemical reaction, and to obtain an homogeneous material. To do so, the components are weighed using a precision balance Precisa™XT22A (Fig. 2.4b) in polypropylene pots (Fig. 2.4a). The accuracy of the balance is down to 0.1 mg. an industrial background is convenient, it is not quite suitable for the preparation of such mechanical characterisation samples. The resulting material may display inhomogeneous properties, due to local mixing defects, which often results in poor experimental tests repeatability. In the interest of the quality of the experimental results, it is preferable to use a centrifugal mixing device (Fig. 2.4c). This device, thanks to two high-speed simultaneous rotation motions, yields an extremely homogeneous material, from both macroscopic and microscopic standpoints. The adhesive used in this characterisation work was mixed with such a device, for 7 minutes at 1500 rpm.

The adhesive is then spread on the bonding surfaces using a clean stainless steel spatula. During these steps, the elapsed time, the resin/hardener ratio, the relative humidity ratio and the temperature are monitored, to remain in the conditions imposed by the industrial requirements.

Curing

Different curing cycles are suggested by the manufacturer in the datasheet of the adhesive [184] (Tab.2.4).

Cycle Definition 1 2 Table 2.4: Curing cycles suggested by the manufacturer of the adhesive [184]

Depending on the curing cycle, different mechanical properties may be expected [184]. For example, the shear strength was characterised for both these cycles, for increasing temperature (Tab.2.5 and Fig. 2.5a).

Temperature [°C] Shear strength (cycle 1) [MPa] Shear strength (cycle 2) [MPa] Table 2.5: Shear strength for various temperatures and for two different curing conditions [184]

As it is easily visible in Fig. 2.5, the two curing cycles investigated by the manufacturer result in fairly different materials, especially for low temperatures. The curing conditions must then be carefully chosen, especially when the final bonded structure has to operate in various thermal environments, as it is the case for the ELT.

The curing cycle chosen by Safran Reosc is inspired by the guidelines provided by the manufacturer, and from their experience regarding this particular adhesive. The characteristics of the selected curing cycle are as follows:

(a) Evolution of the shear strength with respect to the temperature (b) Relative differences between the shear strengths (Fig. 2.5a, cycle 1 taken as reference) This results in a fairly long curing cycle (Fig. 2.6a); nonetheless it is reasonable to hypothesise that the 24 hours at 23 ± 2°C contribute to reduce the possible residual stresses created in the joint during the polymerisation. The curing cycle is performed using a Secasi™ thermal enclosure (Fig. 2.7d). Due to the thermal inertia of the metal adherends, it was checked that the centre of the adhesive joints were submitted to the correct thermal conditions in terms of duration and rate of change using a thermocouple. The measurements shown in Fig. 2.6c suggest that the relatively slow rates of change between the different steps of the curing cycle provide good and homogeneous thermal conditions in the whole joint. This could be an important factor to reduce as much as possible any hypothetical curing degree gradient within the material. It is possible to characterise the curing of the material, and in particular to calculate the polymerisation degree of the adhesive after the curing cycle is completed, using Differential Scanning Calorimetry (DSC) measurements. This technique monitors the heat flow between a material sample and the exterior environment when a thermal load (isothermal, thermal ramp, temperature cycles, etc.) is applied. This monitoring allows the identification of the chemical reactions occurring in the material. In particular, if a thermal ramp is applied to an adhesive, it is possible to check if there is still uncured material, and to identify the temperature which optimally activates the remaining curing reaction. The polymerisation reaction is easily pinpointed on the thermograms, as it is represented by an exothermal peak. In the case of such a peak for a seemingly cured material, the ratio of its area with that of the peak corresponding to a fully uncured (raw) material gives the polymerisation degree of the adhesive.

Such considerations were performed on the investigated adhesive as it is shown in Fig. 2.6b, using a 10°C .min -1 thermal ramp. It is possible to spot a slight peak for the cured adhesive, signifying that the curing degree is lesser than 100 %. Using the peak area of the raw adhesive, the curing degree of the adhesive can be estimated. However, as it may be seen in Fig. 2.6b, it seems that another phenomenon is interfering with the post-curing happening at roughly 105°C (i.e. the post-curing peak is not clearly defined).

One legitimate hypothesis is that, a priori, the glass transition, occurring around 85-90°C, disturbs the DSC signal and therefore the undoubtful identification of the limits of the exothermal peak. Therefore, the calculation of the curing degree is impacted by a specific uncertainty. In any case, it is found that the curing degree is above 94% using the most constraining peak limits estimations. A common practice is to consider that materials displaying a curing degree above 95% are fully cured. Due to the particular heat flow signal in Fig. 2.6b and the relatively high glass transition temperature (T g ∼ 87°C) , it was concluded that the curing cycle presented in Fig. 2.6a gives a fully polymerised adhesive.

Mechanical characterisation tests 2.2.1 Required tests

The tests to perform entirely depend on the behaviours and mechanisms to be identified and modelled. As it is thoroughly presented in Chapter 1, adhesives are materials presenting a highly non-linear mechanical behaviour, due to their viscous nature. Therefore, an influence of the strain rate is expected, and should be investigated, for later modelling. Moreover, it was also shown in Chapter 1 that even if in some particular cases (the works of [START_REF] Medina | Characterization and modeling of multi-material assemblies under mixed quasi-static loadings for the design of automotive structures[END_REF] for instance), a purely viscoelastic description of the material is sufficient to predict its behaviour, it is also common for adhesives to show plasticity for high stress levels [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF][START_REF] Badulescu | Analysis of the low temperature-dependent behaviour of a ductile adhesive under monotonic tensile/compression-shear loads[END_REF][START_REF] Ilioni | A viscoelastic-viscoplastic model to describe creep and strain rate effects on the mechanical behaviour of adhesively-bonded assemblies[END_REF]]. As a consequence, the experimental investigation should reach loads susceptible to trigger these plastic flows.

In summary, the tests to perform must provide data regarding three main phenomena:

1. elasticity, or assimilated behaviour, for "instantaneous" strains 2. viscoelasticity, due to the strain-rate dependence of the material 3. viscoplasticity, if needed, to complete the description of the mechanical behaviour for important stresses or strains

In addition, as already mentioned and referenced, the influence of the hydrostatic stress must be taken into account for such materials. It is then necessary to investigate these mechanical phenomena for various loading directions. By dint of the Arcan device characteristics, various proportional tensile/shear loadings are available.

Finally, due to the environmental conditions imposed in the ELT project, several thermal environments are to be studied: -15°C, 23°C, and 45°C. These temperatures correspond to the temperature conditions on top of Cerro Armazones (Chile, altitude: 3064 metres), building site of the ELT.

For these reasons, the following tests grid was arranged, to be performed for each studied temperature:

• Monotonic tests 

Experimental setup

As previously stated, all the following tests are performed on modified Arcan samples, for various loading directions. To vary the loading direction, the modified Arcan apparatus is used (Fig. 2.1c), to adjust the value of the γ angle (Fig. 4.16).

The variation of the loading direction is completely taken care of by the modified Arcan apparatus, meaning that the same test machine can be used for all the tests. In the presented experimental campaign, a 100kN universal hydraulic tension-compression testing machine (Instron™ 1342 ) was used. The load cell of the machine is calibrated on a yearly basis, and the accuracy of the measured value is of 0.5 %.

Since several thermal environments are investigated, it is necessary to use a thermal enclosure to control the temperature during the tests. The enclosure used in this study is a Servathin™ thermal enclosure (Fig. 2.7b), which is also controlled and calibrated every year. This machine can apply rate-controlled temperature ramps and isothermal steps with ± 2°C accuracy. It should be noted that this enclosure is also able to control the relative humidity ratio in the chamber. Due to the very short duration of our tests compared to the water diffusion characteristic time in bonded Arcan samples (as shown by Ilioni [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF]), no such control was applied. The relative humidity ratio during the tests was usually between 30% and 50% according to the sensor of the machine. One interesting feature of this thermal enclosure is the viewglass placed on its door. This viewglass is particularly useful in the case of Arcan tests, which require special equipment to access the displacements undergone by the adhesive joints. This special equipment is usually a digital image correlation (DIC) system 1 , as presented in Fig. 2.7a). The stress distribution in the joint is indeed non-uniform, therefore there is no trivial way to access stress-strain curves from such a test. Digital image correlation is a fairly popular wayaround to obtain information regarding the displacements occurring in the sample. This technique, similar to a full-field optical extensometer, is able to provide the three-dimensional displacement fields on the surface of the sample, and especially on the substrates in their regions near the adhesive joint (Figs.2.8b and 2.8c).

The computed displacements are mainly divided into normal and tangential displacements, defined with respect of the plane of the bondline ( n and t in Fig. 2.8b, respectively). Digital image correlation is able to provide good quality measurements, as long as the speckled pattern used by the correlation algorithm (Fig. 2.8a) is made in compliance with the manufacturer's guidelines. This pattern must be sufficiently contrasted, and its characteristic size should be in adequacy with the desired resolution of the measurements. The histogram of the speckled pattern in the regions of interest of a sample is given in Fig. 2.8d. A pattern that is too crude would result in a poor correlation quality, and a pattern that is too fine would be for the most part undetectable by the cameras of the system. The ability of the GOM™ system to detect the correct displacements was checked using a displacement-controlled test. This test included five displacement steps, as shown in Fig. 2.9a. The average measured displacement was then computed on each step (Fig. 2.9b).

As it may be observed, the two datasets are practically indistinguishable from one another, leading to the conclusion that the system is able to measure the displacements during the tests precisely enough to not take into account any uncertainty later in the post-processing.

In practice, the GOM™ system is used to measure the relative displacements of the substrates, with a 1 Hz acquisition rate. More precisely, the displacements u in the regions R 1 and R 2 (Fig. 2.8b) are calculated for each facet and averaged over the whole regions (Eq.2.2).

u normal R i = u(x, y) normal with [x, y] ∈ R i (2.1)
u tangential R i = u(x, y) tangential with [x, y] ∈ R i (2.2)
The relative displacements of the substrates in the vicinity of the adhesive joint are then trivially computed using Eq.2.4. 

∆u normal = u normal R 1 -u normal R 2 (2.3) ∆u tangential = u tangential R 1 -u tangential R 2 (2.4)
These measurements are made to be used in later Finite Elements modelling, as it is presented in Chapter 3. The cameras of the system are placed roughly 20 cm away from the samples, and the system is fine-tuned using calibration panels provided by GOM™. The size of the facets used for the correlation is set to 30x30 pixels, with a 50% overlap in both directions.

Monotonic tests

Experimental details

The monotonic tests are performed under load-control, with an imposed loading rate of 0.2 kN.s -1 . Due to the usually good repeatability of the Arcan tests, and to the large amount of experimental cases to be studied, only three samples per case are considered. The results of the tests are showcased in the following pages, divided into three parts, corresponding to the three investigated temperatures.

For the sake of conciseness, only tangential displacements with respect to the adhesive bond will be presented for multiaxial loadings, even though normal displacements were also computed. These left out normal displacements will be dealt with during the identification of the material parameters in Chapter 3.

Ambient temperature results (23°C)

The results of the monotonic characterisation tests at 23°C are available in Fig. 2.10. 

MECHANICAL CHARACTERISATION TESTS

Low temperature results (-15°C)

The results of the monotonic characterisation tests at -15°C are available in Fig. 2.11.

High temperature results (45°C)

The results of the monotonic characterisation tests at 45°C are available in Fig. 2.12.

Discussion and further comments

A very low experimental scattering was obtained for each test case (Figs.2.10, 2.11 and 2.12), not only in terms of ultimate strength, but also in terms of overall mechanical behaviour. This is particularly true for shear tests, for which the three curves corresponding to the three investigated samples per load case are seemingly indistinguishable (Figs.2.10b, 2.11b and 2.12b).

On the other hand, the highest discrepancies were experienced for tensile loadings (Figs.2.10a, 2.11a and 2.12a). This is due to the high sensitivity of the Arcan tests to substrates misalignments and to positioning defects in the tensile machine or in the Arcan fixture. Even a slight tilt of one substrate with respect to the other can induce an undesired torque in the sample under tension, and cause experimental scattering, in terms of both stress-strain relationship and ultimate strength. It should be noted that even for these critical cases, the scattering of the data was sufficiently low for them to meet both the Moreover, as required by Safran Reosc and ESO, all the failures were cohesive (Fig. 2.24 for examples of fractured samples).

Creep-recovery tests

Experimental details

Principle and purpose

The execution of the creep -recovery tests is very similar to that of the monotonic tests, and only the applied load differs. The loading consists in several load steps, defined with respect to the elastic pseudo-limit observed in the monotonic tests:

• Loading and unloading rates: ±0. It is then necessary to determine the elastic pseudolimit beforehand. Due to the inherent non-linearity of the behaviours of adhesives, there is no standardised definition of the yield stress, as there is for metals for instance. The viscous nature of such polymers results in a loading rate dependence which makes the definition of such a standard impossible.

For the work detailed in this document, an alternative quantity is suggested, that is the elastic pseudolimit F y . This quantity is purely apparent, and will not be used as a part of the description of the mechanical behaviour in the modelling steps to come. Moreover, its engineering use is fairly limited, as it is relevant only for a given loading rate. It is however used in the definition of the creep load levels, in order to remain in a part of the mechanical behaviour of the adhesive which does not display plasticity-related mechanisms.

As it is mentioned above, the creep steps (and their corresponding recovery steps) are defined for 20%, 40%, 60% and 80% of F y (Figs.2.15a and 2.15b). The purpose of these steps, distributed over a fairly large span of loads, is to trigger linear viscoelastic mechanisms in a first stage, and the non-linear viscoelastic mechanisms during the last creep step(s).

Elastic pseudolimit identification

The elastic pseudolimit is defined using the curves from the monotonic tests (Figs.2.10 to 2.12). The objective is to identify the load for which the non-linearity of the mechanical behaviour becomes too important for the creep-recovery load steps. This definition is obviously arbitrary. Given the low scattering of the monotonic tests results, it is acceptable to work with average curves computed using the three experimental curves for each load case.

The identification of the elastic pseudolimit is performed using an incremental approach. The first two points of the considered average load-displacement curve are selected, the stiffness K corresponding to this dataset is computed (using the slope of a linear fitting), the value of K is stored, the next experimental load-displacement point is added to the dataset, and so on. This approach is summarised is Fig. 2.13. The selected criterion to identify the yield point is to detect when the stiffness of the assembly decreases by more than 10% of its initial value.

First two exp. points

Compute K

Store the value

Add next point to the pool This method results in values of K as a function of the applied load. It is therefore fairly straight-forward to pinpoint the load for which K = 0.9 • K ini . An example of elastic pseudolimit identification is given in Fig. 2.14.

Using this method it is then feasible to compute the load to apply for each creep step. These particular loadings may be visualised in Figs.2.15a and following.

Ambient temperature results (23°C)

The results of the creep-recovery characterisation tests at 23°C are available in Fig. 2.15.

Low temperature results (-15°C)

The results of the creep-recovery characterisation tests at -15°C are available in Fig. 2.16.

High temperature results (45°C)

The results of the creep-recovery characterisation tests at 45°C are available in Fig. 2.17. 

Discussion and further comments

The selected approach of thusly distributed load levels seemed to have reached its purpose, which was to trigger both linear and non-linear viscous mechanisms. In particular, the non-linear viscoelasticity is easily observed on the last creep level, especially for the tests at 45°C. The scattering of the data is higher than for the monotonic tests, which was expected due to the nature of the creep-recovery tests. Similarly to the monotonic tests, the highest discrepancies are obtained for tensile tests, for the same reasons. Among all the creep-recovery curves, the data presented in Fig. 2.17d stand out, as the displacements obtained for the last creep stage are extremely large: the joints almost creeped 60 µm in 2000 s. Even if such displacements did not trigger the failure of the joints during this step, one might keep in mind that some unexpected phenomena could have occurred during this particular loading stage. For instance, it is possible that a miscalculation of the elastic pseudolimit for this case lead to unwanted plasticity. It is also possible that these large displacements were caused by an undetermined temperaturerelated phenomenon, even though the tests temperature (45°C) is fairly far from the glass transition temperature T g identified by DSC measurements. 

Additional considerations 2.3.1 Influence of the temperature

The influence of the temperature will be discussed in details in Chapter 3. However, in a first stage, a rapid study of its effects on basic quantities may be performed. in the following pages, the influence of the thermal environment on both the ultimate strength and the elastic pseudolimit will be investigated.

The ultimate strength is the easiest quantity to obtain from the monotonic tests, as it is the load that caused the mechanical ruin of the samples. As it may be seen in Fig. 2.18, the temperature has a significant influence on the 2.3. ADDITIONAL CONSIDERATIONS ultimate strength of the bonded assemblies. Moreover, this influence seems to be linear, for all the loading directions investigated, including compression-shear (Fig. 2.18d). This linear trend is rather consistent with previous works on this aspect carried out on structural adhesives, such as [START_REF] Badulescu | Analysis of the low temperature-dependent behaviour of a ductile adhesive under monotonic tensile/compression-shear loads[END_REF][START_REF] Cognard | On modelling the behaviour of a ductile adhesive under low temperatures[END_REF].

A particular property of these trends is that the rate of change of the ultimate strength seems rather unrelated with the loading direction. Eqs.2.5 to 2.8 give the linear fitting for all the considered cases. In these equations, F i ult is the ultimate strength for γ = i o and T is the temperature. As it may be seen, the order of magnitude of the rates of change in Eqs.2.5 to 2.8 is the same, and their values are reasonably equivalent, with the exception of the compressionshear case (γ=135°). This could be explained by the fairly particular failures occurring for such loadings, due to their compressive component. The visual aspect of the corresponding fractured surfaces (Fig. 2.24d), which display heavily damaged profiles, could confirm this assertion.

F 0 ult = -0.
Similar considerations can be pursued for the elastic pseudolimit, in spite of its quite arbitrary definition. This quantity was calculated for tensile and shear loadings, for all the studied temperatures, as it displayed in Fig. 2.19. Once again, the trend of the evolution of the elastic pseudolimits is more or less linear with respect to the temperature. As it was done for the ultimate strengths, the rates of change of the elastic pseudolimits with respect to the temperature can be calculated (Eqs.2.9 and 2.10).

F 0 lim = -0.095 • T + 14.0 (2.9)

F 90 lim = -0.110 • T + 9.75 (2.10)
The obtained values in Eqs.2.9 and 2.10 are more or less equal (roughly 0.1 kN.°C -1 ). Moreover, these values are also rather similar to the rates of change of the ultimate strengths with respect to the temperature. Therefore, it seems that both of these properties vary in the same fashion with the temperature. In addition, this variation appears to be fairly independent of the loading direction, at least for non-compressive loadings.

Although these preliminary results may be of use for engineering and quick dimensioning of bonded structures purposes, it should be reminded that they are only valid for one given loading rate (that is, 0.2 kN.s -1 in the case of this campaign).

Influence of the loading rate

Due to their viscous behaviour, the mechanical behaviour of adhesives highly depends on the strain rate. In order to study this influence for the considered adhesive, monotonic tests were performed using other loading rates than 0.2 kN.s -1 . These tests were performed only for tensile and shear loadings, at 23 °C. The loading rates chosen for this study are 0.002 kN.s -1 and 2.0 kN.s -1 . The tests results are shown in Fig. 2.20.

As for the previous tests, the scattering of the experimental data is quite satisfying, even for the low loading rate tests. Given the extremely slow loading rate used for the 0.002 kN.s -1 tests, a rather high discrepancy in terms of mechanical behaviour was expected, but a quality of results similar to 0.2 kN.s -1 and 2.0 kN.s -1 tests is obtained instead. Fig. 2.21 compares these tests results with the tests performed with a loading rate of 0.2 kN.s -1 ; the influence is easily visible, especially in terms of ultimate strength, elastic pseudolimit and in terms of apparent stiffness.

In a first stage, the variation of the ultimate strength with respect to the loading rate was investigated. The results are displayed in Fig. 2.22. A linear fit is also suggested for these results.

Similar observations can be made regarding the evolution of the elastic pseudolimit with respect to the loading rate. For this quantity as well, a linear fit is suggested. This assumption leads to a fairly good quality in terms of fitting, even though only three experimental points are available. It is also necessary to keep in mind that the evolutions of the ultimate strength and of the elastic pseudolimit may not be linear outside of the studied interval in terms of loading rates. However, the experienced phenomena, and the choice of a linear function to describe the observed trends is supported by various published works [START_REF] Badulescu | Analysis of the low temperature-dependent behaviour of a ductile adhesive under monotonic tensile/compression-shear loads[END_REF][START_REF] Angelidi | Ductility, recovery and strain rate dependency of an acrylic structural adhesive[END_REF].

Fracture surfaces

As stated before, all the fracture surfaces of the samples displayed cohesive failure profiles. Examples for each loading direction are given in Fig. 2.24.

A slight decrease in terms of quality was observed for the tests performed at 45°C, as it is shown in Fig. 2.25. The failures were still considered to be cohesive. This is explained by the effect of the thermal environment on the fracture surfaces, as it is mentioned in [START_REF] Hu | Strength prediction of adhesively bonded joints under cyclic thermal loading using a cohesive zone model[END_REF]. This assertion is partially validated by the comparison between the fracture surfaces obtained for monotonic tests (Fig. 2.25a) and those obtained for creep-recovery tests (Fig. 2.25b). For monotonic tests, the high-temperature exposure time is fairly short (roughly 1 hour before the beginning of the test, to obtain thermal stabilisation in the sample, and a few minutes at most for the actual test). On the contrary, the exposure time for creep-recovery 

Fatigue characterisation: tests and results

Preamble

The following section exposes the methodology and the results of the cyclic and fatigue experimental campaign carried on adhesively bonded assemblies using the adhesive.

This campaign was designed to be divided into two separate parts:

• Cyclic tests: Used as preliminary considerations in order to investigate the adhesive behaviour for cyclic loadings and to set the levels to be used for the fatigue tests

• Fatigue tests: Used to determine the fatigue lives of the assemblies for four loading levels.

Those tests are to be carried out at room temperature, using a servo-hydraulic tensile machine (MTS™ 50 kN ). The tensile/shear ratio required by Safran Group and ESO being of 1 3 /2 3 , Arcan samples were chosen to be used during those tests, as the Arcan fixture allows a ratio of 1 4 / 3 4 . Scarf samples could also have been used, but they were dropped due to machining difficulties induced by the sharpness of the resulting angles.

Experimental considerations

Cyclic tests

Two loading frequencies were investigated for those tests, to quantify the influence of the loading rate on the cyclic behaviour of the adhesive:

• 1 Hz, hereafter referred to as "high frequency"

• 1 mHz, hereafter referred to as "low frequency" However, due to the significant mismatch between these two values, it is obvious that the number of cycles performed in each case cannot be the same 2 . One rather uses an equal test duration, resulting in a number of cycles 1000 times higher for the high frequency tests.

As these tests do not aim at establishing the assembly lifetime for a given loading, it is possible to apply various loadings to the same sample. In order to optimise the time spent on these tests, and to gather as much information as possible, it has been decided to apply four loading levels, going incrementally, to each sample.

FATIGUE CHARACTERISATION: TESTS AND RESULTS

Those four levels were chosen to somehow match what could have been creep levels if creep tests had been performed for this particular loading angle (which is equal to 67.5°) 3 . A monotonic test is then simulated using the identified viscoelastic -viscoplastic behaviour law, so the elastic pseudolimit is determined for this loading configuration. The elastic pseudolimit is located near F = 7 kN . Hence, one may compute the four levels ranging from 20% to 80% of this value 4 . The load ratio R = F min Fmax is set to 0.1 for every step. It is then possible to compute, for each step, the average load, the minimum load and the maximum load, as presented in Tab. Due to the very long period induced by the chosen low frequency, only a few cycles can be performed for each level for this configuration. In order to keep the test duration reasonable, three cycles shall be performed per level, for a duration of roughly one hour. Hence, for the high frequency tests, 3000 cycles are to be performed (Fig. 2.27).

The relative displacements of the substrates are monitored using a GOM™ system (Fig. 2.28). However, it is not possible to reach an acquisition frequency suited to the high frequency using the same configuration as for the mechanical characterisation campaign. It is possible to increase the acquisition frequency up to 30 Hz for 3D measurements, which is in compliance with the frequencies investigated in this study. Moreover, since no pictures are taken in this mode, the amount of data produced is significantly decreased.

Figure 2.28: GOM™ system tracking markers on the sample under loadings

Fatigue tests

These tests are performed on the levels identified as being suited to the adhesive from the cyclic tests. Four levels are to be investigated, which needs to result in fatigue lives roughly distributed as follows:

• 100 cycles • 1000 cycles • 10000 cycles • 100000 cycles For each level, five samples shall be used, in order to achieve statistical significance. The load ratio remains set to 0.1, to be consistent with the observations performed during the cyclic tests. The cyclic results allow us to establish the following levels to be applied to obtain a fatigue lives study between 100 cycles and 100000 cycles: Each of these tests may or may not be tracked using the GOM™ system, depending on the operator and on the availability of the system. Since only the fatigue lives are a requested output, GOM™ measurements are not considered as mandatory.

Level

Results

Regarding temperature evolution

As it was previously mentioned, there is no possibility to use a thermal enclosure on the tensile machine put to use in this experimental campaign. As a consequence, the environment temperature cannot be controlled. Nonetheless, a temperature tracker is used over the span of a week to estimate the temperature fluctuations during the day and the night (Fig. 2.29a).

Several temperature peaks are experienced, concomitant with the end of the day (roughly 06:30 pm), when sunlight is the most direct into the hall. The average temperature over this timespan is 24.8°C (the standard deviation being 1.3°C). It is clear in Fig. 2.29b that for the vast majority of the week the ambient temperature remains at acceptable levels for room temperature tests. This data is presented for informative purpose only.

Cyclic tests

Due to the significantly higher part of shear with respect to the tensile component, only the tangential displacements will be presented. The normal displacements display a very high noise-to-signal ratio, and are therefore less usable. 

Fatigue tests

The main output of these tests are the fatigue lives of the assemblies for the different levels investigated. They are presented in Tab.2.8. For each level, the average lifetime (µ) and the standard deviation (λ) are computed.

These data are then used to plot a Wöhler-like curve for the adhesive (Fig. 2.31a), which displays the average load (i.e. the levels, the load ratio being equal to 0.1) versus the fatigue lives of the assemblies. It is clear from Fig. 2.31a that a linear trend can be extracted from the data visualisation, as it is expected for these tests. The reader may notice four (two are superimposed, F a = 3.01 kN , N 1 = 363000 cycles and N 2 = 365000 cycles) experimental points located beyond the 10 5 cycles mark (black round marker in Fig. 2.31a), which differs from the other points (black triangles in Fig. 2.31a). These markers correspond to samples used on levels apparently too low, which were stopped after more than 250000 cycles (which was the upper limit to reach), before their ruins (hence, the arrow pointing to the increasing number of cycles). These points are still displayed in Fig. 2.31a for informative purpose. As suggested, one may fit a linear curve through the experimental points. The equation of the fitted plain curve in Fig. 2.31b is:

F a = -0.531 * log 10 N + 5.703
Considering that results given with respect to mechanical solicitations expressed in N and kN may not be easily usable in a mechanical dimensioning problem, one may use the mean stress in the adhesive bond as a substitute (Fig. 2.32). However, it should be reminded here that due to the geometry of the Arcan samples, the stress field in the adhesive joint is non-homogenous, and therefore it is rather inaccurate to consider that

σ = F S 107 CHAPTER 2. MECHANICAL CHARACTERISATION
with S being the bonded area.

Even though it is erroneous, it is still a fairly acceptable approximation in a first stage. The equation of the fitted curve then becomes: σ a = -1.119 * log 10 N + 12.007 with σ being the mean stress in the adhesive joint (σ a = Fa S ).

Figure 2.32: Corresponding fatigue lives for approximated stress amplitudes σ a in the adhesive joints

Comments

Even though these results give a fairly interesting knowledge regarding the durability of adhesively bonded samples made with for loadings more oriented towards an operational use, it should also be reminded that due to the viscoelastic nature of such a polymeric material, and its dependence upon the hydrostatic pressure, these data are only relevant for a given loading configuration 6 .

They were performed upon request from Safran Reosc and ESO, to be included in the ELT framework. However, due to their particular and specific nature, they should not be used to generalise the fatigue behaviour of the adhesive over a significantly different test configuration.

As such, no additional work was pursued on this aspect, as it would require tests campaigns and processings not compatible with the time constraints imposed by the context of a PhD.

Summary and conclusions

The main core of the mechanical characterisation tests was detailed in this chapter, along with different experimental aspects of the work presented in this manuscript, including:

• the geometries of the samples • the considered adhesive • the preparation process • various discussions regarding the details of the curing • the experimental means put to use (special Arcan apparatus, digital image correlation system, etc.)

The aim of the experimental campaign was to characterise the different components of the mechanical behaviour of bonded samples. As such, a tests campaign was designed in this regard, to study:

• the elastic behaviour (or instantaneous behaviour comparable to elasticity)

• the viscoelastic behaviour • the viscoplastic behaviour Consequently, loading rate controlled monotonic tests and creep-recovery tests were performed for different loading directions, to study these three mechanical behaviours and their evolution with respect to the hydrostatic stress.

Moreover, the analysis of the influence of the temperature on the mechanical behaviour of bonded assemblies is one of the main scientific issue of this work, therefore three thermal environments were chosen to perform this tests array: -15°C, 23°C and 45°C. Satisfactory results were obtained in terms of relative trends, experimental data scattering and fracture surfaces.

Finally, as preliminary works, the influence of the temperature and of the loading rate were briefly inspected, mainly for quick dimensioning and engineering purposes, in particular for the ELT project.

These tests results are then used, as presented in Chapter 3, to identify the parameters of a mechanical behaviour law (whose details are also presented in Chapter 3).

Modelling bonded assemblies under complex loadings: identification of the parameters of a viscoelastic -viscoplastic behaviour law

This chapter, in a first stage, aims at presenting the formulation of the chosen behaviour law. The considered model is a viscoelastic-viscoplastic law, which is well-suited to the mechanical behaviour experienced in the characterisation tests performed and presented in Chapter 2. The methodology to identify the parameters of this law will then be thoroughly explained. This identification is performed following a sequential process, using a few assumptions that will be outlined. The results of this identification will finally be presented, along with a discussion on the quality of the fit regarding the experimental data. Lastly, the influence of the thermally induced stress, and of the residual stress created during the curing of the material will be investigated and discussed. 
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Mathematical formulation: spectral viscoelastic-viscoplastic model

In the following sections, scalar quantities are written in a regular font weight, such as:

E second order tensors are written in bold, such as: ε fourth order tensors are written in bold underlined, such as:

S r
I is the second order identity tensor, and I is the fourth order identity tensor.

The selected material behaviour law is a viscoelastic-viscoplastic model based on the works of Maire [START_REF] Maire | Etudes théorique et expérimentale du comportement de matériaux composites en contraintes planes[END_REF]. It was then successfully used for adhesives, in the works of Medina [START_REF] Medina | Characterization and modeling of multi-material assemblies under mixed quasi-static loadings for the design of automotive structures[END_REF], Ilioni [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF][START_REF] Ilioni | A viscoelastic-viscoplastic model to describe creep and strain rate effects on the mechanical behaviour of adhesively-bonded assemblies[END_REF], and even for fracture mechanics considerations, as in the published study of Stamoulis et al. [START_REF] Stamoulis | Investigating the influence of material non-linearity in the fracture properties of ductile adhesives submitted to mixed-mode loading[END_REF].

Given the shape of the experimental load-displacement curves featured in Chapter 2, this formulation should give satisfactory results. In the following pages, the formulation of this law will be presented, and the parameters to identify will be highlighted, along with their role in the global modelling.

Viscoelastic spectral model

The law is written using a strain-rate assumption, as in Eq.3.1.

ε = εel + εve (3.1)
The stress state is obtained through the use of the Hooke operator C 0 e (Eq.3.3), as expressed in Eq.3.2. σ = C 0 e : εel (3.2)

C 0 e = E (1 + ν)(1 -2ν)           1 -ν ν ν 0 0 0 ν 1 -ν ν 0 0 0 ν ν 1 -ν 0 0 0 0 0 0 1-2ν 2 0 0 0 0 0 0 1-2ν 2 0 0 0 0 0 0 1-2ν 2           (3.3)
The viscoelastic strain rate εve is divided into n t elementary mechanisms, as given in Eq.3.4.

εve = nt i=1 ξi with : ξi = 1 τ i µ i S r : σ -ξ i (3.4)
where τ i and µ i are respectively the characteristic times and the weights relative to each elementary viscous mechanisms. Those quantities are defined as presented in Eqs.3.5 and 3.6.

τ i = exp(n i ) (3.5) µ i = μi nt i=1 μi with μi = 1 n 0 √ π exp - n i -n c n 0 2 (3.6)
where a H and a D are the parameters of the viscous compliances tensor S r (Eq.3.7).

S r = 1 (1 -d H )a H H H + 1 (1 -d D )a D H D (3.7)
As it may be seen in Eq.3.7, this formulation divides the general behaviour into its hydrostatic and deviatoric components, which is, as previously mentioned, an important detail for the modelling of adhesives. This separation is performed using the hydrostatic and deviatoric projectors H H and H D , defined in Eqs.3.8 and 3.9.

H H = 1 3 I ⊗ I (3.8) H D = I -underlineH H (3.9)
Moreover, softening variables d i are introduced in Eq.3.7, which trigger non-linear viscous strains. These softening variables are expressed in Eq.3.10 for i ∈ [H, D].

d i = d max i 1 -exp - y i -y 0 i y c i p i and y i = 1 2a i σ : H i : σ (3.10) 
with: x = x if x > 0 or 0 else

Viscoplastic correction

The viscoplastic strains, implemented by Ilioni [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF] for a linear flow potential, implies a modification of Eq.3.1 into Eq.3.11.

ε = εel + εve + εvp (3.11)
The formulation of the viscoplastic part of the model is based on a Drucker -Prager formulation. The yield surface is defined by the relationships in Eqs.3.12 and 3.13, with the induction of the cululative plastic strain p.

f (σ, p) = a f 3J 2 (σ) + b f P H + c f P 2 H -R(p) (3.12)
with : The hardening is defined as an isotropic function, written R(p), which depends on four other parameters R 0 , H, Q and b (Eq.3.13). When the yield surface is reached, irreversible strains are generated, accordingly with Eq.3.14.

                       J 2 (σ) = 1 2 S : S S = σ -1 3 P H P H = tr (σ) = σ : I R(p) = R 0 + Hp + Q [1 -exp (-bp)]
˙ vp = f K n n (3.14)
with K and n being two constant parameters, to model the strain-rate dependence of the yield function and of the plastic flow. In Eq.3.14 n represents the viscoplastic flow direction, which depends on the viscoplastic flow potential g(σ, p) (Eqs.3.15 and 3.16).

n = ∂g (σ, p) ∂σ (3.15)
with:

g (σ, p) = 3J 2 (σ) + a 1 R 0 P H + a 2 P 2 H -R(p) (3.16)
Therefore, the flow direction n is given by Eq.3.17, where the dependence on the hydrostatic stress is easily visible.

n = 3S 2 3J 2 (σ) + a 1 R 0 I + 2a 2 P H I (3.17)

Parameters

As the mathematical formulation of the chosen behaviour law involves numerous quantities, Tabs.3.1 to 3.3 summarise the parameters to identify, along with their part in the complete modelling. 

Parameters identification

In the following subsections, only the results for the tests performed at 23°C will be presented in details, since the methodology does not differ from one temperature to another. The results as functions of the temperature are presented on p.136.

Identification process

The methodology to identify the parameters presented in Tabs.3.1 to 3.3 is based on the works of Ilioni [START_REF] Ilioni | A viscoelastic-viscoplastic model to describe creep and strain rate effects on the mechanical behaviour of adhesively-bonded assemblies[END_REF]. The methodology is sequential, as presented in Fig. 3.1. This method mainly relies on iterative Finite Element Modelling and error functions minimisation. 

PARAMETERS IDENTIFICATION

Elastic parameters identification

Methodology

The identification of E and ν is performed using the monotonic tensile and shear tests, and more precisely their linear parts1 .

One of the main drawbacks to the use of Arcan samples is the non-homogeneous stress distribution obtained in the bondline. For this reason, there is no trivial way to obtain stress-strain curves and to access basic quantities such as the Young's modulus or the Poisson ratio.

To do so, it is necessary to use iterative FE computations, done with Abaqus™ software.

Finite Element Modelling

The FE geometry used for these calculations is a three-dimensional model of an Arcan sample, using the relevant symmetry and anti-symmetry conditions (Fig. Nodes groups are defined on the surfaces of the substrates (Fig. 3.2a) in order to automatically extract the displacements once the computations are performed, using a Python subroutine. Those areas are defined to be of the same sizes and locations as the ones used during the analysis done on the DIC measurements (Fig. 2.8 on p.85).

The loading is applied on the superior surface of the model substrate, in order to simulate a tensile test and a shear test. The stiffness of the sample is then obtained using Eqs.3.18 and 3.19, depending on the loading direction 3 .

K 0 num (E, ν) = F num u z (3.18)
3 Eq.3.18 for tensile (γ = 0°), Eq.3.19 for shear (γ = 90°) 118 3.2. PARAMETERS IDENTIFICATION

K 90 num (E, ν) = F num u x (3.19)
where F num is the applied load, and u i is the relative displacement along the direction i extracted from the nodes group defined in the FE geometry (Fig. 3.2b).

Inverse identification

The principle of the identification process used for E and ν is to perform a series of FE computation using an array of values for these parameters, and to find the (E; ν) couple giving the best fit to the experimental data.

For each one of these FEA, the numerical stiffness of the sample is compared to the experimental stiffness. The stiffness, expressed in kN.mm -1 , is chosen to be the parameter to study, for it is easily obtained from the F -δ experimental curves.

The input data of these FE computations are then a (E; ν) couple chosen in a certain range, which is sufficient to describe the behaviour of the material in pure tensile and pure shear linear cases, used for the identification of the linear parameters of the adhesive. The following conditions were arbitrarily chosen:

E ∈ [700; 3500] MPa ν ∈ [0.2; 0.49]
In other words, E will be successively equal to all the values between 700 and 3500 MPa4 and ν sweeps the interval between 0.2 and 0.49 5 . Each of these couples will be used in tensile and shear FE calculations to determine the most adequate couple(s) to describe the pseudolinear behaviour of the adhesive. This is performed by comparing the numerical and experimental stiffnesses to one another, using the error function ∆ defined in Eq.3.20.

∆ i (E, ν) = K i exp -K i num (E, ν) 2 K i exp (3.20)
with K i exp and K i num being the experimental stiffness and the numerical stiffness respectively.

The experimental stiffness is obtained by fitting a first order polynomial function to the experimental data (i.e. the pseudolinear part of the load-displacement curves), and the numerical stiffness is obtained using a FE simulation of the tensile and shear tests on an Arcan sample, performed using a given (E; ν) couple. The inverse identification method is summarised in Fig. 

Computations and results

FE iterative computations (Fig. 3.3) are performed for both tensile and shear loadings, therefore two error functions ∆ i are obtained (Eq.3.21, i ∈ [0, 90]). Since Fig. 3.4c gives the optimal (E; ν) couples for the tensile behaviour and Fig. 3.4d gives the optimal (E; ν) couples for the shear behaviour, one only needs to sum these error maps to obtain the optimal (E; ν) couples for both tension and shear (Fig. 3.5b). In practice, the normalised values of ∆ 0 (E, ν) and ∆ 90 (E, ν) are summed, as in Eq.3.22.

             ∆ 0 (E, ν) = (K 0 exp -K 0 num (E,ν)) 2 K 0 exo ∆ 90 (E, ν) = (K 90 exp -K 90 num (E,ν))
∆(E, ν) = 1 2 ∆ 0 (E, ν) + ∆ 90 (E, ν) (3.22)
where ∆(E, ν) is the total error, and ∆ 0 (E, ν) and ∆ 90 (E, ν) are the aforementioned tensile and shear normalised errors. This process is repeated for the tests performed at -15°C and 45°C. The corresponding results are to be found on p.136.

Viscoelastic parameters identification

The identification of the viscoelastic parameters is done following a certain sequence, as detailed below. The same models are used for the FEA (Fig. 3.2). However, the material used for the adhesive is now described by the viscoelastic-viscoplastic behaviour law (p.113).

The identification is performed using the results from the creep-recovery tests, as presented in Fig. 3.7b.

Spectral parameters

The first viscoelastic parameters to identify are the spectral parameters. These parameters describe the characteristic times and weight of the viscous elementary mechanisms The viscous displacements are implemented in the material behaviour law as the sum of n t elementary mechanisms, each one being defined by its characteristic time τ i and its weight µ i in the overall behaviour. All these mechanisms define the viscous spectrum of the material. In this implementation, the spectrum follows a Gaussian distribution (Eq.3.6).
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The spectral parameters are identified using the viscous displacements occurring on the creep steps. The identification is based on the isochronism principle which states that the normalised viscous displacements over a normalised span of time should follow the same trend. In other words, the isochronism principle is followed when the triggered mechanisms do not depend on the loading direction nor the loading level. This trend is controlled by the parameters n 0 and n c in the mathematical formulation of the law, which is described in Eq.3.6.

The number n t of these mechanisms (Eq.3.4) is set to 20, which is a common value for epoxy adhesives [START_REF] Ilioni | A viscoelastic-viscoplastic model to describe creep and strain rate effects on the mechanical behaviour of adhesively-bonded assemblies[END_REF][START_REF] Medina | Characterization and modeling of multi-material assemblies under mixed quasi-static loadings for the design of automotive structures[END_REF]. Increasing the value of n t results in a more complete and accurate description of the viscous strains. Nonetheless, such a modification also linearly increases the computation time.

The identification is then performed in two steps:

1. Verify that the experimental data is in compliance with the isochronism principle 2. Tune n 0 and n c so that the normalised viscous displacements over a normalised period of time follow the same trend as the experimental data

As a preliminary step, the isochronism principle must be checked, in order to determine if the mathematical formulation detailed on p.113 and following is able to describe the behaviour of the adhesive. To do so, the viscous displacements on the creep steps are normalised (Eq.3.23), and plotted versus normalised times (Eq.3.24).

d visc norm (t) = d visc (t) -d visc (t 0 ) d visc (t end ) -d visc (t 0 ) (3.23) t norm = t -t 0 t end -t 0 (3.24)
where d visc norm are the normalised viscous displacements, d visc are the viscous displacements on a given creep step, and t 0 and t end are the beginning and the end of the creep step respectively. This is performed for both tensile and shear creep-recovery tests, using average curves computed from the data in Figs.2.15c and 2.15d. Consequently, this step yields eight normalised datasets6 , as it is shown in Fig. 3.8a. It is clear that the normalised datasets in Fig. 3.8a follow the same trend, which validates the isochronism hypothesis necessary to the use of the described behaviour law. Due to the relatively low scattering between these datasets, the use of an average curve is suggested, to reduce the size of the data to handle (Fig. 3.8b). This curve is computed as the point-wise mean of the data in Fig. 3.8a.

It should be noted that the shape of the experimental normalised data and that of the average curve is fairly consistent with other works on epoxy adhesives, as in [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF][START_REF] Ilioni | A viscoelastic-viscoplastic model to describe creep and strain rate effects on the mechanical behaviour of adhesively-bonded assemblies[END_REF][START_REF] Medina | Characterization and modeling of multi-material assemblies under mixed quasi-static loadings for the design of automotive structures[END_REF]. In order to obtain a smoother curve to use in the identification process for n 0 and n c , a cubic polynomial function is fitted to the average curve, as shown in Fig. 3.8b.

To perform the identification of the parameters n 0 and n c , an inverse identification process is designed. To do so, n 0 was set to vary in [1; 20] and n c was set to vary in [1; 10], which are common ranges for epoxy adhesive. For each (n 0 ; n c ) couple, a creep step is simulated. The viscous displacements are then obtained using a Python script, run at the end of each simulation case.

A Matlab™ script is used to normalise these displacements and the time scale. The resulting data are finally plotted on a normalised displacements -normalised time graph (Fig. 3.9a), and the relative error ∆(n 0 , n c ) with respect to the experimental data is computed (Eq.3.25).

∆(n 0 , n c ) = tnorm=1 tnorm=0 (d visc norm (t norm ) exp -d visc norm (t norm , n 0 , n c ) num ) 2 (3.25) 125 CHAPTER 3. ADHESIVE BEHAVIOUR MODELLING
The values ∆(n 0 , n c ) are then normalised between 0 and 1 for a more convenient handling (Fig. 3.9b). 

Linear viscoelastic parameters

The parameters to be identified in this part of the law are a H and a D . The linear viscoelastic mechanisms come into play as a standalone phenomenon for low stress creep loadings. To identify these parameters, it was decided to consider the first two creep levels for each test case.

It is a fair compromise between the need to observe significant viscous displacements 7and the risk to mistakenly take into account the very beginning of the non-linear viscosity which may occur during the third creep level.

The methodology is also an inverse identification process similar to the previous steps, except that it is performed one parameter at a time.

• a D is the deviatoric parameter, to be identified on shear creep cases • a H is the hydrostatic parameter, to be identified on tensile creep cases Also, it is mandatory to identify the deviatoric part first: for shear loadings, there is no significant influence of the hydrostatic term of the equation, but for tensile loads, both terms are to be taken into account.

As stated above, only the first two creep steps are used to identify the linear viscous parameters. Hence, only these steps are simulated, using FEA. In the following paragraphs, i ∈ [H, D]. The parameter a i is varied in a predefined range, which depends on the temperature and on i. For each a i , a FEA is conducted and the error with respect to the experimental mean curve is computed. The error ∆(a i ) is defined as expressed in Eq.3.26, for a given a i value.

∆(a

i ) = t end t=t 0 (d num (t, a i ) -d exp (t)) 2 (3.26)
where t 0 and t end are the beginning and the end of the creep step respectively, d num (t, a i ) is the numerical displacement obtained at the instant t using a given a i value, and d exp (t) is the experimental displacement obtained at the instant t.

The error expressed in Eq.3.26 is computed for each one of the considered creep steps, and the total error is deduced from these as their sum (Figs3.10a and 3.10b). The data in Figs3.10a and 3.10b are used to identify the optimal values for a D and a H :

     a D = 800 MPa -1 a H = 6700 MPa -1
These values lead to fairly satisfactory fits with respect to the experimental viscous displacements as presented in Figs3.10c and 3.10d.

Non-linear viscoelastic parameters

As it may be seen in Fig. 3.11a, once a certain load level is reached, the viscous displacements becomes non-linear. Therefore, if only linear viscous mechanisms are taken into account, the spectral law ultimately fails to predict the time-dependent mechanical behaviour of the adhesive (Fig. 3.11b). In order to counter this insufficiency, non-linear viscous mechanisms are implemented (Eq.3.10, p.114). These viscous mechanisms are described by eight parameters8 . As it was done for the linear viscous parameters, the identification is sequential, starting with the deviatoric parameters (i.e. shear creep loading).

For each loading case, the four parameters to identify are y 0 i , y c i , d max i and p i , for i ∈ [H, D]. For simplicity purposes, and to avoid unnecessary numerical issues9 , the exponential parameters p i are set to 1.

The remaining parameters control the triggering and the kinetic of the non-linear behaviour, and need to be identified at the same time. An inverse identification process could be deployed to identify the values of the (y 0 i , y c i , d max i ) triplet. However, due to the fairly high sensitivity of these parameters, quite a small step needs to be used, resulting in a possibly very large number of computations. Another method was then designed, taking advantage of some of the built-in Matlab™ algorithms. The purpose of this script was to minimise an error function (defined as the difference between the experimental creep curve and the numerical creep curve, Eq.3.26) by automatically varying the input parameters (y 0 i , y c i , d max i

). The algorithm studies the influence of each parameter, and adjusts them iteratively until a good fit is obtained. This algorithm is based on the Nelder-Mead simplex method for function minimisation [START_REF] Nelder | A Simplex Method for Function Minimization[END_REF][START_REF] Nelder | Errata to A Simplex Method for Function Minimization[END_REF][START_REF] Lagarias | Convergence Properties of the Nelder-Mead Simplex Method in Low Dimensions[END_REF]. The choice of the coefficients of reflection, expansion, contraction, and shrinkage, which define the path taken by the algorithm in the parameters space to minimise the error function, is left to the software.

A fairly good indicator of the efficiency of an algorithmic solution research is the required number of iterations to obtain a converged solution. As it is visible in Fig. 3.12, for three simultaneous parameters, the Nelder-Mead simplex method required around 60 iterations to converge towards the final triplet (y 0 D , y c D , d max D ) optim , which corresponds to a computation time of roughly four hours. Using this methodology, the triplet (y 0 D , y c D , d max D ) optim is identified in a first stage using the complete shear creep steps, and in a second step the triplet (y 0 H , y c H , d max H ) optim is identified on the complete tensile creep steps. It should be mentioned here that the recovery steps were used during the identification process, as they will be used later to validate the identified material parameters. The results of the identification for the tests performed at 23°C are available in Fig. 3.13. 

PARAMETERS IDENTIFICATION

Viscoplastic parameters

The viscoplastic parameters are identified in a final step, using the monotonic tests curves.

Yield function

The yield function f (σ, p) (Eq.3.12) defines the domain in the hydrostatic stress -von Mises stress plane where irreversible strains p are generated. As it is expressed in Eq.3.12, this function is implemented as a quadratic function of the hydrostatic stress. In order to identify the coefficients R 0 , a f , b f and c f of this function, the von Mises stress and the hydrostatic pressure in the middle of the joint are extracted for each loading case (Figs.2.3b, and 2.10) at the verge of plasticity (i.e. when even the non-linear viscoelasticity does not accurately predict the behaviour of the sample). As a rule of thumb, this point roughly corresponds to the elastic pseudolimit 10 .

The von Mises stress and the hydrostatic pressure are extracted in the centre of the joint due to the fact that it is the region where the stress distribution reaches its maximal values [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF]. This results in the stress states displayed in Fig. 3.14 in the hydrostatic pressure -von Mises stress space.

As a first observation, the quadratic shape of the yield function (Eq.3.12) seems to be adequate to the yielding pattern of the adhesive. Moreover, the identification of R 0 , a f , b f and c f is fairly straightforward, since they are directly involved in the equation of the quadratic fit in Fig. 3.14. Consequently, the following values are obtained for these 

                       a f = 1 b f = 0.15 c f = 2.2 • 10 -3 MPa -1 R 0 = 27.68 MPa

Hardening function and non-hydrostatic flow parameter

The hardening function (Eq.3.13) contains three parameters to identify: H, Q, and b. These parameters can all be identified using the data from shear test, since they have no dependence upon the hydrostatic pressure.

In addition, a 1 , which is involved in Eq.3.17 giving the direction of the plastic flow in the von Mises -hydrostatic pressure plane, is also to be identified at this stage of the study. This results in a simultaneous identification of four parameters; that is why in previous studies [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF][START_REF] Ilioni | A viscoelastic-viscoplastic model to describe creep and strain rate effects on the mechanical behaviour of adhesively-bonded assemblies[END_REF], it was chosen to remove this particular parameter and to set its numerical value to 0.

As it was done for the non-linear viscoelastic parameters, an optimisation loop is programmed using Matlab™ [START_REF] Nelder | A Simplex Method for Function Minimization[END_REF][START_REF] Lagarias | Convergence Properties of the Nelder-Mead Simplex Method in Low Dimensions[END_REF].

As it may be seen in Fig. 3.15, an excellent match can be obtained between the experimental shear behaviour and the numerical data. The values for the considered parameters are as follows: 

                       H =

Hydrostatic flow parameter

The last parameter to identify is a 2 , which is also involved in the definition of the flow direction n (Eq.3.17). Due to its connection to the behaviour of the material in the hydrostatic space, this parameter is identified using the data from tensile monotonic tests. Since only one parameter is to be dealt with, a parametric study (as it was done for the linear parameters on p.122, for the spectral parameters on p.126, or for the linear viscoelastic parameters on p.127) could be performed.

However, due to the very high sensitivity of this parameter, and to the difficulty to know a priori the correct range of values to investigate, a large interval discretised with a fine step would be required, leading to a possible high number of computations. Moreover, the time increment used in the FEA must be fairly small to avoid convergence issues, which are common for this behaviour law under hydrostatic loadings. These elements would therefore contribute to a quite lengthy identification process. Consequently, it was chosen to perform an algorithmically controlled parameter optimisation [START_REF] Nelder | A Simplex Method for Function Minimization[END_REF][START_REF] Lagarias | Convergence Properties of the Nelder-Mead Simplex Method in Low Dimensions[END_REF], as already explained previously. The obtained fit is displayed in Fig. 3.16. It is also a fairly interesting validation of the hardening parameters identified previously, as the hardening simulated in Fig. 3.16 shows a good correlation with the experimental data. However, it is easy to notice the rather angular transition 11 between the "linear" and the "nonlinear" parts of the tensile behaviour in Fig. 3.16. Even though this shape seems to be common for this kind of behaviour law [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF][START_REF] Ilioni | A viscoelastic-viscoplastic model to describe creep and strain rate effects on the mechanical behaviour of adhesively-bonded assemblies[END_REF], no satisfying explanation can be expressed so far, especially because its source remains fairly vague: one could hypothesise that this may be due to a badly defined 12 yield function, or to a somehow insufficient non-linear viscoelasticity, or even to the possible inadequacy of an isotropic hardening.

The quality of the fit is nonetheless satisfying, since both the elasto-viscoelastic behaviour and the well-established viscoplastic flow are correctly predicted.

Validation

As all the experimental data were not used in the identification process, it is possible to validate the approach and the identified parameters on these unused datasets:

• The recovery steps performed during the creep-recovery tests are used to validate the viscoelastic parameters

• The monotonic tensile-shear Arcan tests (γ=45°) are used to validate the elastic and the viscoplastic parameters Satisfactory correlation is obtained on the recovery steps, aside from a slight offset between experimental and numerical displacements (Figs.3.17a and 3.17b). However, the kinetics of the viscous displacements seem to be accurately predicted, at least on the 11 Near F = 12 kN 12 Or badly identified Similar conclusions can be drawn regarding the elastic and viscoplastic behaviour, validated on the data from tensile-shear (γ=45°) tests. For this multiaxial loading, both normal 13 and tangential 14 displacements are provided (Fig. 3.18a). 13 Normal: orthogonal to the bondline 14 Tangential: in-plane shear direction, defined with respect to the normal direction
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In addition to these comparisons, it is also possible to use the data from the compressionshear monotonic tests, which so far was only used to build the yield function. As it may be seen in Fig. 3.18b, the viscoelastic behaviour seems to be rather accurately described, as well as the yielding of the material. However, the numerical prediction quickly becomes irrelevant, as a gap between experimental and numerical data starts growing, starting from F ∼ 17 kN. The chosen hardening and flow rule apparently become unable to describe the strains occurring under compressive loading once a certain threshold is reached. It is fairly unlikely that this deficiency was caused by material damage, since the stiffness of the assembly seems to increase at first, which would be conflicting with damage phenomena such as cracks, debonding, etc.

Influence of the temperature

Identified values

The identified values of each parameter for all the considered temperatures are presented in Tab.3.5.

In the following paragraphs, graphical representations of these evolutions are given (Figs.3.19a to 3.24b), along with a fit, so as to be able to interpolate the values of the parameters for temperatures between -15°C and 45°C. Due to the number of investigated temperatures (three thermal environments), it was chosen to fit a linear function to the data, for the parameters. The relevance of this choice may be discussed, especially for a few parameters which do not seem to quite follow a linear trend. On the other hand, it was also deemed irrelevant to fit a higher order polynomial expression to only three experimental points.

Elastic parameters

The results are presented in Fig. 3.19.

Spectral parameters

As it may be seen in Tab.3.5, the spectral parameters do not depend on the temperature.

Linear viscoelastic parameters

Non-linear viscoelastic parameters

The results are presented in Fig. 3.21.

Viscoplastic parameters

The results are presented in Figs. [START_REF] Ziaee | Effects of Temperature on Cure Kinetics and Mechanical Properties of Vinyl -Ester Resins[END_REF] 

Residual and thermal stresses: calculation and influence on the macroscopic scale behaviour

Preamble

A common practice for bicomponent epoxy adhesives is to apply a thermal cycle to the uncured material, in order to activate the polymerisation reaction. The cycles one can apply are various, as it may be seen in the datasheets provided by the manufacturers of such adhesives (see [184] for instance). In particular, the possible temperatures reached during these cycles are numerous, and may be of significant importance regarding the overall mechanical strength of the adhesive joints. The influences of residual stresses on crack propagation behaviour in bonded joints have already been investigated [START_REF] Fleck | Crack path selection in a brittle adhesive layer[END_REF][START_REF] H R Daghyani | Effect of thermal residual stress on the crack path in adhesively bonded joints[END_REF]. It was shown in particular by da Silva et al. that residual stresses have a negative effect on the fracture properties of an adhesive [START_REF] Lucas | Joint strength predictions for adhesive joints to be used over a wide temperature range[END_REF]. Moreover, it was also found that such residual stresses can have major effects regarding the fatigue life of bonded assemblies [START_REF] Albedah | Effects of adhesive disbond and thermal residual stresses on the fatigue life of cracked 2024-T3 aluminum panels repaired with a composite patch[END_REF]. The intensity of the residual stresses are mainly driven by four factors:

• the change in volume due to the curing reaction • the mechanical properties of both the adhesive and the adherends • the coefficients of thermal expansion of the involved materials • the geometry of the bond and of the assembly Due to the very important mismatch between the thermomechanical properties of metallic adherends and those of most of the adhesives, residual stresses are prone to appear when the joints cool from the curing temperature to the ambient temperature. Similarly, an additional stress field may be introduced by the changing environmental temperature. These thermal residual stresses therefore contribute to the stress field within the joints during mechanical loadings and may lead to premature failures of the assemblies. Moreover, such stresses could also impact the identification of the parameters of a given behaviour law, mainly for two reasons.

Firstly, some hypotheses expressed for simplification and practicality purposes, while valid for a null initial stress state, may be challenged if one takes into account initial residual and thermal stresses. In the case of the work presented in this document, the hydrostatic pressure P H has been assumed to be marginal for shear loadings 15 . This assumption was particularly useful during the parameters identification process, since all the P H -wise parameters were considered to be negligible during shear loadings.

The actual stress field σ m (x, y, z) due to the applied mechanical load is therefore not equal to the total stress field in the joint σ(x, y, z) (Eq.3.27). σ(x, y, z) = σ m (x, y, z) + σ r (x, y, z) + σ th (x, y, z) (3.27) ON THE MACROSCOPIC SCALE BEHAVIOUR with σ r (x, y, z) being the residual stress field due to the phenomena related to the curing of the adhesive 16 and σ th (x, y, z) being the stress field induced by the change in temperature after the curing is completed 17 .

It is therefore legitimate to study the influence of the terms σ r (x, y, z) and σ th (x, y, z) on the mechanical behaviour of the bonded assembly. This study requires two successive steps:

1. One must identify the induced stress fields.

2. One must include these stress fields in the FEA performed during the identification of the material parameters, in order to access their actual values, corresponding solely to the mechanical behaviour (i.e. to σ m (x, y, z)).

A few techniques for the determination of residual stresses

A wide range of methods is available for the experimental determination of residual stresses in a given material.

One of the commonly encountered methods is the hole drilling method [START_REF] Nelson | The holographic-hole drilling method for residual stress determination[END_REF]. This method consists in drilling a small hole through a piece of material subjected to residual stresses, and in measuring the displacements caused by the relaxation induced by the hole. The displacements measurement is usually performed using optical methods, such as digital image correlation, for instance.

It is also possible to use non-destructive technologies, such as neutron diffraction [START_REF] Khadar | An experimental study of residual stress and directiondependence of fatigue crack growth behaviour in as-built and stress-relieved selectivelaser-melted Ti6Al4V[END_REF], or laser interferometry [START_REF] Matias | Residual stress measurement using a radial in-plane speckle interferometer and laser annealing: preliminary results[END_REF][START_REF] Kim | Residual stress measurement on the butt-welded area by electronic speckle pattern interferometry[END_REF]. While these techniques provide good results, they may not be suitable for bonded assemblies.

A common practice to investigate the residual stresses in bonded assemblies is to use beam curvature methods [START_REF] Adams | Adhesive bonding science, technology and applications[END_REF]. These methods allow for the visualisation of the strains induced by the residual stresses created during the curing of the adhesive. For instance, Ramani et al. used this method in the late 1990s, in order to investigate the creation and the evolution of residual stresses in a polymer-metal bonded assembly [START_REF] Ramani | The evolution of residual stresses in thermoplastic bonding to metals[END_REF] (Fig. 3

.25).

Other works featuring this technique may be found, for various purposes [199,[START_REF] Loh | Modelling anomalous moisture uptake, swelling and thermal characteristics of a rubber toughened epoxy adhesive[END_REF].

More recently, it was used by Cognard et al. in the case of a structural epoxy adhesive [START_REF] Cognard | On modelling the behaviour of a ductile adhesive under low temperatures[END_REF]. In particular, the authors studied the influence of the residual stresses on the yield surface of the considered adhesive, which was modelled by a Manhken-Schlimmer elastoplastic behaviour law. It was shown that for the considered curing cycle, the residual stresses were of significant importance, and that they were sufficiently high to modify the yield surface (Fig. 3.26). 

Experimental procedure for the determination of residual stresses in bonded assemblies

For the study presented in this document, it was chosen to use the beam curvature method, as it is suitable for adhesively bonded assemblies. Two curing cycles are investigated, so as to quantify the effects a thermally aggressive cycle may have with respect to a smoother one. The properties of the considered curing cycles may be found in Tab.3.6.

The samples used to perform this study consist of two metal sheets bonded together by a 0.4 mm thick adhesive joint. The geometry of these metal substrates may be found in Fig. 3.27. The thickness of the bondline is controlled by calibrated steel spacers. ON THE MACROSCOPIC SCALE BEHAVIOUR

Cycle

Step 1

Step 2 Low temperature 23°C for 24h 80°C for 2h High temperature 110°C for 1h10 -Table 3.6: Curing cycles steps and temperatures In order to obtain a curvature on such a sandwich structure, a certain asymmetry regarding the thermomechanical properties needs to be reached. For this reason, the metal substrates differ both in terms of thickness and material. Their characteristics are presented in Tab.3.7.

Thickness [mm]

Material These thusly obtained structures are then placed in a thermal chamber for the curing step, whose duration and properties depend on the investigated case (Tab. 3.6). This results in the samples presented in Fig. 3.28. Using image processing techniques on the pictures displayed in Fig. 3.28, it is possible to measure the maximal deflection for each sample (Tab.3.8). A deflection roughly ten times greater is obtained using a high temperature curing cycle with respect to a low temperature cycle 18 This preliminary observation is a first indicator regarding the intensity of the residual stresses induced by the two considered curing cycles: as it may be expected, a higher curing temperature leads to higher stresses in the assembly.

E [MPa] ν [ -] CTE [ -]

Numerical determination of thermal stress fields in bonded assemblies

The calculation of the residual stresses created during the curing cycle requires a numerical methodology, based on Finite Element Analysis.

The objective is to identify the stress-free temperature, i.e. the temperature that, once applied to a FE model of the sample, gives the same curvature as in the experiments (Fig. 3.28). This stress-free temperature may then be considered as representative of the residual stress field created by the curing cycle and its associated mechanisms [START_REF] Cognard | On modelling the behaviour of a ductile adhesive under low temperatures[END_REF].

The geometry of the FE model is available in Fig. 3.29a. The corresponding mesh, identified after a convergence study, is presented in Fig. 3.29b. Only a quarter of the complete sample was modelled, for symmetry reasons. These symmetry conditions are reported in Fig. 3.29c.

The CTE 19 of the materials are either from the manufacturer (for the metal substrates) or from previous measurements performed by Safran Group (for the adhesive). The temperature dependence of the CTE of the adhesive is taken into account, as it may be seen in Fig. 3

.30.

A temperature field is applied to the whole model, and the displacements along an edge of the model are extracted using a Python subroutine, in order to get the curvature of the sample (Fig. In order to identify the stress-free temperature T SF , an optimisation loop is programmed using Matlab™, so as to minimise the error between the experimental curvature and the numerical curvature.

The experimental curvature is obtained through the following method:

• Markers are placed along the edge of the sample (Fig. 3.32a).

• Their positions are detected using image processing techniques • A second order polynomial function is fitted to the positions (Fig. 3

.32b)

A similar processing is performed on the results of the FE calculations, and the parameters of the two subsequent polynomial fits 20 are then compared to one another. Once an error minimum is reached, the corresponding temperature is stored as the stress-free temperature T SF . This identification is performed for the two studied curing cycles (Tab.3.6), and the resulting stress-free temperatures are presented in Tab.3.9). It should be noted that the temperatures reported in Tab.3.9 were identified using pictures taken immediately after the end of the curing. It is therefore acceptable to assume that virtually no influence of the viscous behaviour of the adhesive21 was engaged at the time.

Moreover, it was possible to measure the deflection of the samples along with time, in order to investigate the possible stress relaxation phenomena that may occur after the curing. These measurements are displayed in Fig. 3.33. One may easily see that the stress ON THE MACROSCOPIC SCALE BEHAVIOUR Table 3.9: Identified stress-free temperatures relaxation phenomena are fairly limited both in terms of duration and of intensity, as the measured displacement seems to reach a stabilised plateau after roughly one month at room temperature. In addition, a FE computation was performed to simulate these phenomena (Fig. 3.33). The numerical data fit rather well the experimental measurements, even though a certain discrepancy may be noticed. This gap between simulated behaviour and experienced behaviour may be due to the combination of several factors:

• The deflection was measured at room temperature, which may be subjected to fluctuations from one measurement to another, resulting in slight variations in terms of deflection.

• The measured displacements are fairly small, and therefore a better measurement technique could be required, in particular for the sample cured at low temperature (Fig. 3.33a).

• The FE simulation for the sample cured at high temperature was performed using the parameters identified for the low temperature cycle (p.116 and following), due to the lack of experimental data regarding this cycle. The mechanical parameters are likely to slightly differ from one curing cycle to another. These Finite Element Analysis are also another validation of the identified parameters for the considered mechanical behaviour law, even though a few uniqueness issues were found (Appendix A on p.301 and following) regarding the solutions.

Using the identified stress-free temperatures (Tab.3.9), it is then possible, in a similar fashion as initially suggested by Cognard et al. [START_REF] Cognard | On modelling the behaviour of a ductile adhesive under low temperatures[END_REF], to estimate the residual stress field induced solely by the curing within the joints of Arcan samples. The data in Fig. 3.34c show the stress states in the adhesive joints for both curing cycles (Tab.3.6) in the plane hydrostatic pressure -von Mises stress. In addition, the stress states of the centre of the joints have been highlighted.

As it has been shown in Fig. 3.33, the identified behaviour law seems to give satisfactory results in terms of residual stress relaxation. It is then possible possible to estimate the intensity of these phenomena for Arcan samples, by simulating this loading on the desired timespan. The results of these calculations are shown in Fig. 3.34d for the centre of the adhesive joint. As it was expected, the relaxation of the residual stresses is significantly more important for the adhesive cured using the high temperature cycle. As a rule of thumb, for both cases, the residual stresses are almost halved over a three months timespan. It should also be noted that for the low temperature cycle 22 Moreover, by superimposing these residual stresses with the thermal stresses created by the change in environmental temperature 23 , it is possible to take into account all the thermally-induced stresses, and to investigate their influence on the identification of the parameters of the behaviour law, as a whole.

Influence of thermally induced stresses on the identification of the parameters of a viscoelastic-viscoplastic behaviour law

Due to the low intensity of the residual stresses created by the low temperature curing cycle (Figs.3.34c and 3.34d), virtually no influence on the identification process is expected. However, a significant influence of the stresses induced by the decrease in the environmental temperature (i.e. the thermal conditions for mechanical tests performed at -15°C and 45°C) may be expected.

In order to study the influence of these stress fields on the identified values of the parameters of the considered behaviour law, the following approach is suggested:

1. Simulate the creation of residual stresses in Arcan samples (Fig. 3.34) 2. Simulate the change in environmental temperature for the relevant tests, so as to create thermal stresses in the samples 3. Identify the parameters using the resulting combined stress field as initial state

In the following pages, to remain conservative, it will be assumed that the residual stresses are not relaxed before the samples are placed in the thermal environment for their testing.

Estimation of the thermal stresses

Due to technical limitations regarding the mechanical behaviour law, and more precisely the required element type for its functioning, it is not possible to couple the thermal FEA and the mechanical FEA into one calculation. Therefore, the evaluation of the thermal stress fields must be performed using a two-step approach:

1. The temperature field T (x, y, z, t) within the sample must be calculated for each timepoint during the thermal ramp from 23°C to the test temperature.

2. The stress field σ th (x, y, z, t) must then be calculated using the aforementioned temperature field T (x, y, z, t). Moreover, the material properties are evaluated for each element, using the relationships established on p.136 and following. Consequently, material properties gradients are obtained within the adhesive, due to the temperature gradient caused by the thermal diffusion.

Thermal computation

A thermal FE model of an Arcan sample is built, using the same geometry as presented in Fig. 3.34a. The thermal properties of the involved materials may be found in Tab.3.10.

Property

Aluminium Adhesive Density [g.cm -3 ] 2.8 1.0 Thermal conductivity [W.K -1 ] 250 0.14 Specific heat [J.g -1 .mK -1 ] 0.897 1.2.10 -2

Table 3.10: Thermal properties (data from manufacturers and internal Safran Group measurements)

A thermal ramp is applied on the external surfaces of the sample, in such a fashion that it is representative of the actual thermal loading experienced during the tests. The ON THE MACROSCOPIC SCALE BEHAVIOUR temperature was set to vary with a rate of 0.6°C.min -1 in the thermal enclosure. Due to the high thermal conductivity of the Aluminium and to the relatively slow rate of change of the temperature, it is assumed that there is no significant thermal inertia, and that the temperature on the external surfaces is equal to the temperature within the chamber of the climatic enclosure. This results in the thermal loadings presented in Fig. 3.35. One may notice that the stabilisation times at the end of the ramps have been included in the thermal loadings. The curves in Fig. 3.35 show the computed temperatures in the bulk of the joint for each increment. 

Mechanical computation

The same mechanical FE model as previously is used (Figs.3.34a and 3.34b) for this part of the study. For each increment, the temperature for each node of the model is read in the results files obtained from the thermal computation. The dilation of the adhesive of the substrates is then evaluated using these temperatures. Using the dependence upon the nodal temperature implemented in the Fortran subroutine file 24 , the thermal stresses are then computed in the joint. In particular, it is possible to extract the path taken by the centre of the joint in the hydrostatic -von Mises plane during the thermal loading, as it is displayed in Fig. 3.36. These curves take into account not only the thermal stresses created by the changing temperature, but also the residual stresses created during the curing of the adhesive.

As expected, the low temperature tests (Fig. 3.36a) tend to accumulate stresses, which are added to the residual stresses. Non-negligible stress states are therefore reached, which should be taken into account during the mechanical characterisation. On the other hand, the consequences of a high temperature environment are fairly interesting. In this case, one may a priori expect a rather complex behaviour, due to the effects of an elevated temperature on both the CTE (Fig. 3.30) and the material viscosity (Fig. 2.17d for instance). In other words, the adhesive will expand more due to the increasing CTE, but the generated stresses will also tend to relax more easily. This is precisely the reason why a minimum in terms of stresses is experienced in Fig. 3.36b. The aforementioned phenomena compensate the effects of one another for a given temperature, which results in a more or less null stress state. 

Influence of the thermal stresses on the identification of the material parameters

The identification of the parameters roughly follows the same pattern as previously (p.116 and following). Nonetheless, a few hypotheses cannot be considered as relevant any longer, due to the non-null initial stress state (Figs.3.34c and 3.36). In particular, for shear loadings, the hydrostatic parameters cannot be neglected, due to the non-zero hydrostatic stress caused by the residual and thermal stresses (Figs.3.34c and 3.36).

Moreover, especially for 23°C and 45°C tests, a rather low impact is expected due to the relatively low stresses created, and due to the stress relaxation phenomena shown in Fig. 3.36b. Consequently, the difference between the parameters without residual stresses and the parameters with residual stresses may go undetected. In order to avoid such a configuration, a quick optimisation loop is performed for the parameters identified using parametric sweepings 25 . This allows for a more precise determination of these parameters, and therefore to detect the small fluctuations that may appear due to the inclusion of the residual and thermal stresses. For the sake of conciseness, the results are displayed in Tabs.3.11 to 3.19.

Due to the loss of the simplifying hypotheses regarding the absence of hydrostatic stress for shear loadings, only the elastic, spectral and linear viscous parameters have been investigated so far. The determination of the other parameters would require the simultaneous identification of too large of a number of parameters to guarantee the convergence of the optimisation toward a meaningful result.

Parameters identified at 23°C: influence of the residual stresses

The data in Tabs. As it may be seen in Tabs.3.14 to 3.19, the superimposition of the residual stresses and of the thermal stress may significantly impact the value of the identified parameters. It is especially true for the tests performed at -15°C, for which the resulting stress state cannot be considered as marginal (Fig. 3.37a). For instance, it was shown that taking into account these stresses at -15°C lead to a 5% increase in terms of Young's modulus. Due to numerical limitations (i.e. the number of parameters to take into account simultaneously), it is not possible to carry this study for other parameters of the considered behaviour law. In particular, following the identification sequence, the next parameters to identify would be the non-linear viscoelastic parameters 26 . As such, six parameters would be considered at the same time, which would likely lead to convergence difficulties for the optimisation algorithm. Several local error minima may be expected for such a problem, and the algorithm may converge towards one of these local minima, resulting in a questionable meaning of the optimised n-tuple for the non-linear viscoelastic parameters.

Concluding remarks

The main idea developed and investigated in this chapter is the influence of the temperature on the mechanical behaviour of a structural adhesive. This influence is studied from three different standpoints:

26 (y 0 D , y c D , d max D ) and (y 0 H , y c H , d max H )
1. The easiest and most immediate aspect is the change in macroscopic mechanical properties. This has been quantified by the variation of the parameters of the chosen behaviour law (p.116 to 142).

2. Another temperature-related phenomenon investigated in this chapter is the creation of residual stress fields due to the polymerisation reaction of the adhesive during the curing cycle (p.143). These stress fields were quantified in Arcan samples, and their influence was shown to be rather marginal.

3. Finally, the thermal stress fields created during the change in environmental temperature were also quantified (p.151). These additional stress fields were then taken into account during the identification of the parameters of the viscoelastic-viscoplastic spectral behaviour law.

It is then fairly obvious that the temperature, through these aforementioned phenomena, has a serious influence on the mechanical behaviour of the studied adhesive. In particular the thermal stresses created during low temperature tests are prone to generate initial stress states in the joint, significantly different from the a priori assumed zero-stress state.

Nonetheless, these considerations may be criticised due to the fact that the residual and thermal stresses are estimated with FE computations, using material parameters identified for a zero initial stress state. Therefore, an iterative approach could be suggested in order to counter this rather paradoxical initial postulate.

The chosen behaviour law, and the peripheral elements investigated so far are able to describe and predict the mechanical behaviour of bonded assemblies for a variety of loadings. However, no indication whatsoever is given regarding the failure of the material. These aspects are studied in Chapter 4. The fracture properties of bonded assemblies are identified, and the influence of the temperature on the fracture envelopes is described, using an approach based on Arcan samples.

CHAPTER

4

Determination of the fracture properties of adhesively bonded assemblies and investigation of the influence of the temperature

This fourth chapter tackles down the issue of the failure of adhesively bonded assemblies, which is a critical matter in numerous industrial applications. Many dimensioning methods and criteria have been developed along the years to answer these questions.

Traditionally, the fracture behaviour of adhesive joints is investigated using the Linear Elastic Fracture Mechanics (LEFM) theory. Standardised methods derived from the study of composite materials, such as the Tapered Double Cantilever Beam (TDCB) and the Mixed Mode Bending (MMB) tests, are mainly employed, in order to obtain fracture envelopes in the mixed-mode I/II plane. However, these methodologies present several important drawbacks: not all of the crack opening modes are examined (e.g. compression shear), the substrates may present non-linear behaviour during the fracture tests due to flexion, the experimental procedures are heavy, etc. In this study, an alternative approach is used to study the fracture properties of a structural adhesive based on a previous work performed with the Arcan fixture. At first, the fracture results in the mixed-mode I/II plane were obtained by means of the TDCB and MMB tests at ambient temperature. These results were then compared with those obtained by the Arcan fixture, based on a previously published methodology, in order to validate the relevance of the approach. Then, the investigation was carried further using Arcan samples in various thermal environments, to study the influence of the temperature on the evolution of the strain energy release rate at several mode ratios.

The results of the present study can be used to build effective and reliable models in order to predict the failure of adhesively bonded structures, by taking into account also the influence of the temperature in the fracture energy results.
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4.1. PREAMBLE

Preamble

A wide range of industrial fields nowadays rely on structural bonding and adhesively bonded assemblies for various reasons, such as their contribution to building lighter and therefore more energy-saving structures. Furthermore, this technique allows for multimaterials assembling, and features fairly good stress distribution properties. Among these fields, one may mention aeronautics, marine systems or automotive, each one being extremely careful regarding the mechanical strength of their structures. The tools of fracture mechanics, developed since the beginning of the 19th century [START_REF] Griffith | The Phenomena of Rupture and Flow in Solids[END_REF], make it possible to answer most of the questions about the ruin of such bonded assemblies, for given loadings. These tools allow researchers to measure the critical strain energy release rate or fracture toughness (G c ) of the adhesive, which defines the potential energy dispelled during the propagation of a crack within a material. This critical strain energy release rate is entirely linked to the loading direction with respect to the crack (commonly referred to as modes, as shown in Fig. 4.1):

• mode I (tensile opening mode)

• mode II (in-plane shear mode)

• mode III (out-of-plane shear mode) For investigations regarding the mode I G c (or G I,c ) of an adhesively bonded assembly, one would use DCB (Double Cantilever Beam) or TDCB (Tapered Double Cantilever Beam) samples. Both of these methods have already been standardised for adhesives [START_REF]Standard Test Method for Fracture Strength in Cleavage of Adhesives in Bonded Metal Joints[END_REF]151,152] and have been extensively used in previous research for numerous adhesives [START_REF] Blackman | Measuring the mode I adhesive fracture energy, G IC , of structural adhesive joints: the results of an international round-robin[END_REF]. Unfortunately, there are no standardised methods to investigate mode II and mixed-mode I/II loading cases for adhesive materials. It is nonetheless possible to export standards from the composite materials field to structural adhesives, such as the Mixed Mode Bending (MMB) test [START_REF]Standard Test Method for Mixed Mode I-Mode II Interlaminar Fracture Toughness of Unidirectional Fiber Reinforced Polymer Matrix Composites[END_REF], or the End Notch Flexure (ENF) test [166,[START_REF]Aerospace Series Carbon Fibre Reinforced Plastics Test Method Determination of Interlaminar Fracture Toughness Energy Mode II -G II,c . Standard[END_REF]. These methods, once ported to structural adhesives, have been shown to produce satisfying results [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF][START_REF] Ducept | Mixed mode failure criteria for a glass/epoxy composite and an adhesively bonded composite/composite joint[END_REF][START_REF] Costa | Static assessment of the mixed-mode behaviour of three epoxy adhesives[END_REF].

In order to process the raw results from these tests (TDCB, MMB, and the like), one has to use the Linear Elastic Fracture Mechanics (LEFM) framework to extract the fracture properties (i.e. either singular values G c , or the full fracture envelope in the mode I / mode II plane). The hypotheses that come with this theory applied to bonded assemblies are that:

• the materials involved are elastic isotropic medias

• the crack propagation is stable

It is important to keep in mind that these hypotheses are very likely to be bypassed during the experiments, especially for adhesives, which are inherently non-linear due to their viscous behaviour. Also, the close vicinity of the crack tip (also referred to as the process zone) is very likely to undergo plastic strains due to the stress concentrations that may appear in this location. Non-linear behaviour and fracture mechanics are however not mutually exclusive, as it is possible to include viscous and plastic behaviours in the computation of the critical strain energy release rate by using other approaches, such as Cohesive Zone Models (CZM) [START_REF] Stamoulis | Investigating the influence of material non-linearity in the fracture properties of ductile adhesives submitted to mixed-mode loading[END_REF][START_REF] Stigh | Damage and crack growth analysis of the double cantilever beam specimen[END_REF]. Unfortunately, CZM are still not a panacea in terms of fracture properties identification, as they also have disadvantages [START_REF] Elices | The cohesive zone model: advantages, limitations and challenges[END_REF]: the use of such models demands heavy computing power, result in lengthy Finite Element calculations, and require the pre-determination of the crack propagation path. Even though they may be a promising lead for researchers, they are still not appropriate for industrial cases. Therefore, the LEFM theory is most of the time employed for reasons of simplicity.

Mode I

Mode II Mode III Figure 4.1: Crack opening modes However, as it was mentioned above, the use of standardised tests requires several samples geometries to obtain the full fracture envelope in the mixed-mode I/II plane. These methods are furthermore heavy to perform, from the samples preparation to their experimental execution: the operator needs fixtures, several acquisition devices to perform simultaneously digital image correlation and crack propagation monitoring, etc. Moreover, the samples (and their corresponding apparatus when needed) are cumbersome, potentially preventing any experiments in a thermal enclosure. This is actually a major drawback, especially for industry-oriented characterisations, as the adhesive fracture properties should also be known for various temperatures, depending on the final application. Last but not least, the substrates are rather prone to plasticisation during these tests.

In this chapter, the fracture envelope of the considered structural bicomponent epoxy adhesive 1 is firstly identified using standardised, classical tests at ambient temperature. Secondly, a modified Arcan geometry was used to perform the same study, in order to validate this alternative approach. Lastly the compactness of these Arcan samples is exploited to perform these tests in two different thermal environments, so as to determine the fracture properties for other temperatures than the ambient temperature. 

STANDARDISED TESTS AT ROOM TEMPERATURE

Standardised tests at room temperature 4.2.1 Preparation of the specimen

The specimens hereafter described were designed to investigate the fracture properties of an epoxy structural adhesive using TDCB and MMB tests. As a reminder, the TDCB approach is nowadays an international standard for mode I investigations for adhesive materials [START_REF]Standard Test Method for Fracture Strength in Cleavage of Adhesives in Bonded Metal Joints[END_REF]151,152], and the MMB is a standardised method for composites [START_REF]Standard Test Method for Mixed Mode I-Mode II Interlaminar Fracture Toughness of Unidirectional Fiber Reinforced Polymer Matrix Composites[END_REF] but not for adhesives.

All the samples consist of two metal substrates bonded by a 0.4 mm adhesive joint. The thickness of the adhesive layer was arbitrarily chosen, but kept the same for all samples geometries, for consistency reasons 2 . The bonding surfaces of the substrates, no matter the geometry, were treated in order to guarantee the best adhesion properties possible. First, they were mechanically ground with 180 grit Silicon Carbide sandpaper, to remove any oxide layer that may have formed during the storage of the substrates and to create an adequate surface roughness for the bonding. They were then cleaned using acetone, to remove potential oily compounds on the surfaces, which may be due to the machining or the handling of the metal pieces. Finally, they were dried using compressed air. This process is thoroughly detailed in Chapter 2 (p.76).

TDCB samples

TDCB samples consist of two aluminium (Aluminium 2017A, Tab.4.2 for the mechanical properties) substrates of varying cross-section adhesively bonded together (Figs.4.2a and 4.2b). This cross-section variation is designed to prevent the substrates from undergoing any plastic deformation during the loading in the case of a relatively low yield stress, and to impose a proportionality relationship between the crack length and the compliance of the assembly. This last assertion is particularly useful for the post-treatment of the tests results, as it is detailed further in this chapter.

MMB samples

MMB samples are made of a high limit of elasticity steel (Tab.4.2). Loading blocks are glued onto the steel substrates (Fig. 4.3a) so the sample can be placed in the loading apparatus presented in Fig. 4.3b. This apparatus is used to load the sample according to various mode ratios, by adjusting the lever arm c (Fig. 4.3b). The value of c corresponding to a given mode ratio can be determined using Eqs. with:

ã = a hχ , Γ = 1.18 √ E 11 E 22 G 13 and χ = E 11 G 13 3 -2 Γ Γ + 1 2 (4.2)
where ã is the non-dimensional crack length value, h is the sample half thickness, χ is the crack length correction, Γ is the transverse modulus correction parameter, E 11 and E 22 are the longitudinal and transverse modulus, G 13 is the shear out-of-plane modulus and G II Gc is the given mode ratio [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF]. A few values of c are given in Tab.4.3 for mode ratios of interest.

Bonding

The hardener and the resin are mixed according to the guidelines provided by the manufacturer [184] (as presented in Tab.2.1, on p.73). The ratio provided in [184] corresponds to the stoichiometric ratio of the curing reaction, which should be respected to obtain an The epoxy adhesive components (hardener and resin) are mixed together accordingly to the ratio specified by the manufacturer using a centrifugal mixing device (Fig. 2.4c, p.78) for 7 minutes at 1500 rpm.

A layer of adhesive is then spread on each substrate bonding surface, which are then assembled. A 50 µm polyamide film is placed at the loading end of the samples (Figs. 4.2b and 4.3b), in order to create a pre-crack. The pre-crack lengths can be found in Tab.4.1 for all the considered geometries. The thickness of the adhesive joint is controlled using 400 µm hardened steel spacers.

The samples are then introduced in a Memmert UF110+™ thermal enclosure for the curing process. The thermal cycle applied to the samples is presented in Fig. 4.5a. It should be reminded that this cycle has been validated by Differential Scanning Calorimetry (DSC) measurements, as it results in a polymerisation rate above 94 % for the adhesive used in this study. Also, due to the relatively large size of the TDCB samples (Fig. 4.2a), it has been checked that there is no significant difference between the thermal conditions undergone by the perimeter of the joint and by the core of the joint, using a thermocouple Once the curing cycle is completed, the samples are removed from the thermal enclosure to let them cool down, and any excess of adhesive that may have dripped on the sides of the samples is cleaned with 180 grit sandpaper. 

Tapered Double Cantilever Beam (TDCB) tests

A total of six TDCB specimens were investigated. They were installed in a tensile machine (displacement-controlled at 0.4 mm.min -1 )3 and two acquisition devices were used to monitor the experiments:

• a 3D digital image correlation GOM ™ system to monitor the displacements of the loading pins4 

• a high-resolution Retiga™ camera, in order to monitor the crack propagation and to measure the crack length for given applied loads . The GOM ™ system may be seen on the right side of Fig. 4.6, and the Retiga™ camera is visible on the left of Fig. 4.6.

Those measurements are to be used in the Irwin-Kies equation (Eq.4.3).

G c = F 2 2b dC da (4.3)
where G c is the fracture toughness (here, the mode I fracture toughness, i.e G I,c ), F is the applied load during the steady propagation of the crack, b is the width of the samples and dC da is the rate of change of the compliance of the assembly with respect to the crack length a. Moreover, to accurately determine the fracture toughness of the adhesive, one should not rely on the displacements from the sensor of the machine, as the displacement occurring near the joint are expected to be slightly different from that of the moving part of the machine. That is why the GOM ™ system is used, in order to perform the machine stiffness correction and to obtain the actual displacements happening to the bondline. The measurements are performed using the three-dimensional capabilities of the device, and the correlation is done by means of GOM ™ Aramis software.

To obtain a "true" pre-crack, the sample in its initial state is loaded until the pre-crack operated during the bonding process starts its propagation. Once this point is reached, the sample is then unloaded, the true pre-crack length is measured (initial 70 mm + the few millimetres due to the slight propagation performed), and finally the sample is reloaded until its failure. By doing so, an actual defect representative of a crack is obtained rather than a purely artificial structural artefact 5 .

Once the crack starts its steady propagation, the load applied to the sample reaches a plateau value (Fig. 4.7a). This value is to be kept and used later in Eq.4.3 to calculate the mode I fracture energy of the adhesive.

According to the ISO standard ISO 25217:2009 [151] regarding the determination of the mode I adhesive fracture energy of structural adhesive joints by means of TDCB experiments, the thickness of the pre-crack operated in the joint during the bonding should not exceed 10-15 µm. Traditionally, an aluminium sheet6 coated in Silicon release agent is used to create the pre-crack. However due to Safran and ESO requirements, no Silicon should be used due to possible contamination phenomena, which could decrease the mechanical strength of the joint. That is why a Polyamide (PA) film was used instead, since this material is inherently incompatible with epoxy adhesives. The thickness of the PA sheet being significantly larger7 than that of the aluminium sheet, it was decided to check if that factor had a noticeable influence on the fracture properties of the joint. Two additional samples were made, using aluminium sheets coated in Silicon grease, and tested along with those compatible with Safran and ESO standards.

It was found that neither the large increase in the pre-crack thickness nor the presence of Silicon had a significant influence on the properties of the bondline, as shown in Fig. 4.7b. This observation was expected, for two reasons:

• The use of TDCB samples for the investigation of the fracture properties of adhesive joints is also standardised by other institutions than the ISO [START_REF]Standard Test Method for Fracture Strength in Cleavage of Adhesives in Bonded Metal Joints[END_REF]152]. In particular, the corresponding ASTM standard [START_REF]Standard Test Method for Fracture Strength in Cleavage of Adhesives in Bonded Metal Joints[END_REF] differ from the ISO standard [151] in terms of pre-crack creation. In the case of the ASTM standard, the pre-crack corresponds to an absence of adhesive on the adequate length of the bonded surfaces. Therefore, it is equivalent to a pre-crack whose thickness is equal to the thickness of the joint. This difference between these two international standards suggests that the thickness of the pre-crack does not play a significant part in the results.

• The presence of Silicon is a well-known risk factor in terms of joint mechanical strength and adhesion properties. Nevertheless, in the case of TDCB samples, the presence of Silicon is localised in the pre-crack region, and in its close neighbourhood due to its possible diffusion. However, in the part of the joint that is actually tested during the TDCB experiments, there is no Silicon8 , hence no decrease in mechanical properties.

An example of fractured surface for a TDCB sample is presented in Fig. 4.8. The failure were cohesive, with the exception of the close vicinity of the edges of the substrates. This quality loss in these regions is however limited to a minor part of the bondline, and most likely explained by edge effects. 

Mixed-Mode Bending (MMB) tests

Four different mode ratios by means of the MMB method were examined: 0.2, 0.4, 0.6 and 0.8. The corresponding settings of the MMB apparatus are presented in Tab.4.3. For each mode ratio, three samples were prepared and tested. The investigations were performed using the same tensile machine and monitoring devices as for the TDCB experiments. Figure 4.9: MMB apparatus installed in the tensile machine with a sample being tested [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF] Each sample is loaded according to the principle presented in Fig. 4.3b, which results on the experimental curves shown in Figs.4.10a to 4.11b. Contrary to the TDCB experiments, the MMB load-displacement curves show a local peak. At this peak, the fracture process zone is well installed and the specimen undergoes a stable crack propagation [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF]. For the needs of the present study, the analysis of the results will be realised under the Linear Elastic Fracture Mechanics assumptions for the adhesive and the substrates.

As the MMB samples were not cracked until the complete failure of the joint, there are no fractured surface to present for these specimens. 

Critical strain energy release rates computation

Computation of G I,c using the TDCB tests results

The mode I fracture energy G I,c is calculated using Eq.4.3. Even though the width of the samples b and the applied load F are known, the factor dC da remains to be calculated.

Thanks to the data from the Retiga™ camera, it is possible to measure, for every picture taken, the crack length a. As the load and displacement data are available through the machine output and the GOM ™ measurements, it is possible to calculate the compliance C, for every picture taken as well.

C(a) = d(a) F (a) (4.4)
where C(a) is the compliance of the assembly for the crack length a, d(a) is the displacement of the loading end of the sample computed using the GOM ™ measurements and F (a) is the applied load. Due to the particular geometry of the TDCB samples and to their varying cross-section (Fig. 4.2), the relationship between C and a is purely linear: C ∝ a and therefore:

dC da = constant
This is easily verified by calculating the compliance C for various crack lengths (obtained through the Retiga™ data). It is clear that for the considered interval of crack lengths, there is a proportionality relationship between C and a (Fig. 4.12). Moreover, the value of dC da to be used in the Irwin-Kies equation (Eq.4.

3) is directly obtained by fitting a first degree polynomial through the experimental (a, C) couples (Fig. 4.12). The order of magnitude of the numerical value of dC da obtained in this study is at dC da = 2.47 × 10 -5 N -1 (Fig. 4.12 and Eq.4.5). It is then possible to apply the Irwin-Kies equation (Eq.4.3) to compute the critical strain energy release rates, for each investigated sample. The value of F to introduce in this 4.2. STANDARDISED TESTS AT ROOM TEMPERATURE expression is the value during the stable crack propagation 9 . As it may be seen in Fig. 4.7, the applied load reaches a plateau during the crack propagation. It should be noted that, since no significant difference in terms of behaviour was spotted between the samples with a PA pre-crack and those with an aluminium pre-crack, the latter were included in the pool of samples for the G c computations. Their reference number in Tab. 4 For each sample, the average value hit during the plateau has been extracted in order to compute the value of G I,c (Tab.4.4). The observation formulated earlier concerning the unnoticeable effect of the silicon oil on the crack propagation behaviour is confirmed by the data in Tab.4.4.

Given these numerical values, a ±2σ confidence interval may be estimated, using the standard deviation of the results presented in Tab.4.4.

G I,c = 1.597 ± 0.149 N.mm -1 (4.6)

Computation of mixed-mode G c using the MMB tests results

The computation of the G c for these MMB tests results is based on J-contour integral calculations [START_REF] Cherepanov | Crack propagation in continuous media PMM[END_REF][START_REF] Rice | A Path Independent Integral and the Approximate Analysis of Strain Concentration by Notches and Cracks[END_REF], using FE modelling. This integral, also known as the Rice-Eshelby integral, is an efficient way to compute the strain energy release rate with FE analysis using LEFM theory. It is defined by Eq.4.7, where Γ is an arbitrary counter-clockwise curve which fully contains the crack tip, W is the strain energy density defined by W = σdε (σ and ε being the stress and strain tensors, respectively), T = σn is the traction vector (n being the vector normal to Γ) and ds is the differential of the curvilinear abscissa along Γ. The numerical value of the integral is independent of the chosen Γ path [START_REF] Rice | A Path Independent Integral and the Approximate Analysis of Strain Concentration by Notches and Cracks[END_REF].

J = Γ W dy -T ∂u ∂x dx (4.7)
Moreover, as this work is done under the hypotheses of the LEFM theory, it is assumed that the only energy dissipation mechanisms involved is the propagation of the crack. Therefore, the following relationship is valid (Eq.4.8).

J = G c (4.8)
Using this analytical definition of the strain energy release rate, it is possible to build a Finite Element model to compute its value for a given mechanical configuration (i.e. given crack length, load and displacement in this case). The modelling technique used in this study is similar to the work done in [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF], in terms of contact definitions, interactions and meshing. Two minor changes were made:

• The adhesive layer thickness was adjusted to t a = 0.4 mm, to be in compliance with the MMB specimens (Fig. 4.3a)

• The superior loading arm has been slightly tilted to fit the minor inclination observed during the experiments (Figs. 4.13a and 4.13b). This tilt angle was though only of a few degrees, and results in no significant change on the results of the FE analysis

STANDARDISED TESTS AT ROOM TEMPERATURE

The material properties used in the model are either from the manufacturer (for the shade of steel, Tab.4.2), or from the previous characterisation work (for the adhesive, Chapters 2 and 3). The adhesive is modelled as a linear isotropic elastic material. The FE modelling and analysis are performed using the Abaqus™ software.

The load experienced at the peak of each experimental curve (Fig. 4.11) is applied to the loading point (Fig. 4.3b, and 'RP-6' in Fig. 4.13a) 10 . The crack length is then adjusted using an optimisation algorithm (Nelder-Mead simplex optimisation algorithm [START_REF] Nelder | A Simplex Method for Function Minimization[END_REF][START_REF] Lagarias | Convergence Properties of the Nelder-Mead Simplex Method in Low Dimensions[END_REF], implemented in Matlab™), until the displacement experienced on 'RP-6' (Figs. 4.3b and 4.13b) fit the experimental displacements measured by the GOM ™ system for the load peak value. The value of the J-contour integral is then calculated for a pre-defined path around the crack tip (Fig. 4.13c) to access the numerical value of G c . This process is repeated for all the experimental curves (Figs.4.10a to 4.11b). The values of G c calculated using these samples may be found in Tab.4.5. 

Specimen ID Mode ratio

[-] G c [N.mm -1 ] MMB-20

Fracture envelope in the mixed-mode I/II plane

By combining the results from the TDCB tests (Tab.4.4) and the MMB tests (Tab.4.5), it is possible to build the fracture envelope of the adhesive in the mixed-mode I/II plane (Fig. 4.14a). The trend one may extract from the experimental results in Fig. 4.14a tends to suggest that a Benzeggagh-Kenane criterion [START_REF] Benzeggagh | Measurement of mixed-mode delamination fracture toughness of unidirectional glass/epoxy composites with mixed-mode bending apparatus[END_REF] would be suitable to describe the evolution of G c with respect to the mode ratio. As any mode III influence is neglected, this criterion is expressed as shown in Eq.4.9. As a consequence, it is possible to extrapolate a numerical value for G II,c , which was not accessible with the MMB tests performed in this study. We notice a significant increase in G c when the mode ratio increases (especially when it exceeds 0.4), which has already been evidenced for other structural adhesives [START_REF] Marzi | On experimental methods to investigate the effect of layer thickness on the fracture behavior of adhesively bonded joints[END_REF][START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF]. These considerations result in the evolution of G c as a function of the mode ratio as displayed in Fig. 4.15a. These results can also be plotted in the mixed-mode I/II plane, to give the data in Fig. 4.15b.

G c = G I,c + (G II,c -G I,c ) G II G c m (4.
The shape of the data in Fig. 4.15b is fairly similar to other published results [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF]. One may notice a slight decrease in the fracture envelope (Fig. 4.15b) for mode ratios between 0 and 0.2 (i.e. between G II = 0 N.mm -1 and G II = 0.3 N.mm -1 in Fig. 4.15b). This drop in properties may be due to the use of different samples and tests for pure mode I experiments on one hand and mixed-mode experiments on the other hand. For instance, a small mismatch in terms of joint thickness could induce such a decrease, due to the dependence of the critical strain energy release rate upon the thickness of the bondline [START_REF] Marzi | On experimental methods to investigate the effect of layer thickness on the fracture behavior of adhesively bonded joints[END_REF]. The relatively thin profile of the MMB substrates may cause them to bend a little under the mechanical stress applied to keep the contact between the adherends and the

APPLICATION OF THE ARCAN GEOMETRY TO FRACTURE MECHANICS: COMPARISON WITH STANDARDISED METHODS AND INVESTIGATIONS UNDER

THERMAL CONDITIONS calibrated spacers 11 . This could lead to joint slightly thinner than 0.4 mm, and therefore a critical strain energy release rate slightly lower than expected. A summary of the average G c for each MMB mode ratio is available in Tab.4.5. 

Application of the Arcan geometry to fracture mechanics: comparison with standardised methods and investigations under thermal conditions

The previous results (mainly Fig. 4.15, and related data) were obtained using different geometries, through somehow heavy experimental procedures (multiple acquisition devices, cumbersome samples, etc.). Moreover, these standardised tests, and especially the MMB for high mode ratios, the substrates are prone to plasticisation. Last but not least, it is impossible to investigate the compressive properties of the samples using the TDCB-MMB approach.

In order to come up with a more convenient and comprehensive experimental campaign, it is possible to base the study off an Arcan geometry [START_REF] Cognard | A modified Arcan test to analyze the behavior of composites and their assemblies under out-of-plane loadings[END_REF], which was slightly altered to be more suitable for the study of the fracture properties of adhesive [START_REF] Stamoulis | Investigating the fracture behavior of adhesively bonded metallic joints using the Arcan fixture[END_REF], as required by the LEFM theory. Even though any Arcan-based experimental determination of G C (no matter the mode) is not standardised, it has already been performed for a variety of than in [START_REF] Stamoulis | Investigating the fracture behavior of adhesively bonded metallic joints using the Arcan fixture[END_REF], so as to be more compact, and to decrease the load levels reached during the testings, in particular for compressive-shear loadings. The substrates are made of Aluminium 2017A (Tab. 4.2), similarly to the TDCB samples. The bonding process is the same as for the other sample geometries (p. 76 and 163). The thickness of the bondline is kept at 0.4 mm, for consistency reasons. • The stress concentrations due to the crack tip are assumed to outweigh those due to the adherend/adhesive interfaces • The stress concentrations occurring around the bondline mainly impact the failure of the sample, which is actually not the phenomenon investigated by these tests.

Fracture mechanics experiments aim at studying the propagation of a crack within a material, and not the failure per se.

In the event of interfacial failures, the addition of beaks around the samples could be considered as a solution. However, a 2016 paper by Stamoulis et al. suggests that beaks are not mandatory, as the obtained failures were cohesive [START_REF] Stamoulis | Investigating the fracture behavior of adhesively bonded metallic joints using the Arcan fixture[END_REF].

The curing cycle applied to these samples is the same as previously (Fig. 4.5a).

Experimental procedure

The Arcan samples are installed into the loading apparatus and fixed to the clamping jaws of an universal hydraulic tension-compression testing machine (Instron™ 1342 ), surrounded by the adequate thermal environment. The thermal chamber used in this campaign is a Servathin™ enclosure featuring a viewglass, necessary for the DIC-based displacements monitoring (done with a GOM™ device). The relative displacements between the substrates are thusly calculated, for later use in the subsequent processing. In particular, they are used to build the load-displacement curves presented in Fig. 4.19. The GOM ™ system is used to measure the relative displacements of the substrates, with a 1 Hz acquisition frequency. The displacements u in the regions R 1 and R 2 (Fig. 4.18a) are calculated for each facet and averaged over the whole regions (Eq.4.11).

u normal R i = u(x, y) normal with [x, y] ∈ R i (4.10) u tangential R i = u(x, y) tangential with [x, y] ∈ R i (4.11)
The relative displacements of the substrates in the vicinity of the adhesive joint are then computed as described in Eq.4.13. For the 45°C and -15°C tests, the mechanical load is applied after a stabilisation time of one hour, in order to obtain an evenly distributed temperature within the samples.

CHAPTER 4. FRACTURE PROPERTIES OF ADHESIVELY BONDED ASSEMBLIES ∆u

normal = u normal R 1 -u normal R 2 (4.12) ∆u tangential = u tangential R 1 -u tangential

Fracture properties at room temperature: methodology, discussion and validation of the method

Experimental results

As preliminary results, it is interesting to consider the load-displacement curves from these tests, as they give indications regarding the proper conduct of the tests. These curves are computed using the relative displacements of the substrates averaged on the highlighted areas in Fig. 4.18a (Eqs.4.11 and 4.13). As shown in Fig. 4.19, the repeatability of the tests results is fairly satisfying, even though the scattering of the load-displacement curves are not necessarily related to that of the fracture properties.

However, contrary to the TDCB data (Fig. 4.7) or to the MMB data (Fig. 4.11), it is rather difficult to locate the experimental points for which the crack propagation happens on these curves. Therefore, a particular processing is required, detailed in the following pages.

Processing

Finite Element Model and hypotheses

In order to process the results and to compute, for each case, the critical strain energy release rate (G c ), a method similar to the MMB tests post-processing is used, as it was suggested by Stamoulis et al. in a 2016 paper [START_REF] Stamoulis | Investigating the fracture behavior of adhesively bonded metallic joints using the Arcan fixture[END_REF]. As such, a 3D FE model of the Arcan sample is built, featuring a crack to "manually" propagate. The FE model is based on five hypotheses:

1. the cracks propagate identically on the right side and on the left side (i.e. we may use (XZ) as a symmetry plane, Fig. The displacement values computed with the DIC set-up are used to load the model (Fig. 4.20c). These displacements are extracted along a given path following the edge of the sample, located roughly 4 mm from the adhesive joint. Fig. 4.21 shows the trend followed by these displacements for three arbitrary loads during a tensile test at room temperature.

It is easy to observe in Fig. 4.21 that the symmetry hypothesis expressed earlier is somehow relevant, except for a slight shift (or tilt) which suggests that the two cracks pre-formed at each end of the sample do not propagate exactly at the same rate. This may be due to various reasons, such as an unequal initial crack lengths, a positioning defect in the apparatus or in the machine, machining defects on the substrates, edge effects, etc.

In the case of tensile test, the length of the aforementioned crack is optimised until, for a given displacement field applied to the sample, the reaction force matches the experimental load. The optimisation is performed using the same algorithm as for the MMB tests analysis [START_REF] Nelder | A Simplex Method for Function Minimization[END_REF][START_REF] Lagarias | Convergence Properties of the Nelder-Mead Simplex Method in Low Dimensions[END_REF], in order to minimise the error function ∆(a) expressed in Eq.4.14.

∆(a) = [F R (U, a) -F exp (t)] 2 (4.14)
where F R (U, a) is the FE reaction force for a given imposed displacements fields U and a given crack length a, and F exp (t) is the experimental load at a given instant t of the test.

For pure shear tests (mode II crack opening), we will make the assumption that there is no steady crack propagation as it was firstly proposed by Stamoulis et al. [START_REF] Stamoulis | Investigating the fracture behavior of adhesively bonded metallic joints using the Arcan fixture[END_REF]. In other words, the FE analysis is performed for a crack length equal to the initial crack length 13 .

Lastly, for mixed-mode loadings (in our case, evenly distributed tensile and shear, leading to an assumed mode ratio of 0.5), we merge the two methods explained in the previous paragraphs: in a first stage the crack length is optimised until the mode I reaction force matches the mode I experimental load (Eq.4.14), and in a second stage the mode II computation is performed, using the optimised crack length. All the considered cases and their corresponding methodology are shown in Fig. 4.22.

Identification of the crack propagation point and G c calculation

Even if the Arcan geometry used in this study has been designed for the purpose of

Loading state identification

Mode ratio ? • it should be high enough for the crack to propagate

0 0.5 1

Crack length optimisation

G c = J-
• it should be low enough not to be excessively disturbed by the material non-linearity experienced during the tests Due to the fairly vague implications of these conditions, it was chosen to compute the J-integral (Eq.4.7) for a whole set of loading states, ranging from before any experienced macroscopic non-linearity (Fig. 4.19) to the end of the test. As such, it is possible to plot
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the value of the J-integral at the crack tip as a function of the experimental applied load, as it may be seen in Fig. 4.23. As expected from the LEFM theory, the value of the J-integral is roughly defined by two domains and a transition zone in-between, may it be for tensile (Fig. As it was expected, the J-integral reaches extremely high numerical values near the failure loads. These irrelevant values are due to the material non-linearity 14 . These non-linearities reach, at one point of the tests, a critical level, which excessively contradicts the hypotheses of the Linear Elastic Fracture Mechanics theory. Therefore, in these high J values are included not only the energy dissipated by the creation of new free surfaces (i.e. by the crack propagation), but also the energy dissipated by viscoelastic and viscoplastic mechanisms.

In order to locate the experimental point for which the J-integral should be calculated in order to obtain the numerical value of the critical strain energy release rate G c , a particular processing technique is therefore needed. As a first stage, the curves presented in Fig. 4.23 are considered. The Linear Elastic Fracture Mechanics framework implies that, during the steady propagation of a crack, the value of G c remains more or less constant 15 . Moreover, still in this framework, due to the linear elastic nature of the materials, the following relationship is valid:

J = G c
Consequently, it is legitimate to hypothesise that the use of the LEFM theory in the case of fracture Arcan tests is relevant while the value of J does not deviate too much from a certain, hypothetical, plateau. Unfortunately, it is clear from Figs.4.23a and 4.23b that there no such plateau value for J, but instead, a varying rate of change with respect to F . In the end, the considered problem is merely about finding the point from which J increases too quickly to remain in the Linear Elastic Fracture Mechanics framework.

To answer this question, the methodology suggested in this work is the following:

1. Fit a linear trend to the two stable domains of the function J = f (F ) 2. Find the intersection point between these trends 3. Project this point on the function J = f (F ) This approach results in the data presented in Fig. 4.24. Using this methodology on all the available data for mode I and mode II loadings, the following values are obtained for G I,c and G II,c :

     G AR,1 I,c = 1.70 N.mm -1 G AR,2 I,c = 1.77 N.mm -1      G AR,1 II,c = 7.76 N.mm -1 G AR,2 II,c = 7.65 N.mm -1
The values obtained using this experimental method are very similar to those obtained using standardised tests (Fig. 4.14, p.176). This is confirmed by superimposing the Arcan data to the standardised data (Fig. 4.25). 

Suggestion of an operational method

Even though fairly good correspondence has been obtained between standardised data and Arcan data, the approach presented above required numerous FE calculations: more than 20 load states were investigated for each mode I test, for instance. Moreover, for each load state, it is necessary to perform the crack optimisation, which requires between 10 and 20 iterations. Therefore, for each test, a minimum of 200 FEA were carried out, in order to build the curves describing the evolution of J with respect to F . This is mainly explained by the initial need of a J-based criterion, due to the J-G c relationship. However, if another criterion, based on the immediate output of the Arcan tests (i.e. the load-displacement curves, Fig. 4.19) could be designed, only one load state would remain to be modelled. In other words, the computation time would be, in the less advantageous case, divided by roughly 10, which would contribute to make this Arcan-based methodology more operational for a rapid and convenient fracture properties investigation.

The main idea behind the criterion detailed in the following pages is the same as for the J-based method to identify the proper load state for the computation of G c . Instead of considering the trends of the function J = f (F ), a direct study is performed on the trends of the F -δ curves 16 , as it is presented in Fig. 4.26.

The identified G c values using this technique are rather close to those calculated using the previously detailed J-based criterion: 

     G AR,1 I,c = 1.74 N.mm -1 G AR,2 I,c = 1.81 N.mm
     G AR,1 II,c = 8.40 N.mm -1 G AR,2 II,c = 8.43 N.mm -1
It should though be noted that the values presented above are all slightly greater than those computed using a J-base criterion. This could be explained by a possibly larger part of the non-linear behaviour of the adhesive taken into account when using the criterion derived from the F -δ curves. Moreover, the domains on which the linear trends are fitted (Fig. 4.26) remain fairly approximative and operator-dependent so far.

These good matches between J-based Arcan data and F -δ-based Arcan data on one hand, and between standardised data and F -δ-based Arcan data on the other hand tend to further validate the proposed approach. Therefore, a similar work is done for the mixed-mode Arcan tests. Due to the mixed-mode nature of this loading, both normal and tangential relative displacements of the substrates can be taken into account in order to identify the proper point for the G c calculation (Figs. The following fracture envelope is finally obtained by adding the Arcan data to the standardised data obtained in the previous section (Fig. 4.28a). Moreover, given the shape of the Arcan points, fitting a Benzeggagh-Kenane function (Eq.4.9, p.175) seems to be achievable , also shown in Fig. 4.28a.

Discussion

At this stage of the study, the results given by this method should be compared to the results obtained through standardised test configurations (namely, TDCB [START_REF]Annual book of ASTM standards. Standard[END_REF][214][215] and MMB [216]): a low deviation between the standardised values and the Arcan values would be a solid argument for the validation of the Arcan-based method for the study of the In this regard, one may consider the Benzeggagh-Kenane criteria fitted to the standardised data and the Arcan data respectively (Fig. 4.28a). More precisely, it is possible to quantify the discrepancy between the two methods by computing ∆G c and ∆G norm c , as defined by Eqs.4.15 and 4.16. Eq.4.15 gives an absolute comparison of the G c values, useful for low mode ratios (i.e. low G c values), and Eq.4.15 offers a relative comparison of the two datasets, more meaningful for high mode ratios.

∆G c G II G c = G Stand c G II G c -G Arcan c G II G c (4.15) ∆G norm c G II G c = G Stand c G II Gc -G Arcan c G II Gc G Stand c G II Gc (4.16)
where

G Stand c
is the G c as described by the Benzeggagh-Kenane criterion identified on standardised data, G Arcan c is the G c as described by the Benzeggagh-Kenane criterion identified on Arcan data, and G II Gc is the mode ratio.

The results of this comparison are plotted in Fig. 4.28b. It may be seen that ∆G norm c reaches quite high values for low mode ratios ( G II Gc 0.2), but it is to be pondered by the small values of the considered quantities, which easily lead to high values in terms of relative comparison. Nonetheless, ∆G norm c remains for the most part between ±5%, which is a first validation of the suggested Arcan approach.

In the light of these first data, it is legitimate to state that the method detailed in this section seems to yield satisfactory results at ambient temperature, and as such it should

INFLUENCE OF THE TEMPERATURE ON THE CRITICAL STRAIN ENERGY RELEASE RATES

provide a good estimation of the fracture properties of the considered adhesive in thermal environments.

Influence of the temperature on the critical strain energy release rates

This work is done for the other investigated temperatures, in order to build the fracture envelopes of the studied adhesive for different thermal environments (Fig. 4.29). The parameters of the Benzeggagh-Kenane criteria (Eq.4.9) fitted to the three considered datasets are to be found in Tab.4.8. One may see that for the considered range of temperatures, the critical strain energy release rate decreases for increasing temperatures. This observation is rather consistent with previous observations. In particular, a similar trend was obtained for mode I loadings in [START_REF] Lim | Fracture Toughness of Adhesive Joints. II. Temperature and Rate Dependencies of Mode I Fracture Toughness and Adhesive Tensile Strength[END_REF], in spite of a fairly high experimental data scattering. It should also be noted that, according to the works reported in [START_REF] Lim | Fracture Toughness of Adhesive Joints. II. Temperature and Rate Dependencies of Mode I Fracture Toughness and Adhesive Tensile Strength[END_REF], a sharp increase in terms of G I,c could be experienced near the glass transition temperature of the adhesive. It was also evidenced in a more recent study, by Moller et al. [START_REF] Moller | Influence of the temperature on the fracture energy of a methacrylate adhesive for mining applications[END_REF]. Examples of these results can be found in Fig. 4.30.

Temperature [°C] G I,c [N.mm -1 ] G II,c [N.mm -1 ] m [ -] -
The glass transition temperature of the considered adhesive may be estimated using DSC measurements (Fig. 4

.31).

As it may be seen in Fig. 4.31, the highest considered temperature in this study (i.e. 45°C) is fairly far from the glass transition temperature of the adhesive (circa 88°C), which is consistent with the monotonic decrease experienced in terms of fracture properties (Fig. 4.29).

Moreover, this decreasing trend seems rather linear, especially for mode I loadings (Fig. 4.29c). This linear relationship between G c and the temperature is somehow disappearing for mixed-modes I/II and pure mode II. This could be explained by the influence of the non-linear behaviour of the adhesive (i.e. viscoelasticity and viscoplasticity). More precisely, the heavy influence of the hydrostatic pressure on the macroscopic behaviour of an adhesive could induce important material flow mechanisms for these mode ratios. Consequently, the hypotheses of the LEFM may be less relevant for these types of loadings than they are for mode I loadings. This could be confirmed by the fact that the higher the mode II component, the larger the gap between a linear relationship between G c and the temperature and the experimental data. As it was explained in Chapter 3 for the evolution of the parameters of the viscoelastic-viscoplastic spectral behaviour law (p.136), it was chosen to fit a linear polynomial to the studied quantities in Figs.4.29b to 4.29d. As only three temperatures have been investigated so far, fitting a higher degree polynomial would be fairly meaningless, and no information regarding the residuals would be obtained. It would nonetheless be interesting to perform such a fitting with additional temperatures, especially for T < -15°C and 45°C < T < T g . Given the points observed in Figs. 4.29c and 4.29c, a non-linear trend would be expected. In addition, this characterisation could be completed with tests near T g , in order to investigate whether an increase in fracture properties is experienced.

Regarding the scattering of the results, it should be observed that the highest quality was reached for 23°C tests. This may be explained mainly by two elements. First, thermal stresses are superimposed to the residual stresses for the experiments performed at -15°C and 45°C, as it was evidenced in Chapter 3. This leads to initial stress states very different from one temperature to another, and possibly from one sample to another, due to geometrical imperfections 17 . Moreover, an additional scattering may have been introduced by the presence of the viewglass of the thermal enclosure. Even though this viewglass is kept as clean and clear as possible, it is prone to introduce DIC defects. A thin vapour layer may also appear on its surface during low temperature tests, increasing the scattering of the experimental data. In any case, the scattering of the results is fairly low (Figs. 4.28a and 4.29), to be confirmed by considering a higher samples number for each test case.

The values of G c obtained for the studied mode ratios and temperatures are available in Tabs.4.9 and 4.10. 

Specimen ID γ [°] Mode ratio [-] G c [N.mm -1 ] AR0-m15-1 0 0 3.85 AR0-m15-2 0 0 3.38 AR45-

Prediction of the mechanical failure of bonded assemblies: merging the fracture envelopes and the viscoelastic-viscoplastic spectral behaviour law

As it has been evoked in conclusion of Chapter 3, the main drawback of the viscoelasticviscoplastic spectral behaviour law as it is implemented is that no indication whatsoever is given regarding the cracking and the failure of the material. Nonetheless, the failure 4.6. CONCLUSIONS AND FURTHER REMARKS of materials and assemblies is a legitimate question and a very common issue in engineering.

Moreover, it was shown that the mechanical behaviour of the adhesive is highly nonlinear. It is then strongly advised to take into account this non-linearity when performing FEA. A few methods exist to answer this particular problem [START_REF] Stamoulis | Investigating the fracture behavior of adhesively bonded metallic joints using the Arcan fixture[END_REF]. Preliminary works regarding the prediction of the mechanical failure of assemblies may be found in Appendix B.

The main idea explored in this appendix is the simultaneous use of the identified viscoelastic-viscoplastic spectral behaviour law and of the XFEM capabilities of Abaqus™ v.2017 software.

Conclusions and further remarks

The fracture properties of the adhesive were identified in this study, using various methods. In a first stage, the critical strain energy release rates of bonded assemblies were computed by means of standardised tests (TDCB for the mode I properties, MMB for the mixed-mode I/II properties). These results showed good correlation with previously published studies performed on other structural adhesives in terms of trends.

An alternative approach was then put to use, based on Arcan samples. This method was firstly validated using the data obtained through standardised tests. Secondly, the advantages of the suggested methodology were exploited so as to investigate the evolution of the fracture envelopes of the considered adhesive with respect to the applied temperature.

The obtained trends for G c = f (T ) are fairly consistent with previous considerations performed for mode I loadings in the literature [START_REF] Lim | Fracture Toughness of Adhesive Joints. II. Temperature and Rate Dependencies of Mode I Fracture Toughness and Adhesive Tensile Strength[END_REF][START_REF] Moller | Influence of the temperature on the fracture energy of a methacrylate adhesive for mining applications[END_REF], even though the adhesives considered in these published studies were not structural epoxies. Further works should be pursued, for more mixed-mode loadings and for more temperatures. In particular, a similar study carried out near the glass transition temperature of the adhesive would provide interesting information. It should though be noted that any LEFM-based approach may be irrelevant in this case, due to the highly non-linear mechanical behaviour expected for these temperature ranges.

Finally, a first attempt to conjointly use the identified viscoelastic-viscoplastic and the identified fracture properties of the adhesive was carried out, through the eXtended Finite Element Method. These aspects are however not completed, and are only presented in Appendix B. Nonetheless, the first results obtained from these calculations seem promising.

The considerations presented so far (mainly Chapters 3 and 4) are based upon tests and models assuming that adhesive joints are continuous media. However, as it is presented in the following part of the manuscript, it is not necessarily true. In particular, adhesive joints are prone to contain pores, formed during the bonding and the curing steps. The study of these pores, by means of X-ray microtomography for example, may lead to microscopic scale observations which could help to understand various macroscopic scale phenomena. More precisely, this paradigm shift could result in original approaches regarding quite various issues such as:

• relationships between microcracking and total mechanical failure • relationships between phenomenological quantities in behaviour laws and microstructural phenomena

• influence of the curing cycle on the mechanical behaviour of adhesives through microstructural observations

• influence of the environmental temperature on the mechanical behaviour of bonded joints down to the microstructure Microstructural characterisation of adhesive joints: relationships between microscopic and macroscopic scales phenomena

In this final chapter, the study of bonded assemblies is pushed to a finer scale, scarcely addressed in the literature. In particular, the populations of pores in the materials are visualised and characterised by means of X-ray microtomography. This characterisation also addresses the influence of the curing conditions on these pores, as well as the transformations they are subjected to when the joints are mechanically stressed. Finally, the material heterogeneity induced by these pores is exploited to measure volumic displacement fields during in-situ tensile tests coupled with microtomographic measurements. 
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Preamble

In the following chapter, "adhesive A" refers to the , and "adhesive B" refers to the Huntsman™Araldite ® 420 A/B.

Brief introduction to microstructural investigations

Structural bonding has known a surge in use and popularity in the past two decades, for several reasons:

1. this technique allows engineers to design lighter and more energy-saving structures 2. it is well-suited to multimaterial assemblies 3. it paved the road to mechanical assemblies using materials incompatible with traditional techniques (welding, bolting, riveting, etc.)

bonded structures feature fairly interesting stress distribution properties

Therefore, more and more industrial fields started to include this technique in their processes and in their designs, as in aeronautics, space, medical, etc. However, these advantages come with some drawbacks: the quality of the adhesive bond is sensitive to the bonding process [START_REF] Ziaee | Effects of Temperature on Cure Kinetics and Mechanical Properties of Vinyl -Ester Resins[END_REF]4], the mechanical behaviour of adhesives is highly non-linear [START_REF] Adams | Adhesive bonding science, technology and applications[END_REF][START_REF] Da Silva | Modeling of Adhesively Bonded Joints[END_REF], and the strength of the adhesive joint depends on a multitude of factors, related to both adhesion and cohesion phenomena [START_REF] Afnor | Adhésifs-Termes et définitions[END_REF]. Due to the numerous elements impacting the quality of the joint, bonded structures are highly sensitive to defects which may occur during the bonding process. Among these commonplace defects that cannot be avoided in standard bonding conditions, one may reference the creation of pores throughout the mixing, bonding and curing steps. These pores could possibly be a significant disturbance to the good mechanical resistance of the bond, as:

1. they decrease the cross-section of the joint 2. the continuum and the stability of the adhesive are challenged and put at risk 3. they may induce unwanted stress concentrations 4. they may lead to predisposed crack propagation paths within the material As these voids within the material are created during the bonding and the curing of the adhesive, it is fair to hypothesise that the bonding conditions and the curing conditions should have an influence on their characteristics (mainly number, volumetric fraction and size).

Unfortunately, as they are located inside the material, they are not easily detected and visualised. It is nonetheless possible to do so, using advanced imaging technologies such as X-ray microtomography. This technique has multiple advantages:

1. it is a non-destructive technology 201 CHAPTER 5. MICROSTRUCTURAL CHARACTERISATION 2. it provides the operator with data from the bulk of opaque materials 3. the resolution can reach 1 µm (or even below) 4. the gathered data are three-dimensional In the scope of materials science, it was used mainly on metallic alloys [START_REF] Liu | Defects in squeeze-cast Al2O3/Al alloy composites and their effects on mechanical properties[END_REF] and composite materials [START_REF] Kinney | X-ray Tomographic Study of Chemical Vapor Infiltration Processing of Ceramic Composites[END_REF] at first. It is also worth referencing the works of Hirano et al. in 1995 who performed damage characterisation and assessment using in-situ tomography measures on aluminium alloy matrix composites with SiC fibres reinforcements [START_REF] Hirano | In situ x-ray CT under tensile loading using synchrotron radiation[END_REF]. X-ray microtomography is nowadays widely used in materials science, for the many advantages it features: according to the numbers reported in [START_REF] Salvo | Physics / Solids, fluids: mechanical and thermal properties 3D imaging in material science: Application of X-ray tomography[END_REF], the amount of papers taking advantage from this technique has been multiplied by 8 between 2000 and 2009 in materials sciences international journals. These studies use tomography measurements mainly for two purposes: the characterisation of the processing conditions for given materials [START_REF] Cottrino | Characterization by X-ray tomography of granulated alumina powder during in situ die compaction[END_REF], and damage characterisation [START_REF] Maire | Fast X-ray tomography and acoustic emission study of damage in metals during continuous tensile tests[END_REF][START_REF] Adrien | Experimental study of the compression behaviour of syntactic foams by in situ X-ray tomography[END_REF]. It is also an interesting tool to build accurate finite elements models, as in [START_REF] Maire | X-ray tomography applied to the characterization of cellular materials. Related finite element modeling problems[END_REF].

Once applied to structural adhesives and to bonded assemblies, it should be in a position to detect the structural defects (mainly pores) in the bulk of the material, even though very few mentions of such studies can be found in the literature. For instance, X-ray tomography has been used on bonded wooden structures in order to characterise the bonding process and the adhesive penetration in the wood [START_REF] Mckinley | Micro X-ray Computed Tomography of Adhesive Bonds in Wood[END_REF], but no mention of any pore detection is made by the authors (within the adhesive, that is). Strain-oriented considerations were performed in [START_REF] Schwarzkopf | Strain distribution and load transfer in the polymer-wood particle bond in wood plastic composites[END_REF], coupled with numerical modelling of the adhesive bond in order to predict the mechanical behaviour of the interface. The use of X-ray microtomography is hence fairly new in the field of structural bonding for this type of issues. It is though easy to find similar works related to the detection of voids for other materials: minerals [START_REF] Taud | Porosity estimation method by X-ray computed tomography[END_REF], food [START_REF] Pinzer | 3D-characterization of three-phase systems using X-ray tomography: tracking the microstructural evolution in ice cream[END_REF], composites [START_REF] Le | X-ray phase contrast microtomography for the analysis of the fibrous microstructure of SMC composites[END_REF][START_REF] Eric Little | Characterisation of voids in fibre reinforced composite materials[END_REF][START_REF] Alonso-Sierra | Interconnected porosity analysis by 3D X-ray microtomography and mechanical behavior of biomimetic organic-inorganic composite materials[END_REF], etc. These characterisations are usually performed in order to quantify the porosity of the material in terms of volume fraction, but the authors sometimes go beyond this quantity to reach higher order properties. As an example, a thorough geometrical study of the pores detected in carbon fibre reinforced polymers is proposed in [START_REF] Plank | Evaluation and Visualisation of Shape Factors in Dependence of the Void Content within CFRP by Means of X-ray Computed Tomography[END_REF]. The authors of this study hypothesised that not only the volume fraction and the number of pores are impacting the mechanical behaviour, but that the size and the shape of these pores also played a significant part in the properties of the material. They also experimentally illustrated that the manufacturing process had an impact on the resulting porosity. Similar observations were made in [START_REF] Centea | Measuring the impregnation of an out-of-autoclave prepreg by micro-CT[END_REF], where it was shown that various changes occur during the processing of a composite, using in-situ X-ray tomography measurements.

Motivation

The observation of failure profiles of ruined samples after tensile tests through an optical microscope (Fig. 5.1a) and a scanning electron microscope (Figs.5.1b to 5.1d) highlights the presence of pores in the material. Moreover, these pores seem to play a part in the Even if any characterisation is impossible this way due to the lack of provided information, it is fairly easy to visualise the creation and the growth of pores within an adhesive using a mere optical microscope. In a first stage, a layer of bicomponent epoxy adhesive (Huntsman™Araldite ® 420 A/B) is spread between two sets of glass sheets, to be observed using a Keyence™VHX electronic optical microscope. The components of this adhesive were mixed together using a planetary mixer, so as to obtain an homogeneous material. One of these glass-adhesive-glass assembly was then left at ambient temperature for 12 hours, and the other one was polymerised at high temperature for a short period of time (1h10 at 110°C). They were then put back under the microscope. The picture of these samples can be found in Fig. 5.2.

It is then quite obvious that the high curing temperature used for the material in Figs.5.2a to 5.2c had a significant influence on the pores inside the adhesive: they greatly increased in volume, and decreased in number, meaning that coalescence phenomena were very likely to happen during the polymerisation. Also, we are able to detect these pores even in the initial state (Fig. 5.2a), meaning that they are created as soon as the joint is formed (and possibly as soon as the components of the adhesive are mixed).

Moreover, it is possible to detect lighter, circular areas on these pictures: these denote the presence of glass beads in the adhesive, as it is common for various reasons (mainly, to guarantee a minimal thickness for adhesive joints). Such beads are shown in Fig. 5.2d, as an example. The adhesive used here is also used in the following microtomography measurements. As stated in preamble, these microscopy techniques only allow for visualisation, and they are not suitable for characterisation. X-ray tomography is a fairly interesting answer to this defect, as it features high resolution data acquisition, three-dimensional visualisation and measurements-oriented capabilities. These pores being structural defects, the assumption that they have an influence on the mechanical properties of the material seems reasonable, as expressed in [START_REF] Plank | Evaluation and Visualisation of Shape Factors in Dependence of the Void Content within CFRP by Means of X-ray Computed Tomography[END_REF] for composite materials. The conditions about this influence (in terms 5.1. PREAMBLE of pores size, number, volumetric ratio, etc.) are however not investigated in this study.

X-ray microtomography in materials science

Microtomography is an imaging technique which offers the possibility to reconstruct the internal structure of an object without causing any damage. This non-destructive characteristic is a significant advantage in materials science, but it was initially developed and used in the medical field [START_REF] Pollak | Experiences with Planography**From the Fort William Sanatorium, Fort William, Ontario, Canada[END_REF][START_REF] Buffiere | In Situ Experiments with X ray Tomography: An Attractive Tool for Experimental Mechanics[END_REF]. Moreover, it is superior to many other imaging techniques such as any microscope-based methods, as it provides tridimensional data, with a resolution down to 1 µm [START_REF] Buffiere | In Situ Experiments with X ray Tomography: An Attractive Tool for Experimental Mechanics[END_REF], and even below, depending on the X-ray source used in the tomograph (either laboratory sources, or synchrotron).

Acquisition times also differ depending on the type of tomograph used: a typical scan duration for a laboratory scan is around 10 to 20 minutes, whereas synchrotron tomograph can reach acquisition durations lower than 1 minute. In our study, the tomography measurements are performed using a laboratory tomograph.

Tomography is based upon the variation of the linear X-ray attenuation coefficient, hereafter referred to as µ, within a material. In the case of a perfectly isotropic material, this µ coefficient would be a constant. However, for heterogeneous materials, such as composites or foams, µ depends on the spatial coordinates (x, y, z). Hence, if the value of µ(x, y, z) is known for all the (x, y, z) tuples inside a given material, it is possible to build an internal 3D map of this observed sample based upon the values of µ(x, y, z), which are linked to the microstructure of the material. More detailed information may be found concerning the theoretical background of tomography imaging in [START_REF] Avinash | Principles of computerized tomographic imaging[END_REF]. Along a given propagation path, the attenuation phenomenon is described by a Beer-Lambert law:

I I 0 = exp xmax x 0 µ (x, y, z) .dx (5.1) 
where I 0 denotes the source intensity (emitted), I is the detected intensity (transmitted and collected by the X-ray detector) and x represents the distance along the transmission path [x 0 ;

x max ].
Consequently, if enough propagation paths are investigated, sufficient data is provided to reconstruct the map of the values of µ(x, y, z). That is why the sample to be studied is mounted on a rotary platform (Fig. 5.3), which incrementally perform a 360 o rotational movement in order to perform the data acquisition on a variety of organised propagation paths. Once this is completed, the reconstruction of the volume is performed using either an algebraic approach or an analytical approach. The first one consists in solving a system of linear equations to find the values of µ(x, y, z), while the latter uses a Fourier transform to backproject the data obtained in the radiograms. For the work presented in this chapter, an analytical method was used, implemented in the software provided by the manufacturer of the tomograph. 

Scope of the study

Using the advantages of X-ray microtomography, it is then possible to detect and characterise the microstructure of bonded assemblies. This imaging technique should provide sufficient data to precisely visualise the pores located in the bulk of the adhesive, and therefore to measure various statistical and geometrical properties.

Moreover, as it is implied in Fig. 5.2, the thermal conditions during the curing of the material seem to strongly influence these properties. In order to quantify this influence, two curing cycles will be investigated in the forthcoming sections:

• a smooth cycle, approved by Safran Reosc and used in the E-ELT project • a more aggressive curing cycle, involving higher temperatures The details of these curing cycles are available in Tab.5.1.

Cycle

Step 1

Step 2 Low temperature 23°C for 24h 80°C for 2h High temperature 110°C for 1h10 -Table 5.1: Curing cycles steps and temperatures

In addition, as it could be deduced from Fig. 5.1, the pores in the adhesive are likely to influence the mechanical behaviour of the joint, or vice-versa to be influenced by an external mechanical stress. The microstructure of the adhesive joints will thus be characterised for various applied load to the investigated samples (described on p.207), by means of in-situ X-ray microtomography measurements, coupled with tensile tests.

PREAMBLE

Finally, it is also fair to assume that the intrinsic properties of the adhesive should influence the characteristics of the created pores. For this reason, two different adhesives will be tested in this study:

1.

, also shortened as adhesive A 2. Huntsman™Araldite ® 420 A/B, also shortened as adhesive B

Experimental considerations

Samples geometry

The geometry of the samples needs to be in compliance with two criteria, to remain in the scope of the study:

1. they need to be bonded assemblies and not bulk samples 2. their dimensions need to be adequate to the resolution of the X-ray microtomography measures to be performed

In order to check these requirements, mini-Scarf samples (Fig. 5.4c) are used for all the tests to come. These samples are made out of traditional Scarf samples where a rake-like pattern is machined using water-jet cutting (Fig. 5.4a). These samples are machined in a usual aluminium shade1 . After the curing of the adhesive, each individual is then water-jet cut from the main structure to form the mini-Scarf samples, whose dimensions are presented in Fig. 5.4c. Moreover, in order to install the samples in a device for subsequent X-ray tomography in-situ tensile tests, threaded holes are accommodated at each end of the samples (Fig. 5.4c). In the following study, no mechanical loading will be applied, but the aforementioned tensile machine is used as a mounting setup.

Preparation of the specimens

The substrates are prepared so as to remove any potential impurities, oily components, dirt and oxides:

• they are first degreased with acetone • a mechanical treatment (grade 180 sandpaper) is then applied

• another acetone cleaning is performed

As it has been evoked in introduction, two adhesives are investigated. Both are bicomponent epoxy adhesives. Some general properties about these materials may be found in Tab.5.2, as provided by the suppliers. The glass transition temperatures in Tab.5.2 were measured using Differential Scanning Calorimetry (DSC). The components of the considered adhesives are mixed following the guidelines provided by the manufacturers. The mixing is performed using a rotational mixing device (Fig. 2.4c on p.78), at 1500 rpm for 7 minutes. These parameters are arbitrary, but chosen for the resulting product to be homogeneous (i.e. the hardener and the resin are visually indissociable). It should be noted that the bonding procedure used in this part of the study is the same as that of the mechanical characterisation and of the fracture properties investigation.

Property

Adhesive A Adhesive B Texture paste-like honey-like Known fillers -Glass beads Glass transition temperature (DSC) ∼ 90°C ∼ 60°C Table 5.2: A few properties for the considered adhesives

In spite of the variation in terms of texture (Tab.5.2), the application on the substrates follows the same pattern no matter the adhesive: a layer of adhesive is spread using a 5.1. PREAMBLE stainless steel spatula on both the substrates constituting a sample, which are then assembled (Fig. 5.4b). The excess of adhesive dripping from the joint is cautiously cleaned. The alignment of the substrates and the thickness of the joints (set to 0.4 mm) are controlled using a specially designed setup (Fig. 5.4b).

Two curing cycles are performed, in order to investigate the effects of this factor on the resulting pores in the adhesives. Their characteristics may be found in Tab.5.1.

The curing is done with a Memmert UF110+™ thermal chamber. It should be noted that these cycles yield a fully polymerised material for both adhesives, even though they are different in durations and temperatures. This was checked by means of DSC measurements. Once the curing cycle is completed, the samples are water-jet cut from their Scarf base, to create microtomography individual samples such as presented in Fig. 5.4c.

Experimental procedure

The samples are placed in the chamber of a Phoenix™VtomeX laboratory tomograph, which contains a Varian Paxscan™ X-ray detector featuring a resolution of 1920x1536 pixels. This detector outputs 16-bits coded greyscale pictures (or radiograms, Fig. 5.3) of the attenuation. The chamber of this tomograph includes a 3kN electromechanical tensile machine to perform in-situ measurements as shown in Fig. 5.5. The voxel size obtained using this experimental set-up is 4.5 µm x 4.5 µm x 4.5 µm, which suits the typical size of the pores that are expected. Moreover, the glass beads included in the Huntsman™Araldite ® 420 A/B feature a diameter above 60 µm according to SEM observations, meaning that they will not be difficult to detect.

The acquisition is performed for 1200 angular positions (Fig. 5.3), for a total duration of approximately 10 minutes, with an exposure time of 500 ms for each projection, and an X-ray source operated with a voltage of 80 kV and a current of 280 µA. The size of the reconstructed volume is 1500x1500x500 voxels. This was performed for various tensile loads in order to investigate the influence of the application of a mechanical stress to the detected pores in the adhesive joints. During the The load was then increased to proceed to the next displacement step (Fig. 5.6). This process was continued until the failure of the sample. The load applied to the samples is shown in Fig. 5.7. It is clear that the load is evolving for each step, especially for the higher levels, due to stress relaxation mechanisms. In order to reduce the influence of this phenomenon on the measurements, a stabilisation time is kept before launching the acquisition.

MICROTOMOGRAPHY DATA PROCESSING: DEVELOPMENT OF A SEGMENTATION TOOL FOR THE STUDY OF MULTIPHASED ADHESIVE BONDS
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Microtomography data processing: development of a

segmentation tool for the study of multiphased adhesive bonds

Preliminary discussion

In order to exploit the data from the reconstructed volumes, it is necessary to perform a segmentation, in order to isolate the different phases. Segmentation in image processing is the step where, for a given dataset, the relevant data are sorted from the irrelevant data, in order to keep only the regions of interest in the considered image or volume. It is obviously an extremely common concern in the image processing and computer vision fields, and as a consequence it has been the object of many studies, which suggested a large variety of methodologies to answer this issue.

The easiest way to segment biphased greyscale data is to use a threshold: a greyscale level (i.e. the threshold) is chosen, and the pixels of the image are separated whether they are brighter or darker than this value. Even though this method is fairly basic, it usually gives satisfactory results, given the fact that the data histogram is adequate (i.e. that the phases are easily distinguishable). The choice of the threshold can be either let to the user or algorithmically computed, the latter being obviously preferable. The numerical determination of the threshold to be used can be performed in various ways: one may base the calculation upon the analysis of the histogram [START_REF] Ramesh | Thresholding based on histogram approximation[END_REF][START_REF] Rosenfeld | Histogram Concavity Analysis as an Aid in Threshold Selection[END_REF], or by clustering the greyscale levels [START_REF] Otsu | A Threshold Selection Method from Gray-Level Histograms[END_REF][START_REF] C V Jawahar | Investigations on fuzzy thresholding based on fuzzy clustering[END_REF], or even by undertaking various considerations on the entropy of the data [START_REF] J N Kapur | A New Method for Gray-Level Picture Thresholding Using the Entropy of the Histogram[END_REF][START_REF] Sahoo | Threshold selection using Renyi's entropy[END_REF][START_REF] Yen | A New Criterion for Automatic Multilevel Thresholdin[END_REF]. The reference works cited here are only examples drawn from a large pool of methodologies, which can be found in a thoroughly documented paper of Sezguin et al. [START_REF] Sezgin | Survey over image thresholding techniques and quantitative performance evaluation[END_REF].

Thresholding is however not the only segmentation technique, and other methods, without any threshold selection or computation, are available. For example, the watershed segmentation technique, introduced in 1993 by Beucher and Meyer [START_REF] Beucher | Mathematical Morphology in Image Processing[END_REF], features numerous advantages such as: (i) there is no threshold-based considerations at all, hence no problems induced by unequal illumination in the pictures for example, (ii) the segmentation results display fairly accurate contours detection, and (iii) it is easily implemented in terms of algorithm [START_REF] Meyer | Topographic distance and watershed lines[END_REF]. Moreover, it has been successfully used in a large number of segmentation problems [START_REF] Lin | Advances in X-ray computed tomography (CT) for improved coal washability analysis[END_REF][START_REF] Lin | Characterization and analysis of Porous, Brittle solid structures by X-ray micro computed tomography[END_REF][START_REF] Xu | Automatic segmentation of clustered quantum dots based on improved watershed transformation[END_REF][START_REF] Wang | Improved 3D image segmentation for X-ray tomographic analysis of packed particle beds[END_REF]. Another approach is to consider the gradient of the data to be segmented, such as the works in [START_REF] Hell | An approach toward fast gradient-based image segmentation[END_REF] (generalised to color data). One should also reference the works of Grady regarding image processing [START_REF] Grady | Random Walks for Image Segmentation[END_REF], who adapted the random walker probabilistic model [START_REF] Spitzer | Principles of the Random Walk[END_REF] to image segmentation applications [START_REF] Chang | Fast image region growing[END_REF][START_REF] Moghaddamzadew | A fuzzy region growing approach for segmentation of color images[END_REF] . Among the remaining methodologies which were not mentioned so far, one may reference active contours algorithm [START_REF] Kass | Snakes: Active Contour Models[END_REF], super-pixel and graph-based algorithms [START_REF] Pedro | Efficient Graph-Based Image Segmentation[END_REF][START_REF] Wu | Brain tumor detection and segmentation in a CRF (conditional random fields) framework with pixel-pairwise affinity and superpixel-level features[END_REF], fast marching methods [START_REF] Sethian | Evolving interfaces in computational geometry, fluid mechanics, computer vision, and materials science[END_REF], or neural networks aimed at pattern recognition and semantic classification [START_REF] Lehar | Application of Grossberg and Mingolla Neural Vision Model to Satellite Weather Imagery[END_REF][START_REF] Ronneberger | U-Net: Convolutional Networks for Biomedical Image Segmentation[END_REF][START_REF] Raza | Micro-Net: A unified model for segmentation of various objects in microscopy images[END_REF], which are getting more popular these days due to the increase in the available computational power for their training.

Due to the shape of the histogram of the data (Fig. 5.9), an Otsu-based approach [START_REF] Otsu | A Threshold Selection Method from Gray-Level Histograms[END_REF] will be used. In this paper published in 1979, the author demonstrates that it is possible to easily compute an optimal threshold to segment bimodal data using clustering and statistical considerations. The optimal threshold is computed so as to maximise the between-class variance. It is though necessary to generalise this approach to a number of thresholds N thr greater than 1, as the histograms are trimodal (Fig. 5.9). Otsu suggests that it is easily performed, by definition of the discriminant criterion chosen to optimise the thresholds values [START_REF] Otsu | A Threshold Selection Method from Gray-Level Histograms[END_REF], upon which there is no constraint regarding N thr . In our study, we will use a multithresholding for N thr = 2, in order to discriminate the following phases: (i) the pores and the surrounding air in the tomograph chamber, (ii) the adhesive matrix, and (iii) the substrates (added to the glass beads, depending on the adhesive). It should also be noticed that no significant change in illumination for the same phase has been experienced, which could have prevented us from using such a method. Other algorithms have been developed to counter some of these potential disturbances in image processing, such as adaptive threshold computation techniques ( [START_REF] Bradley | Adaptive Thresholding Using the Integral Image[END_REF], [START_REF] Issac | An adaptive threshold based image processing technique for improved glaucoma detection and classification[END_REF]). Even though these methods try to overcome gradually changing illumination issues in images, they remain fairly sensitive to signal noise.

It is then obvious that the weak spot of the chosen methodology is the sensitivity to the noise in the experimental data. In order to minimise the influence of this measurement noise, it is then advised to filter the data in order to decrease as much as possible the signal-to-noise ratio. It is however paramount not to damage the data, and especially the contours of the objects we need to segment (i.e. the pores). Once again a great number of filters (may them be two-dimensional or three-dimensional) are available [START_REF] Lim | Two-dimensional signal and image processing[END_REF][START_REF] Bolon | Analyse d'images : Filtrage et segmentation[END_REF][START_REF] Maître | Le traitement des images[END_REF]. Among all these possibilities, the median filter and its derivates (max/median [START_REF] Arce | Theoretical analysis of the max/Median filter[END_REF], maxmin/median [START_REF] Wang | On the max/median filter[END_REF]) stand out with their edges preservation properties, as it was proven by Gallagher et al. [START_REF] Gallagher | A Theoretical Analysis of the Properties of Median Filters[END_REF]. Moreover, these filters are easily implemented [START_REF] Huang | A fast two-dimensional median filtering algorithm[END_REF][START_REF] Ataman | A fast method for real-time median filtering[END_REF] (and often natively built in most of scientific programming languages such as Python, Matlab or R). We choose to apply a three-dimensional median filter to our data, whose kernel size will be discussed further.

Architecture of the proposed tool

Preprocessing

As mentioned previously, the reconstructed data need to be filtered, using a 3D median filter. The size of the kernel of the median filter will determine the minimal size of the segmented entities to consider. The filtering is performed with Matlab. We choose a kernel size of 5 voxels so as to remain relatively small when compared to the majority of the pores. As a consequence, we will consider that any segmented pore whose volume is lesser than 125 voxels (i.e. the volume of the kernel) is too uncertain, and therefore to be discarded. The chosen filter is three-dimensional to prevent as much as possible the loss of information during the filtering.

The shape of the reconstructed volumes is a [1500, 1500, 500] matrix; a large part of the data in this matrix is useless, especially along z (Fig. 5.8a), where the region of interest is the thickness of the adhesive joint. The experimental volumes are thus cropped in order to keep the totality of the joint, and around 150 µm of aluminium substrates at each end (visible on Figs.5.8a and 5.8c). This step is not essential, but useful to reduce the CPU capacity needed to perform the subsequent post-processing steps. 

Segmentation

As stated in preamble, the segmentation is performed using Otsu algorithm [START_REF] Otsu | A Threshold Selection Method from Gray-Level Histograms[END_REF] to compute the required thresholds. The greyscale values of these thresholds are hence unsupervisely computed, using only the histogram of the data and the statistics of the greyscale levels. Such data display well-defined peaks and valleys in-between (in Fig. 5.9, from left to right, pores, adhesive, and substrates and beads which show roughly the same attenuation coefficient), enabling an histogram-based segmentation method. The computed thresholds may be visualised on the histogram in Fig. 5.9, which is provided as an example. Using these thresholds, it is then possible to build volumes containing only the identified phases so far: pores + surrounding air, adhesive, and substrates + beads. These volumes need to be filtered either to remove unwanted objects (the air surrounding the sample in the tomograph chamber, the measurements artefacts which may occur near the interfaces and the objects whose size is too small to be taken into account) or to separate different objects that were placed in the same phase (typically, the glass beads if the adhesive contains some and the aluminium substrates). This step is easily completed by considering the sizes of all these items, to identify those that should be discarded. For instance, the air surrounding the sample features a volume significantly larger than any other pore in the adhesive joint, and thus may be easily labelled in the segmented volume to be erased. The same method may also be used to classify the objects contained in the (substrates + glass beads) phase, since the substrates volumes are several orders of magnitude greater than the volume of a glass bead. Before being used on the experimental data, this tool needs to be characterised on synthetic representative data, in order to validate its architecture and to investigate its limitations.

Characterisation of the analysis tool

Creation of synthetic volumes

In order to validate the methodology proposed in this chapter, we deemed as important to verify the segmentation performances of our tool on synthetic data. These artificial datasets should be representative of the experimental data in terms of: (i) greyscale levels, (ii) noise, and (iii) pores sizes. The diameters of the pores are assumed to be following a Gaussian distribution, whose parameters will be discussed later. Their centroids in a first stage are assumed to be randomly distributed within the adhesive joint. This hypothesis is partially validated further in this chapter. The creation of such a volume will be divided into four steps. Firstly, a reference boolean volume is created, where true values denote the presence of pores pixels, and false values denote the absence of pores. Secondly, this boolean matrix is turned into a [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF] A light Gaussian filter (σ = 0.4 voxel) is applied in order to slightly blur the edges of the pores to replicate the experimental data. The contours of the pores are then checked in order to ensure the representativeness of the synthetic data in terms of transition between the phases of the medium. To do so, the greyscale levels are plotted along a 15 pixels-long path going from adhesive material to pore (Figs.5.11a and 5.11a). The comparison is made in Fig. 5.11c. The synthetic data and the experimental data (here, Huntsman™Araldite ® 420 A/B shown as an example to illustrate the methodology) display fairly similar transitions between phases, which tends to suggest that the generated volumes are quite close to actual microtomographic data in terms of contours. Due to the extremely small intensity of this Gaussian filter, one could neglect this step, as the resulting change in the greyscale levels of the synthetic data is minor.

The reader may also notice a small offset between the greyscale levels of the synthetic data and those of the experimental data in Fig. 5.11c. This is easily explained by the statistical considerations performed on the greyscales during the generation of the synthetic volume: due to the very definition of our levels, punctual discrepancies may be experienced between synthetic and real data. This offset being rather marginal, it is considered to be negligible and not representative of the quality of the simulated data.

The comparison between the histograms of the simulated data and of the experimental data should provide a good indicator of the quality of the synthetic volumes, and of their representativeness of the actual microtomographic data (Fig. 5.12). The data represented in Fig. 5.12 have been normalised with respect to the total numbers of pixels in each case (synthetic data and experimental data), and therefore they are expressed in terms of frequencies.

A few remarks should be made at this point of the study:

• one can see a slight mismatch in terms of frequencies for each peak, certainly due to the padding added during the creation of the synthetic volume

• the in-between zone for the pores and adhesives peaks is seemingly representative of the real data

• the brightest pixels for the synthetic adhesive (greyscale levels between 20000 and 30000, Fig. 5.12) are lacking a few occurrences to match the experimental frequencies Due to the large difference between the peak values for the adhesive pixels and for the substrates pixels, this particular mismatch should not impact too much the computation of the corresponding threshold. Moreover, the pixels of the substrates in this in-between zone are mostly located within the bulk of the aluminium (visible in Fig. 5.8c), meaning that segmentation errors potentially occurring in these areas can easily be fixed by morphological operations if need be (i.e. opening, closing, filling, etc.). Alternatively, this mismatch (due to the fact that each phase does not follow a perfectly symmetrical Gaussian distribution) could be corrected by stretching the greyscale levels in this interval by a multiplicative factor until the synthetic histogram matches the experimental histogram. It is however not performed in this study as it is assumed to be a second-order factor on the segmentation abilities of the developed tool. Another indicator of the representativeness of the simulated volume is the similarity between the thresholds computed for the synthetic data and the ones computed for the experimental volumes, which were used as a reference pattern to build the artificial data. A comparison is made for the two adhesives studied in this chapter in Tab.5.5, where the first (pores/adhesive) and second (adhesive/substrates) threshold 

Segmentation abilities

The segmentation tool is then applied to these synthetic volumes, in order to compare the segmented data with the reference pores patterns (Fig. 5.10a). As it has been evoked earlier in this chapter, significant variations are expected in terms of performances depending on the size of the pores to be segmented. We shall therefore consider various diameters distributions, included in several simulated volumes as detailed previously. In practice, the parameters of the diameters Gaussian distribution ([µ d , σ d ]) will be incrementally increased in two intervals, in order to sweep a matrix of values for this couple. The mean value µ d will be varied in the interval [START_REF] Sauter | Studies in organic archaeometry I: Identification of the prehistoric adhesive used by the Tyrolean Iceman to fix his weapons[END_REF][START_REF] Enns | Time-Temperature-Transformation ( TTT ) Cure Diagram : Modeling the Cure Behavior of Thermosets below Tgm[END_REF] voxels, and the standard deviation σ d will sweep the interval [START_REF] Adams | Adhesive bonding science, technology and applications[END_REF]5] voxels. Due to the similarity in terms of greyscale levels between the and the Araldite ® 420 A/B (Tabs.5.3, 5.4 and 5.5), the study will be carried out only for one adhesive (Araldite ® 420 A/B). For each couple [µ d , σ d ], a relative error ε i for the pores number and the pores volumetric ratio with respect to the references values will Apart from the extreme cases of small pores distributions, we obtain satisfactory results (typically, for µ d ≤ 10 voxels), as the relative errors ε remain circa 5% or below. We expect the major part of the segmentation errors to happen near the edges of the pores, due to the slight blurring occurring at these locations.

In order to locate where the segmentation defaults occur, we may subtract the segmented pores volume to the reference volume: the remaining true values in the resulting boolean dataset denote the voxels that were incorrectly labelled as adhesive. An example of such data is given in Fig. 5.14, for µ d =12 voxels and σ d = 3 voxels. We thus identify that the majority of these segmentation errors happen at the edges between the pores and the adhesive, certainly due to the slight Gaussian filter applied during the creation of the synthetic data, and to the median filter applied during the segmentation. 

Summary and concluding remarks

In order to characterise the segmentation tool developed to analyse the experimental data, synthetic datasets were generated, with care to be as representative of the experimental data as possible (greyscale levels, noise, etc.). This was done for various pores sizes distributions, so as to investigate the limitations of the proposed tool in terms of segmentation performances with respect to various factors. It was found that the results given by the methodology are fairly accurate, especially if the pores are of sufficient size (Fig. 5.13). Also, one cause (among others, possibly) of the slight gaps between the reference properties and the detected properties was identified as a high probability segmentation errors near the edges of the pores.

These results on synthetic volumes ensure that once applied on the experimental data, the proposed method should yield fairly satisfying results, to be pondered with the size of the segmented pores, which was labelled as an important factor in terms of results accuracy.

Influence of the curing cycle on the creation of pores in structural epoxy adhesives joints

The influence of the curing cycle on the pores created during the preparation of the joints is quantified only for the initial states (i.e. no applied load), as it is expected to provide sufficient information regarding this aspect. Data similar to Figs.5.33b and 5.15d are obtained once the segmentation process is completed. It is then possible to carry out various considerations on these datasets, whether geometrical (volume, shape, equivalent diameter, etc.) or microstructural (pores-to-joint volumetric ratio, pores number, etc.). 

On the influence of the resolution of the measurements

It was possible to perform some measurements on the same samples for two different resolutions: 4.5 µm and 2.5 µm. These measurements are used to estimate the influence of the resolution on the observed results, and more particularly on the microstructural characteristics of the investigated sample. It is to be noticed that the 2.5 µm resolution does not allow a complete visualisation of the adhesive joint due to an incompatible width with respect to the X-ray detector dimensions. In order to overcome this issue, and to keep the influence of the potential measurements artefacts at its lowest, only the centre of the joint will be investigated, for both the resolutions. However, this region of interest is chosen to cover a significant part of the complete joint in order to obtain a statistically relevant volume (Fig. 5.17). This series of measures are carried on a sample glued with adhesive A, cured at 80°C. A fairly straight-forward approach to compare the different segmented volumes to one another is to compare the distributions of the equivalent diameters of the pores. The equivalent diameter of an entity is the diameter of the sphere which features the same volume. Given the fact that the vast majority of the pores is spherical, or at least egg-shaped, one may consider that the equivalent diameter is equal to the actual diameter, and not some theoretical quantity. This diameter may be easily computed using Matlab™ built-in functions to analyse binary connected components in an image, for each detected pore. Therefore, once all the diameters are known, for both the low resolution and the high resolution measurements, it is possible to superimpose their respective distributions (Fig. 5.19a).

It is clear from Fig. 5.19a that the two pores field, extracted from the same sample, but using two different resolutions are significantly dissimilar, especially for the smallest objects as it is expected. In a more detailed fashion, one may divide the data presented in Fig. 5.19a into three domains: (i) diameters lesser than 25 µm for which the 4.5 µm resolution dataset is non-existent, (ii) diameters between 25 µm and 35 µm, for which the For the pores whose diameters are lesser than 25 µm, it is clear that the low resolution dataset is empty due to the insufficiency of the couple analysis technique/experimental resolution with respect to the size of the requested entities. In other words, the methodology used here is unable to detect such small objects due to: (i) the relatively low signal-to-noise ratio, (ii) to the filtering performed during the preprocessing of the CT-scan data, and (iii) to the potential measurements artefacts.

For the second domain (between 25 µm and 35 µm, Fig. 5.19a), both sets display data, but with a significant gap in-between. However, one may notice in Fig. 5.19a that this gap tends to progressively disappear with the increasing diameters, which may imply that this mismatch is due to the discretisation of the histogram and to the voxelation of the volume.

Nonetheless, even though the two datasets presented in Fig. 5.19a seem to be rather different from one another, in an overall fashion, the key pores are detected with both resolutions. The weight of the pores successfully detected only with the 2.5 µm measurement is fairly limited, as it may be quantified by the calculation of the volume fraction of each kernel in the light grey histogram in Fig. 5.19a with respect to the total pores volume. The results of this calculation are presented in Fig. 5.19b.

Pores numbers, volumetric fractions and diameters distributions

The X-ray microtomography measurements data are segmented (Fig. 5.20 for 3D viewing) using the previously detailed methodology in their initial state. We then have, for two different adhesives, two different curing cycles to investigate. As a reminder, the studied curing cycles are the following: (i) 110°C for 1h10, hereafter referred to as "high temperature" and (ii) 23°C for 24h + 80°C for 2h, hereafter referred to "low temperature". For each case, we are in a position to compute the number of pores included in the adhesive joint, and the volumetric fraction of these pores with respect to the whole joint. These results are shown in Figs.5.21c and 5.21d. By cross-referencing the data in Tab.5.7 and in Fig. 5.13, we estimated the uncertainty on the considered quantities (cf. the error bars in Figs.5.21c and 5.21d). It is also possible to compute the distributions of the equivalent diameters of the pores for each case, as it is done in Figs.5.21a and 5.21b. The pores count in each bin in these histograms is normalised with respect to the total number of pores, in order to obtain frequencies histograms. From Fig. 5.21a, it appears that the curing cycle has little to no influence on the size of the pores in the adhesive A, since the two identified diameters distributions are almost indistinguishable. However, Fig. 5.21b shows significantly different results, as the adhesive B seems to be quite sensitive to the polymerisation thermal conditions. From this data, one may notice that a higher polymerisation temperature for the adhesive B translates into a slightly higher average pore diameter (from 43 µm to 50 µm).

From the data displayed in Figs.5.21c and 5.21d, express several observations may be expressed. Firstly, it seems that a higher curing temperature translates into fewer pores within the material, for both the considered adhesives. Moreover, there is no significant ). Lastly, the pores volumetric fraction in the adhesive B increases by 1% for a polymerisation at high temperature. Even if this is a significant rise in relative value (i.e. with respect to the values of the volumetric fractions), it is still a fairly low increase in absolute value, and it could also be explained by the variations that may occur from one sample to another, regardless of the curing temperature. The properties of these pores distributions are summarised in Tables 5. [START_REF] Koller | High-tech in the middle palaeolithic: Neandertal-manufactured pitch identified[END_REF] A possible conclusion to these findings could be that the high temperature cycle tends to trigger void growth patterns, may them be relying on the simultaneous dilation and hardening of the material or on coalescence mechanisms being potentially activated by the thermal environment [START_REF] Pinzer | 3D-characterization of three-phase systems using X-ray tomography: tracking the microstructural evolution in ice cream[END_REF]. However, due to the importance of the sizes of the pores on the detected characteristics, and given the fact that most of the pores for the adhesive A are small (Figs.5.19a and 5.21a), we may be missing some key elements for the adhesive A, which could explain the reason of the apparent constant pores volumetric fraction in Fig. 5.21d. This is supported by the strong influence of the measurement resolution shown in Fig. 5.19a.

Another finding of these initial state measurements is that, no matter the curing cycle, the microstructural properties of the adhesive A and those of the Adhesive B are extremely different (Figs.5.21a and 5.21a), even though they are similar materials: both are bicomponent epoxy structural adhesives, with similar mechanical properties. The major differences between the two considered materials (aside from their chemical compositions, as they are not available) are shown in Tab.5.2.

Pores shape

From the gathered data (Figs.5.2a to 5.2d, 5.8b, 5.8c and 5.28, for example), we may assume that the pores in the adhesives are rather spherical. It is however possible to quantify their roundness and their resemblance to a sphere. A quantity useful for such considerations is the sphericity, defined by Wadell in 1935 [START_REF] Wadell | Volume, Shape, and Roundness of Quartz Particles[END_REF]. The sphericity Ψ of a particle of volume V p and of area A p is defined according to Eq.5.5.

Ψ = π 1 3 (6V p ) 2 3
A p (5.5) STRUCTURAL EPOXY ADHESIVES JOINTS

In the case of a perfect sphere, Ψ = 1. Thus, the closer to 1 is the sphericity, the more spherical the considered object is. Using connected components analysis on the segmented pores volumes, it is possible to extract, for each pore, its volume and its surface, and to use the expression in Eq.5.5 to compute its sphericity. The data plotted in Fig. 5.22 represent these sphericities with respect to the equivalent diameters of the pores for all the considered cases.

It is fairly obvious from Figs.5.22a and 5.22b that the majority of the detected pores are almost perfectly spherical, since for both the adhesives and for both the curing cycles, there are clusters of point located near Ψ = 1. This assertion is confirmed by the data in Figs. 5.22c and 5.22d, where the distributions of the sphericities values are presented. These distributions are normalised with respect to the total number of pores, yielding frequencies instead of counts for each interval in the histograms. One may clearly see that the vast majority of these values are close to Ψ = 1.

The definition of the sphericity introduced by Wadell [START_REF] Wadell | Volume, Shape, and Roundness of Quartz Particles[END_REF] assumes that Ψ = 1 is a theoretical limit for Ψ. However, we may notice in Figs.5.22a to 5.22d values slightly greater than 1. The fact that these paradoxical values occur for small diameters tends to suggest that it may be an effect of the voxelation, leading to slightly erroneous areas or volumes calculations. It is easy to understand that the smaller the size of the pore, the greater the effect of voxelation, and therefore the greater the potential error on the sphericity.

One may also notice a few sphericity values rather small when compared to the trend on each graph (Figs.5.22a and 5.22b), lesser than 0.7. These points may be due to coalescing pores, or to segmentation errors for pores very close to one another (and mistakenly identified as one unique entity). Examples of these punctual values can be found in Fig. 5. [START_REF] Bidaud | Analysis of the cyclic behavior of an adhesive in an assembly for offshore windmills applications[END_REF], where pores with Ψ < 0.75 are displayed. It is however arduous to determine whether these values are segmentation errors or whether they are due to actual coalescence phenomena occurring during the curing of the adhesive.

No noticeable difference between the adhesives and between the curing cycles can be highlighted in terms of shape of the pores, though, as the points clouds displayed in Figs.5.22a and 5.22b feature highly similar shapes. This is put into perspective in Fig. 5.22e, where the average points of each point clouds presented in Figs.5.22a and 5.22b are plotted together. The error bars are computed using the standard deviations of the equivalent diameters and of the sphericities (±2σ). Almost no gap between the adhesive A data can be spotted, which suggests that this particular adhesive is rather insensitive to the polymerisation conditions. A slight shift is however detectable for the adhesive B (Fig. 5.22e), both in terms of diameter (which was expected, cf. the data in Tab.5.7, for example) and in terms of sphericity. Several factors could explain this difference between these samples: (i) it could simply be due to the experimental discrepancy from one adhesive joint to another and therefore be unrelated to the curing conditions, or (ii) the dilation happening throughout the curing cycle due to the increase in temperature could counter the effect of the slight mechanical load applied to the Scarf samples in their bonding apparatus (visible in Fig. 5.4b) in order to control the joint thickness. More advanced and extensive measurements are needed in order to validate this hypothesis or to develop another possible explanation of this phenomenon.

Effective section of the adhesive joint

One of the most critical effect of the presence of pores within an adhesive joint is the decrease in effective section. We define the effective section in Eq.5.10 as the ratio between the surface of adhesive S adh and the surface of joint (i.e. the sum of the surfaces of adhesive S adh , of pores S por and of glass beads S beads ).

Σ =

S adh S adh + S por + S beads (5.6) This Σ ratio (somehow similar to a surface ratio, by analogy with the volumetric ratio used earlier in our study) can then be computed for each slice of reconstructed volume containing adhesive (i.e. we exclude the slices where there is only aluminium). As the investigated bonded assemblies are designed for tensile loadings, we define the section planes so as to be parallel to (xy) in Figs.5.8a and 5.16. We are then in a position to compute Σ with respect to the distance along z (defined in Fig. 5.8a). We will consider that z = 0 for the first slice where adhesive is segmented.

Once again, the differences for the adhesive A are small for the two curing cycles studied in this chapter. We may however notice that the pores seem to be concentrated at the centre of the joint (∼ z = 0.2 mm) for both cycles, with a sharper trend in the case of a high temperature curing. This remark is also to be made for the adhesive B, for which the differences between curing temperatures are once again more pronounced. If the rate of change of Σ with respect to z seems to be rather equivalent for both curves in Fig. 5.24b in the first and last quarters of the joint (z ≤ 0.08 mm and z ≥ 0.3 mm, roughly), it is however not the case in the middle: there is a sudden gap between low and high temperature curing, which could be explained by void growth patterns thermally activated during the polymerisation of the material. Such coalescence phenomena have been widely observed and studied for porous materials. The works of Pinzer [START_REF] Pinzer | 3D-characterization of three-phase systems using X-ray tomography: tracking the microstructural evolution in ice cream[END_REF] in particular show that coalescence mechanisms can ben thermally activated, which could explain the differences experienced between low temperature and high temperature curing for the adhesive B. This phenomenon is seemingly localised in the middle of the thickness of the joint, where the pores are more numerous.

Compactness

Similar considerations can be pursued to investigate the existence of concentration zones for pores in the plane of the adhesive joint (as opposed to the data provided in Fig. 5.40, where we investigated concentration zones along the direction normal to the adhesive joint). To do so, we will use a similar approach, and define a compactness quantity C computed along the z axis (Fig. 5.8a for axis definition). Therefore, this C quantity STRUCTURAL EPOXY ADHESIVES JOINTS will take the shape of a [m, n] matrix for a given segmented adhesive phase and a given joint (adhesive+pores+beads) represented respectively by [m, n, p] boolean matrices M adh and M joint , as it is expressed in Eq.5.7. The value of C is an indicator of the effective thickness, by analogy with Fig. 5.40 and its corresponding discussion.

C(i, j) = p k=1 M adh (i, j, k) p k=1 M joint (i, j, k) (5.7)
The resulting maps of the compactness C for all our experimental cases can be found in Fig. 5.25. From these data, it seems that there are no noticeable zones for which the compactness of the adhesive joint is lower. In other words, there is no part of the joint where pores are more abundant or bigger in the (xy) plane. As such, this would imply that the shift in curing temperature does not induce any major changes in terms of planar distribution of the centroids of the created pores, and that the concentration mechanisms which appears to exist is occurring along the thickness of the joint, as demonstrated by Fig. 5.40. This can be confirmed by analysing the distributions of the coordinates of the pores for each segmented volume, as it is done in Fig. 5.26. It should be noted that the count of each interval used to compute these distributions has been normalised with respect to the total number of individuals to obtain frequencies.

As it can easily be seen from Figs.5.26a to 5.26d, there are no prevalent coordinates for the pores centroids along the x and y which corroborates the observations done in Fig. 5.25. In addition, the concentration of the pores in the middle of the joint following z can be quite clearly visualised, as expressed earlier in this chapter (Fig. 5.40).

Local pores volumetric fraction

The data displayed on Figs.5.26a to 5.26d give us knowledge about the number of pores as a function of the coordinates, but any volumetric ratio consideration is left aside in this approach. In order to obtain such information, we suggest to compute a local pores volumetric ratio, hereafter referred to as η loc , in a sliding window sweeping the complete volume. The dimensions of said window can be selected arbitrarily, but we choose to use the sizes of the pores as a basis for their calculation. The window used to compute these local ratios needs to be sufficiently large to not be outweighed by large pores (i.e. not to yield cases where there is only pores-related pixels in the window), but at the same time it needs to be small enough to remain local. As such, we choose to use a window size ∆ defined with respect to the statistics computed on the diameters distributions for each studied case, as expressed in Eq.5.8. The resulting kernel sizes vary between 20 and 29 pixels. The size of the window along z is set equal to the joint thickness. Therefore, we will compute η loc in [∆, ∆, p] subvolumes within the complete adhesive joint. ∆ = µ d + 4σ d (5.8) where µ d and σ d are the average diameter and the diameters standard deviation for a given pores dataset.

The value maps for η loc can be found in Fig. 5.27. These maps are to be linked with the data presented in Figs.5.25a to 5.25d, as they give similar but complementary information. We may extract several conclusions from these figures: (i) a higher curing temperature does not induce local increase of pores volumetric fraction, (ii) the physico-chemical properties of the investigated adhesives do not impact this quantity for the studied cases, and (iii) the only concentration zones are linked to high diameters pores. These larger pores are hopefully the most uncommon as well (as demonstrated by the diameters distributions displayed in Fig. 5.21, and usually created while spreading the adhesive on the bonding surfaces. There does not seem to be a general trend once these peculiar values put aside, leading the authors to conclude that there are no favoured sites for pores concentrations in the place of the joint, may it be in terms of number or in terms of volumetric fraction.

Fairly high values for η loc are reached in all our cases (up to 75% for the adhesive B cured at 110°C), comforting the hypothesis that pores within an adhesive joint are, to some extent, a threat to the mechanical strength of the bonded structure.

Conclusions

Adhesively bonded samples were made for two different curing cycles and two different bicomponent epoxy adhesives. These samples were placed in the chamber of a X-ray tomograph, in order to characterise the microstructure of the adhesive joints. The goal of these measurements was to detect the pores created during the bonding and during the curing inside the adhesive joints, and to investigate the potential change of their properties depending on the adhesive formulation and on the polymerisation cycle used to cure the materials. A segmentation-oriented image processing tool was then developed, so as to process the resulting CT-scans. This tool has been tried on artificial datasets to ensure its performances and to check its limitations. There are multiple findings for this study.

First, it has been shown that the curing cycle and the adhesive formulation could have significant influences on the pores created during the manufacturing of the joint. These differences could be explained by the disparities between the adhesives in terms of texture and chemical compositions, but no tangible answer can be provided at this stage of the study regarding these aspects. However, among the two adhesives tested, one seemed to be relatively insensitive to the curing conditions (adhesive A), as little to no difference were experienced for the curing cycles used in this study. This implies that different adhesives may have different sensitivities to the bonding and curing conditions, but the factors driving this sensitivity remain unknown so far.

It was also shown that pores are likely to be concentrated halfway through the thickness of the adhesive joint. Depending on the pores volumetric fraction, this could be a factor to take into account in mechanical dimensioning computations, as the cross-section of the joint could be decreased by a noticeable and easily detectable amount, and the proximity of several large pores could also create preferred crack propagation paths, since the adhesive bond would be locally weaker. Therefore, it would make sense, for mechanical strength reasons, to decrease as much as possible their creation during the bonding and the curing of the adhesives, especially for critical industrial fields such as aeronautics or space industry. Depending on the sensitivity of the material to the curing temperature, this decrease in pores number and volumetric ratio could be achieved by optimising the curing cycle so as to be as complete as possible in terms of polymerisation rate of the adhesive, and at the same time to be as low-temperature as possible. It is common for adhesives manufacturer to provide advised curing cycles in their datasheets, some of them being high-temperature cycles. This study shows that even if these advised cycles result in a fully polymerised material, the induced microstructure could trigger premature failure mechanisms, not necessarily for basic loadings such as monotonic or even creep, but perhaps for cyclic and fatigue loadings, or any long-term loading from a general standpoint. Working on the curing cycles is however not the only solution, as it conceivable to mix the adhesive components in a vacuum environment for example, which could decrease the pores created during the mixing. 

In-situ X-ray microtomography measurements on bonded samples under mechanical loading

The investigation of the influence of an external stress on the pores is performed only for samples cured at high temperature. The reconstructed volumes are segmented using the tool presented on p. The segmented volumes are then screened to remove segmentation errors or unwanted objects (i.e. pores whose volumes are lower than the median filter kernel size, for instance).

Finally, connected components analysis can be performed on these screened volumes to obtain various geometrical and statistical quantities.

Pores volumetric ratio and number of pores

As we performed these tomographic measurements for various loads applied to the samples, it is possible to apply the analysis technique presented above to each dataset, in order to track the evolution of some characteristics that may be extracted from the segmented volumes. In a first stage, the following quantities shall be investigated: the pores ratio η (Eq.5.9), and the number of pores in the adhesive joints.

η = 100 * V por i∈phases V i (5.9)
where V por is the volume of the pores and V i is the volume of the phase i. Three-dimensional views of the detected pores in each adhesive joint (in their initial state) can be found in Fig. 5.29. An immediate observation that can be made is that the pores properties depend on the adhesive, since the segmentation yields very different results between adhesives A and B. It appears from Fig. 5.30 that the two adhesives exhibit very different behaviours when the joint is mechanically stressed. The adhesive A shows an ever-increasing number of pores, which tends to suggest that voids nucleate all along the experiment. On the contrary, the behaviour of the adhesive B may be divided into two successive regimes. At first, the number of detected pores slowly increases, similarly to the behaviour of the adhesive A, until a critical load value F cr (approximately 700 N). Once this critical value is reached, there is an abrupt decrease in the number of pores from this F cr value to the failure of the sample, which is typical of pores coalescence. Those two domains seem to be linear with respect to the applied load, as is the behaviour shown by the adhesive A. One may also notice that the adhesive A contains significantly more air voids than the adhesive B This piecewise definition is also valid for the pores volumetric fraction in the adhesive B when it is plotted versus the applied load (Fig. 5.31). The transition between the first and the second regime for the pores volumetric fraction occurs at the same F cr as for the pores number. However, contrary to what could be expected from the data presented in Fig. 5.30, the second regime for the pores volumetric fraction consists of a steeper increase of this quantity. Even though this observation may seem paradoxical in a first stage, it could also be the appearance of a coalescence phenomenon, meaning that the voids are merging, rather than disappearing. This coalescence phenomenon has been widely observed and studied for various materials [START_REF] Pinzer | 3D-characterization of three-phase systems using X-ray tomography: tracking the microstructural evolution in ice cream[END_REF][START_REF] Koplik | Void growth and coalescence in porous plastic solid[END_REF][START_REF] Flandi | Theoretical modeling and numerical study of coalescence of cavities in porous ductile viscoplastic solids[END_REF][START_REF] Jacques | Void coalescence in a porous solid under dynamic loading conditions[END_REF][START_REF] Landron | Experimental investigation of void coalescence in a dual phase steel using X-ray tomography[END_REF]. In particular, similar observations were performed on the adhesive B, using a different experimental set-up and a different processing technique [START_REF] Dumont | Experimental investigation of porosities evolution in a bonded assembly by means of X-ray tomography[END_REF]. One may visualise this phenomenon, coupled with void growth, on the CT-scans images, located in various sites. Once the segmentation is performed, it is possible to build the 3D geometry of the pores from the binary segmented volumes, and one may clearly see that the coalescence of the relevant cavities has been correctly detected. One can also notice in Figs.5.32a and Fig. 5.32b that in addition to the merging of the voids, the pores undergo an increase in volume and tend to expand. Even though an influence of the applied load is detected using the segmentation tool, little to no changes can be pinpointed visually on the reconstructed volumes, as it is shown in Fig. 5.33. This is due to the fact the changes undergone by the material from the initial to the final state of the experiments are very tenuous. For most cases, these changes correspond to differences of a few pixels, which makes them difficult to visualise.

Equivalent diameters distributions

The apparent absence of coalescence for the adhesive A could be explained by the very different characteristics of the corresponding detected pores field. This difference may be highlighted by the comparison of the distribution of the equivalent diameters of the voids, as already suggested for the comparisons in the initial state (Figs.5.34a and 5.34b). The equivalent diameter of an object is defined as the diameter of the sphere featuring the same volume. It is obvious from Fig. 5.34a that most of the pores in the adhesive A are extremely small (the average diameter being of approx. 36 µm), while the average diameter for the adhesive B is roughly 1.6 times greater (∼ 57 µm, Fig. 5.34c and Fig. 5.34d). Due to the limitations in terms of measurement resolution, and given the shape of the distribution presented in Fig. 5.34a, one could possibly conclude that there are some data and phenomena related to adhesive A that cannot be detected in this test configuration. The shape of the diameters distribution given in Fig. 5.34a suggests that there is a great number of pores whose diameter is lesser than 20 µm going undetected.

It is worth noting that the fluctuations of the statistics of the distribution for the adhesive A are one order of magnitude lower than those for the adhesive B (Fig. 5.34c and Fig. 5.34d), and therefore might be irrelevant with respect to the accuracy of the measurements. One possible conclusion would be that very few changes of the microstructure are occurring for the adhesive A. This could be confirmed by Fig. 5.34e, which shows seemingly identical distributions, contrary to Fig. 5.34f, for which a slight offset towards the increasing diameters is observed. This corresponds to the increase of the average diameter shown in Fig. 5.34d and visible in Figs.5.32a and 5.32b). 

Pores shape

The extracted pores seem to be spherical in all the investigated cases, as it is suggested by Fig. 5.29. It is possible to quantify this roundness, for each individual, by computing its sphericity Ψ as shown by Wadell [276]. This quantity is useful to characterise the similarity between a particle of volume V p and of area A p , and a sphere, as it is defined by Eq.5.5 on p.228.

Thanks to connected components analysis, it is easy, for each segmented pore, to access its volume and its area, and therefore to compute Ψ. This allows to track the possible variations in shape that may occur during the application of a mechanical load. The corresponding data is displayed in Fig. 5.35.

From the data in Figs.5.35a and 5.35b, it is clear, as it was assumed, that the large majority of the pores, are quasi-spherical for both adhesives. We may also spot a few values greater than 1, especially for small equivalent diameters, which is seemingly paradoxical. This is due to the effect of voxelation which can lead to slightly erroneous areas calculations, as it explained in [START_REF] Lehmann | Efficient N-Dimensional surface estimation using Crofton formula and run-length encoding[END_REF].

Even if the data provided in Figs.5.35a and 5.35b are very exhaustive and give a good visualisation of the pores shapes for a given load state, due to the large amount of points it is difficult to extract a trend from one point cloud to another. In order to do so, it was chosen to compute the average point for each point cloud, as shown in Figs.5.35c and 5.35d. These average points are simply located at the coordinates (µ d , µ Ψ ), µ d being the mean of the equivalent diameters and µ Ψ being the mean of the sphericity values. The error bars on these figures are calculated using the standard deviations of the equivalent diameters and the sphericities respectively. These graphs highlight the shift occurring towards the decreasing sphericities, especially in the case of the adhesive B (Fig. 5.35d). This result seems consistent with the application of a mechanical load, as the initially spherical pores (due to the surface tension) are slightly deformed into ovoids due to the normal stress applied to the adhesive joints. This can be validated by the computation of the principal direction for each pore for the last load step, as shown in Fig. 5.36. This leads to the conclusion that the geometrical transformations undergone by the pores within an adhesive joint under mechanical loading are strongly influenced by the nature of the adhesive (i.e. mechanical properties, chemical formulations, fillers, etc.): even though both adhesives A and B are bicomponent epoxy adhesives, the pores in the adhesive B are more prone to changes that those in adhesive A. These changes being mainly growth and coalescence, it is plausible that they may contribute to premature failure mechanisms.

It is also important to investigate the influence of the spatial localisation of the pores on their sphericity. In a first stage, the influence of the position in the (xy) plane is studied (Fig. 5.29 for the plane definition), as presented in Fig. 5.37. Only the data for the initial state (F = 0 N) are displayed, since they are sufficient to analyse the influence of this factor. No significant influence of the coordinates along x and y can be evidenced, regardless the adhesive. In particular, it seems that the proximity of the edges of the substrates does not impact the roundness of the pores. Similar considerations can be made for the position of the pores centroids along z, displayed in Fig. 5.38.

The pores featuring the lowest sphericities tend to be located near the middle of the adhesive joint following z, for both the adhesive A and the adhesive B. This could be explained by the fact that they are larger and more numerous in these parts, as shown 

Effective section

The effective section is defined in Eq.5.10 as the ratio between the surface of adhesive S F k adh and the surface of joint ( i∈phases S F k i ). Each quantity in Eq.5.10 exists for all the applied loads F k , resulting in the following expression for the effective section Σ

F k ef f . Σ F k ef f = S F k adh i∈phases S F k i (5.10)
This quantity can be computed for each reconstructed slice along the z axis (Fig. 5.29 for the z axis definition). It provides information about the concentration zones of pores along this axis, which is also the loading direction. Moreover, by computing Σ for various mechanical loads, it is possible to monitor the evolution of these concentration zones within the thickness of the adhesive joint. Both of the investigated adhesives feature lower effective sections approximately halfway through the thickness of the joint. This is explained by the fact that the largest pores tend to be located in the middle of the joint, as demonstrated by Fig. 5.41. The pores tend also to be more numerous in this region (Fig. 5.42). Furthermore, the application of a tensile loading accentuates this trend (dashed curves in Figs.5.40a and 5.40b).

Several possible explanations of this phenomenon can be expressed. Due to the applied tensile loading, the Poisson effect along the x and y, coupled with the extension of the pores along z (suggested by the modification of their sphericities, Fig. 5.35), could contribute to Moreover, as shown in Figs.5.30 and 5.31, the application of the tensile load tends to nucleate new pores (which may or may not coalesce afterwards), resulting in an increasing pores volumetric fraction. It is therefore a similar observation that is made in Fig. 5.40, except that instead of being volumetric quantities (such as the pores volumetric fraction, Eq.5.9), it is merely planar (surfaces in Eq.5.10).

IN-SITU X-RAY MICROTOMOGRAPHY MEASUREMENTS ON BONDED SAMPLES UNDER MECHANICAL LOADING

One may notice that rather low values of Σ are reached in the case of the adhesive B (Σ ∼ 0.93 in the worst case). An impact on the mechanical strength of the assembly could be expected from these low Σ, especially due to the fact that the higher the load, the more Σ decreases. Even in the scope of an approximate dimensioning, based on average stresses in the adhesive joint, the effect of such a decrease in the effective section is easily evidenced. In the case of the adhesive B, the application of a 900 N load on a 36 mm 2 bonded surface results in an average stress of σ = 25 MPa. However, by taking into account this reduction in terms of effective surface, the average stress rises to σ = 27 MPa, i.e. an 8% increase. In addition to this point, the stress concentrations induced by the presence of pores suggests that, depending on their characteristics (size, relative spacing, etc.), their impact on the mechanical behaviour (in the context of both the strength of materials theory and the fracture mechanics theory) could be significant, such as premature failures due to unexpected stress concentrations in a low effective section zone of the bond.

Conclusions

Samples were bonded using structural epoxy adhesives in order to perform in-situ microtomography measurements under mechanical loads. Two adhesives were studied under out-of-plane tensile loadings, to investigate the influence of the applied load on the pores inside the joint. Using a specially designed segmentation tool, the tomography reconstructed volumes were segmented into their different constitutive phases. The isolated pores were firstly characterised using global quantities over the whole joint, such as their number and their volumetric fraction. It was shown that, depending on the adhesive, the evidenced phenomena were different: in both cases the tensile load induces the nucleation of new pores, but coalescence was experienced for only one of the materials. At this stage of the study, no particular explanation of this variation in behaviour can be brought into light.

The geometrical properties of the created pores were also studied. The distributions of their equivalent diameters showed different characteristics from one adhesive to another, and the impact of the tensile loading on these distributions was also quantified. Moreover, the computation of their sphericity demonstrated that the pores tend to deform from quasi-spherical into ellipsoidal entities.

Finally, the effective sections of the adhesive joints were calculated in all the investigated cases, resulting into two main conclusions. Firstly, the pores tend to be larger and more numerous halfway through the thickness of the adhesive bond, resulting in a fairly low effective section in this region of the joint. Secondly, this tendency is intensified by the application of a mechanical load, leading to even lower effective sections. This is an indicator of the threat that can be induced by the creation of pores in these materials. It can be easily understood that such structural defects can lead to stresses higher than expected, either due to precisely this decrease in effective section, or due to stress concentrations; and therefore trigger the premature mechanical failure of the assembly.

Detection of three-dimensional displacement fields

within the adhesive bond: technique and results

Opening comments

As it has been shown in the previous sections, it is possible to detect the pores within the adhesive joint for all the considered load steps. Moreover, through connected components analysis, one may extract various geometrical properties for each detected pore. Among these geometrical characteristics, it is rather easy to compute the coordinates of the barycentre of the pores.

Moreover, since most of the pores are not subjected to disappearance3 , if one manage to track each pore along the increasing load steps, it would then be possible to track, for each applied load, the position of the pore. Consequently, if this is applied to all the relevant pores (i.e. those that did not coalesce), it should be feasible to compute, through three-dimensional interpolation, the displacement fields in the whole adhesive joint.

Such data could provide interesting information regarding the phenomena4 occurring in the joint under mechanical loading, especially for high stresses. In addition, this method could also yield results of significant importance regarding damage initiation and propagation, especially at a local observation scale.

To achieve this, it is required to be able to track each individual pore across different datasets. Connected components analysis assign an integer label to each detected pore. However, the value of this label is prone to change from one load step to another, since it depends on both the total number of pores in the adhesive joint at a given load step, and on the spatial position of the considered pore in the joint. The problem at hand is then merely a marker tracking problem, or a kind of particle image velocimetry (PIV) problem, as often encountered in the literature [START_REF] Hassan | Full-field bubbly flow velocity measurements using a multiframe particle tracking technique[END_REF][START_REF] Li | Strain Measurements Through Optimized Particle Tracking in Volumetric Images: Methodology and Error Assessment[END_REF].

In the particular case of X-ray tomography, such tracking and displacement computations considerations were performed on a variety of materials. For instance, in 1995, displacement fields were computed using X-ray tomography data acquired on an asphalt/aggregate cylindrical core under diametrical loading [START_REF] Zhou | Calculation of 3D Internal Displacement Fields from 3D X-Ray Computer Tomographic Images[END_REF] (Fig. 5.43).

More recently, a methodology was proposed to estimate the three-dimensional displacement fields in a polypropylene solid foam [START_REF] Roux | Three-dimensional image correlation from X-ray computed tomography of solid foam[END_REF]. An interesting global approach is introduced in this chapter, which allows for the determination of continuous fields rather than locally defined fields. The methodology used by the authors is based on finite elements shape functions, and shows good results for various sizes of cubic elements.

The following pages will be dedicated to the thorough presentation of the methodology used to process the gathered X-ray tomography data. 

Processing methodology

Underlying theory

Since the considerations regarding the tracking of displacements will be performed on the pores detected in the adhesive joint, it is critical to properly segment the reconstructed microtomographic data. This segmentation step has already been presented and characterised in this document (p.214 and following). No additional work will therefore be performed regarding this aspect of the processing, and this section will only focus on the tracking of the pores.

The purpose of the study is to calculate the displacements occurring in the adhesive joint from one stress level to another (Fig. 5.7) using the barycentres of the detected pores as markers, so it is necessary, in a last stage after the segmentation has been successfully performed, to link each pore detected at the n th step to its corresponding pore at the (n + 1) th step. This kind of issue has already been encountered, including in the context of microtomographic measurements, and as a result has been the subject of a number of studies [START_REF] Pinzer | 3D-characterization of three-phase systems using X-ray tomography: tracking the microstructural evolution in ice cream[END_REF][START_REF] Zhou | Calculation of 3D Internal Displacement Fields from 3D X-Ray Computer Tomographic Images[END_REF][START_REF] Andò | Grain-scale experimental investigation of localised deformation in sand: A discrete particle tracking approach[END_REF][START_REF] Nielsen | Measurements of plastic displacement gradient components in three dimensions using marker particles and synchrotron X-ray absorption microtomography[END_REF]. The proposed approach is based on marker tracking and particle imaging velocimetry (PIV) techniques. Therefore, for each particle at the n th level (i.e. each pore) we will try to find the one that maximises a correlation function f at the (n + 1) th level. Due to the relatively low marker density and low displacements occurring between two consecutive levels, we will base this correlation function on the following assumptions:

• the coordinates and the neighbourhood of the pore i in the state n will only undergo small changes to reach the state n + 1

• the geometric characteristics (i.e. volume, sphericity) of the pore i in the state n will only undergo small changes to reach the state n + 1

Consequently, this function will take the form of a matrix C of dimensions [N n , N n+1 ] with N n and N n+1 being the number of pores at the n th and (n + 1) th levels respectively, whose coefficients will be as explained in Eq.5.11.

         C ij = α 1 √ (x i -x j ) 2 +(y i -y j ) 2 +(z i -z j ) 2 + β 1 √ d i -d j + γ 1 √ Ψ i -Ψ j , if i = j C ij = 0 , if i = j (5.11)
with (x, y, z) being the Cartesian coordinates expressed in the coordinate system defined by the joint, d being the equivalent diameter, [α, β, γ] being three coefficients for a possible weighting of the terms, and Ψ being the sphericity as previously defined in Eq.5.5 (p.228).

It is common to encounter correlation errors [START_REF] Westerweel | Efficient detection of spurious vectors in particle image velocimetry data[END_REF][START_REF] Hart | PIV error correction[END_REF] (Fig. 5.44a for example), but they are relatively easy to correct in the studied case. Indeed, the first hypothesis previously formulated will be exploited: in a close neighbourhood, the displacements obtained at the end of the correlation calculation performed must vary only slightly from one pore to another, both in terms of direction and intensity. It is therefore easy to detect outliers in the displacement fields, and to correct them (Fig. 5.44), via various techniques that can be found in detail in [START_REF] Westerweel | Efficient detection of spurious vectors in particle image velocimetry data[END_REF][START_REF] Hart | PIV error correction[END_REF].

Application to artificial data

As it has been done for the segmentation performances (p.214 and following), it is possible to characterise the proposed methodology using artificial datasets. In addition, the influence of different factors can be investigated using such an approach.

Correlation and marker tracking capabilities

In a first stage, the abilities to correctly correlate the pores between two different loading state should be checked. As the suggested methodology does not require three-dimensional data, the following considerations are performed on two-dimensional datasets (i.e. images instead of volumes). Each quantity intervening in Eq.5.11 is then downgraded to fit this constraint, if it is required (e.g. the volume is downgraded to the area). Two boolean datasets of pores are generated (Fig. 5.45), slightly differing in terms of spatial position and sizes. Moreover, a few pores are added in the final dataset, so as to simulate the opening phenomena evidenced in the previous sections. The pairing performances of the developed algorithm are then tested and visualised, as presented in Fig. 5.46. As it may be seen, the pores added to the final dataset were successfully left out, since they do not have a corresponding neighbour in the initial dataset.

The data in Fig. 5.46b show that the voids are correctly tracked from one picture to another (Fig. 5.45a to Fig. 5.45b). Even though this was checked using two-dimensional datasets, this conclusion can safely be extrapolated to three-dimensional data, as the general theory remains the same. Since the tracking performances have been checked by the previous calculations, volumes including only one pore will be considered on the following pages, as only the performances in terms of displacements detection will be evaluated.

Influence of the voxelation on the detected displacements

During acquisition and segmentation, continuous analytical objects (pores, inclusions, etc.) are transformed into discrete objects as a result of voxelation. This voxelation can have a significant influence on the calculated displacements, especially for small objects, because the difference between continuous geometry and voxelated geometry is all the greater. In order to estimate this influence, it is proposed to consider elementary volumes, containing a pore, of variable diameter (i.e. of variable sensitivity to voxelation effects). To simulate the voxelation occurring during the tomographic measurement and segmentation process, a matrix M of dimensions (X, Y, Z) is built, whose elements (i, j, k) are defined by Eq.5.12.

       M ij = 1 , if (i -x c ) 2 + (j -y c ) 2 + (k -z c ) 2 r por M ij = 0 else (5.12)
with r por the radius of the considered pore and (x c , y c , z c ) the coordinates of the barycentre of the pore. It should be noted that the characteristics of the pore are not necessarily integers (i.e the quadruplet (x c , y c , z c , r por ) ∈ R 4 ).

A unidirectional displacement of 0.5 voxel is applied on (x c , y c , z c , z c ) (along the x axis for example), and the voxelation process is applied again (Eq.5.12), to obtain a deformed volume. The postprocessing presented above is finally applied to the initial volume and the deformed volume, so as to obtain a measured displacement, to be compared with the imposed displacement. The detection error ε is then calculated, according to Eq. 5.13.

       (x c , y c , z c ) = (x c + 0.5, y c , z c ) ε = (x c -x detect ) 2 + (y c -y detect ) 2 + (y c -y detect ) 2
(5.13) with (x c , y c , z c , z c ), (x c , y c , z c , z c ) and (x detect , y detect , z detect ) the respective coordinates of the theoretical initial pore, the theoretical final pore, and the detected final pore.

This comparison is made for a series of diameters distributed between 2 and 55 voxels, as shown in Fig. 5.47. It should be noticed that for the minimum pore size considered afterwards (V 125 voxels, corresponding to a diameter of about 8 voxels), the error made on an imposed displacement of 0.5 voxels is about 0.025 voxels, i.e. 5%.

Influence of the measurement noise on the detected displacements

As already mentioned, the postprocessing performed on these tomographic data is relatively sensitive to the measurement noise, due to the properties of the employed tools (i.e. thresholding, mainly). Among other elements, an inhomogeneous (and therefore defective) detection of contours beyond a certain noise level can be expected. To estimate the influence of this parameter on the displacements detection capabilities, the approach presented above (generation of artificial pores, application of a known displacement to the synthetic REV, calculation of displacement by tracking, and comparison with the imposed theoretical value) is applied, for various noise levels. Each noise level is generated according to a Gaussian distribution, as suggested by the histograms obtained from the experimental data (cf. peak rate in Fig. 5.9). Each noise draw is therefore defined by the standard deviation of its distribution. However, the important parameter here is not the value of this standard deviation, but the value of the ratio

η = σ b ∆ gsl
with σ b being the standard deviation of the Gaussian noise distribution and ∆ gsl being the difference between the greyscale levels of the adhesive and the pores. The results are presented in Fig. 5.48. For information purposes, η 0.3 for the actual experimental data. Except for the smallest pores for which there will be a high uncertainty, the displacements calculated for noise levels of this order of magnitude have small errors compared to the imposed displacements.

Detection of subvoxel displacements

According to the data presented in Fig. 5.47, it appears that the developed tool is able
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to detect subvoxel displacements with a rather good reliability, especially if the object to be considered is of sufficient size. It is therefore interesting to investigate the limits of the proposed methodology in terms of subvoxel displacements. As it may be seen in Fig. 5.47, the diameter d of the pore used as a marker is an important factor; consequently, three different cases should be studied:

• a small pore (d = 5 voxels) as the first extreme case

• a standard pore (d = 25 voxels)

• a large pore (d = 50 voxels) as the second extreme case

The imposed subvoxel displacements are distributed between 10 -3 voxel and 1 voxel, for the three proposed pore sizes. The results of these calculations are presented in Fig. 5.49. As suggested by the data displayed in Fig. 5.47, the larger the pore, the more reliable the displacement calculation. Moreover, in a rather intuitive way, the error ε hits its maximal value for an imposed displacement of 0.5 voxel, in all three cases. In the worst case (r por = 2.5 voxel, d imposed = 0.5 voxel), an error of roughly 10% on the detected displacement is obtained using the proposed tool.

Experimental results

The previously presented tool is applied on the reconstructed microtomographic data obtained from in-situ tensile tests. As such, it is possible to compute the three-dimensional displacement fields occurring in the adhesive joint. As it was presented in Fig. 5.49, small subpixel displacements should be avoided in order to get the lowest error possible. Consequently, the following results are computed between the initial stage (F = 0 N) and the final stage (F = 900 N), in order to observe the largest displacements possible.

In-plane displacements

The data in Figs.5.50a and 5.50b present the displacements computed for each pore along the X direction and the Y direction respectively. However, it is also clear that there is a parasitic movement taken into account in these fields, as the sample seems to be rotating around the Z axis. This may be due to various factors, mainly related to imperfect samples:

• substrates misalignment • unequal joint thickness • flawed machined threaded holes • etc.

Out-of-plane displacements

In a similar fashion, the out-of-plane displacements are computed (along the Z axis), giving the results showed in Fig. 5.51.

The observation made regarding unwanted displacements in the last paragraph is also valid in this case; at the same time the displacement gradient expected from a tensile loading is visible, but there is a clear rotational motion, which heavily disturbs the computed displacements. This also tends to validate the assumption that the threaded holes (Fig. 5.4c) were slightly off-centre. This flawed positioning probably induced a torque in the sample, and consequently created these additional displacements.

Rigid body motion correction

It is however possible to extract this rigid body motion from the computed displacement field (Figs. The obtained displacements offer a trend that is more in compliance with a tensile loading than the data in Figs.5.50 to 5.51. One may also notice that the remaining displacements are fairly small, and localised to the edges of the samples. 

Comparison with Finite Element Analysis

In order to compare the results obtained from the experimental data in terms of displacement fields within the adhesive joint, a Finite Element model of the tomographic samples (Fig. 5.4c on p.208) was built 5 . This model is to be used in a mechanical computation representative of the loading applied during the tomographic measurements. The geometry of the model is available in Fig. 5.54. The elements used to mesh the geometry are 3D brick elements 6 . The bondline is meshed so as to obtain eight elements through the thickness of the joint. The meshing of the substrates is imposed to be tighter near the adhesive layer than at their loading ends.

The simulation of the mechanical tests performed during the microtomographic measurements yields the results presented in Fig. 5.55. As it may be seen, a fairly good correspondence is reached, both in terms of in-plane displacements and of out-of-plane displacements. 

Relationships between microstructure and macroscopic mechanical properties

The main concern regarding the presence of pores in adhesive joints is to which extent they influence the mechanical behaviour, from a macroscopic standpoint, of a given assembly. In particular, the following consequences should be expected:

• decrease in stiffness • uneven load distribution, in the case of a non-uniform spatial distribution of pores • localised plasticisation and damage in a more general fashion, due to stress concentrations

Influence on the macroscopic behaviour: case study on the stiffness of a bonded assembly

In order to reduce the computation times, expected to be high due to the modelling of pores within the joints, only a 2D geometry will be used as a first approach, under plain strains assumptions. This method is somehow equivalent to the study of a slice of a bonded sample (Fig. 5.56). Consequently, only a slice of adhesive is modelled, as presented in Fig. 5.57a. Pores are then introduced in the joint (Fig. 5.57b). Their diameters are generated using a Gaussian distribution, and the locations of their centre are randomly distributed. In order to investigate the influence of these pores, two quantities are studied in the following calculations:

• the number of introduced pores N por • the mean of the Gaussian distribution used to generate the diameters µ d As a result, the influence of the volumetric fraction of pores η will also be investigated, as it is closely linked to the two previously mentioned quantities.

The geometry is finely meshed, to be in compliance with the characteristic size of the pores introduced in the joint (Figs.5.57c and 5.57d). The substrates are not modelled, as only the properties of the joint are studied. Their presence is nonetheless taken into account, through the application of the relevant boundary conditions (Fig. 5.57e). The position of the inferior edge of the joint (i.e. the contact between the inferior substrate and the adhesive) is fixed, and a 0.025 mm uniform displacement δ is applied to the superior edge.

The reaction force F obtained on this edge is extracted from the Finite Element Analysis result file using a Python routine, and is used in the trivial relationship in Eq.5.14 to calculate the macroscopic stiffness K of the joint.

K = F δ (5.14)
In a first approach, the adhesive is modelled as an elastic material, in order to avoid any possible convergence problems for such algorithmically generated geometries. The As it may be seen in Fig. 5.58, depending on the considered pores, a significant influence may be expected on the apparent stiffness of the assembly. For typical values encountered in actual adhesive joints, a decrease of roughly 4-8% in stiffness may be expected.

Depending on the application, this decrease in terms of stiffness may or may not be relevant to consider. In the case of engineering problems, it is a common practice to include safety factors on the mechanical dimensioning calculations, which are designed to take into account this kind of particular phenomena. The presence of pores may then be considered to be a second order phenomenon, when compared to experimental scattering for instance.

Nonetheless, for works requiring more accurate calculations 8 , it may be relevant to take into account such variations. As an example, the macroscopic stiffness is precisely the quantity used to identify the parameters of the mechanical behaviour law considered in this work (Chapter 3, p.111). Unfortunately, there is no way to access a priori the characteristics of the pores within an adhesive joint, except for the use of X-ray microtomography conjointly with the mechanical tests. Even though it is possible in theory 9 , such approaches are not expected to be applied soon, due to technical and behaviour understanding, especially for complex behaviour laws. Another possibility would be to characterise a sufficiently large number of samples using X-ray microtomography in order to build a statistically relevant database regarding the microstructure of a given adhesive cured using a given thermal cycle. One could then extrapolate these microstructural data to the samples used during the mechanical characterisation. Other issues are still raised by this method, such as the relevance of the extrapolation 10 , the cost versus benefit of these considerations 11 , etc.

Interlinking between coalescence phenomena and non-linear mechanical behaviour

Since coalescence phenomena, when detected, seems to appear once a certain stress has been reached in the adhesive, it is fair to hypothesise that a link may exist between these phenomena and the macroscopic rheological phenomena, used to model the mechanical behaviour of the adhesive.

In order to pinpoint the rheological mechanism(s) driving the merging of pores, a computation similar to that of p.263 and following is performed. As a reminder, the adhesive (Huntsman™Araldite ® ) is modelled using a viscoelastic-viscoplastic behaviour law, whose parameters are extracted from published works [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF]. The load applied during the tomographic experiments is applied to the model of the sample (Fig. 5.7b, p.210).

The searched phenomenon is expected to be either non-linear viscosity or plasticity, as they both rely on thresholds. On the other hand, linear viscosity is always a part of the mechanical behaviour and does not need a given threshold to be reached, contrary to coalescence. Consequently, three quantities are monitored throughout the simulation of the experiment:

• the hydrostatic thermodynamic potential y H 8 Mechanical characterisation computations, for instance, as presented in Chapter 3, p.111. 9 Such an approach could also be coupled with the computation of three-dimensional displacement fields within the adhesive as presented on p.252 and following, to obtain a full-field mechanical characterisation down to the microscopic scale. It is however not achievable using the current tools, as it raises both experimental and numerical issues. 10 One could argue that the geometry and the size of the samples could influence the properties of the created pores 11 Typically, the created pores for the adhesive occupy a very limited volume in the adhesive joint, resulting in a low macroscopic impact.
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• the deviatoric thermodynamic potential y D

• the cumulated irreversible strain variable p (i.e. plastic strains)

The results of this monitoring are presented in Figs.5.59a to 5.59c, for an element in the middle of the adhesive joint. The variable p may immediately be discarded, due to the extremely low values reached during the computation (virtually null, some slight fluctuations are observed but no plasticity is experienced). On the other hand, the thermodynamic potentials y H and y D display an interesting behaviour. Not only their variations are not negligible, but also non-linear viscosity is reached during the test. Moreover, the values of these potentials seem to stabilise above the thresholds (y 0 H and y 0 D respectively) for load values roughly corresponding to the beginning of coalescence (Figs.5.30b and 5.31b, p.241).

Consequently, these results tend to suggest that coalescence is driven by the material flows triggered for high stress levels, but not necessarily plasticity: in fact, the samples used during the in-situ tests failed before plasticity (Fig. 5.59c). Nonetheless, certain elements remain to be clarified: for instance, one can notice in Figs.5.59a and 5.59b that the crossing of the thresholds y 0 H and y 0 D does not exactly match the appearance of coalescence in the adhesive. This could be caused by slightly incorrect values for the non-linear viscous parameters of the behaviour law. Another possible cause would be that non-linear viscous strains need a certain time to trigger coalescence (i.e. to cause displacements large enough to engage the merging of the relevant pores).

Moreover, it should be reminded that apparently no coalescence was experienced for the adhesive. The same FE computation as previously detailed is performed using the load data presented in Fig. 5.7a to simulate the experiment done on this adhesive. The results are shown in Fig. 5.60.

One may easily see that both the hydrostatic and deviatoric thresholds were not reached during the tests, which could contribute to validate the theory formulated above regarding the interlinking between coalescence and material flow. This theory remains somehow difficult to prove with certainty, as non-linear viscosity is more of a phenomenological tool rather than an actual measurable quantity. Any additional proof will then rely on similar approaches, based on FE modelling.

It is also arduous to conclude regarding the nature of the relationship between coalescence and material flow. So far, only a correlation relationship has been suggested through the results of the FE calculations coupled with the microstructural characterisation, but any causality relationship, regardless of its course, remains to be drawn. 

Concluding remarks

In this chapter, several points about the microstructural properties of adhesives and bonded assemblies were shown, regarding various aspects. In a first stage, it was experimentally proven by means of in-situ X-ray microtomography measurements that adhesives, if processed and cured in standard conditions, include several hundreds of pores per cube millimetres. Depending on the adhesive, the characteristics of these pores may vary.

It was also shown that the curing conditions may have an influence on the properties of the aforementioned pores within the adhesive. In particular, a curing cycle containing a high temperature step is prone to induce pore growth and coalescence. It should be noted that the sensitivity to the curing conditions seems to vary from one adhesive to another: the Huntsman™Araldite ® was significantly impacted by changing curing conditions whereas the was more or less left unchanged, at least from what has been observed on the performed measurements. The factors driving this sensitivity to the curing conditions remain unknown so far. Moreover, it is also possible that the resolution of the measurements was insufficient to highlight the modifications triggered by the change in the curing temperature in the adhesive.

Moreover, the pores included in the adhesive joints are subjected to modifications induced by the application of a mechanical stress. Mainly pore nucleation and pore coalescence phenomena were found. Furthermore, tracking the detected pores throughout a mechanical test allows for the measurement of three-dimensional displacement fields, which could be used for various purposes in later works 12 .

Finally, the influence of the presence of pores in the joint was studied from a macroscopic standpoint. It was shown that for commonly encountered pores, the decrease in stiffness is detectable but not necessarily to be taken into account for most engineering considerations. A first proposition towards linking microscopic and macroscopic phenomena was also suggested. Finite Element computations showed that there may be at least a correlation relationship between stress-induced coalescence and viscosity-related material flow. This remains however an open field for future studies and more works are required to validate this assertion with certainty.

From a more general standpoint, all the studies performed in the scope of this chapter are fairly explorative, and therefore raised various questions and perspectives for future works. More specifically, the major aspect which remains to be answered is the criticality of the presence of pores in the adhesive, from the point of view of the mechanical strength. It is obvious that there are certain pores configurations 13 for which the mission of the joint (i.e. ensuring the adequate load transfer between mechanical parts of a structure) will be compromised. The appropriate criterion to quantify this criticality is still to be identified. Moreover, depending on the results of such a study, two cases should be contemplated:

• either it is found that pores are only troublesome in very specific and one-off circumstances, in which case the study of the microstructural properties of adhesive joints would remain of a fairly marginal interest regarding the mechanical behaviour and the failure of assemblies

• or on the contrary it is found that the presence of pores in relatively common configurations may be of significant importance to explain the initiation and the propagation of mechanical damage in adhesive joints, in which case it would be reasonable to pursue further work in order to link more closely mechanical behaviour modelling (i.e Chapters 2 and 3), mechanical failure (i.e Chapter 4) with microstructural characterisation. In the case of a relatively important influence of the pores for fairly common pores distributions, it would also be a valid argument towards the use of low-temperature curing cycles, to be added to the reduction of the residual stresses evidenced in Chapter 3.

Moreover, as it has been briefly evoked in Chapter 3, for complex behaviour laws such as the viscoelastic-viscoplastic spectral formulation used in this PhD, a common caveat regarding their use and their tuning is the possible lack of experimental data to correctly identify all the involved parameters. This especially true for phenomenological models, in which are found various quantities with fairly vague meanings and implications 14 . Nonetheless, it was shown that it is possible to access, with a rather good accuracy, the three-dimensional displacement fields within the joint under loading using marker tracking techniques. Consequently, it should be possible to use these experimental fields in the parameters identification process, instead of scalar values (i.e. the relative displacements of the substrates in Chapters 2 and 3, for example). The use of 3D displacement fields should provide valuable additional information, especially in relation to the viscous and plastic flow in the adhesive. Switching to a field-based identification is therefore a promising lead to avoid uniqueness problems for such mechanical models, with virtually no increase in computing time 15 . Coupled with these extensive experimental considerations, a viscoelastic-viscoplastic mechanical behaviour law was selected, and its parameters were identified, so as to be in a position to predict the mechanical behaviour of the adhesive as a function of the temperature. In addition, due to its definition in the hydrostatic -von Mises space, this behaviour law is able to describe multiaxial loadings in a very satisfying manner, which was a paramount requirement regarding the structure of the main industrial application. Moreover, the influence of the thermal and residual stress was quantified, and linked to the modelling of the mechanical behaviour. In particular, it was shown that the curing cycle deployed by Safran Reosc generated very low residual stress states in the adhesive bonds, obviously being a advantage of said cycle. These low stresses are due to the rather long isothermal step at ambient temperature at the beginning of the cycle. As such, most of the increase in stiffness of the material is done at ambient temperature, i.e. there is no simultaneous change in shape (from the dilation of the materials) and in mechanical properties. The only remaining mechanisms leading to the creation of residual stresses are then intrinsic to the curing reaction (chemical shrinkage, etc.).

Quantification of the influence of the temperature on the fracture properties of the adhesive

Even though the selected mechanical behaviour law is fairly extensive in terms of described phenomena, no information regarding the mechanical failure of the material is given whatsoever. Consequently, it was chosen to rectify this flaw and to carry out various works, both experimental and numerical, about the fracture properties of the investigated adhesive. Moreover, as it was evidenced that the temperature had a significant impact on its mechanical behaviour, these fracture mechanics investigations were also performed for three temperatures. As a result were obtained the fracture envelopes of the adhesive in the mixed-mode I/II plane, through the use of a non-standard methodology based on modified Arcan samples. The temperature of the service environment was once again identified as being a critical factor regarding the properties of the material. In particular, it was shown that an increase in the temperature leads to a significant decrease in the fracture properties (i.e. the critical strain energy release rates G c ). Nonetheless, the trend of these critical strain energy release rates with respect to the mode ratio remains fairly similar for all the considered temperature, suggesting that there is no major change in terms of inherent failure mechanisms. This assertion would be consistent with the fairly distant glass transition temperature of the adhesive when compared to the highest test temperature.

Finally, a first attempt to merge the non-linear behaviour of the adhesive with these fracture mechanics considerations was made, through the use of the eXtended Finite Elements Method. These preliminary calculations, even though they are promising, are CONCLUSION left unfinished as for now, due to time limitations.

Microscopic characterisation of adhesive joints: influences of the curing cycle and of mechanical stresses

These elements give a rather comprehensive description of the material, but only from a macroscopic to mesoscopic point of view. It was therefore chosen to reduce the scale of observation slightly further, down to the microstructure of the material with X-ray microtomography measurements. The main goal of this part of the study was to investigate the actual structure of adhesives instead of assuming they are continuous media. The underlying idea was to highlight micromechanical phenomena which would be correlated to macromechanical observations. Such a step forward would simultaneously improve the understanding of these materials regarding their usually observed behaviours (i.e. experimentally), and guide the modelling techniques employed to predict these behaviours. More specifically, it was shown that adhesive bonds contain a significant number of pores, whose characteristics depend on both the adhesive itself and on the curing cycle applied to the materials. Standard phenomena in porous media were then evidenced (pore growth, coalescence, pore displacement, etc.), related both to the curing and to the mechanical loading applied to the joints. These microscopic phenomena were finally linked to phenomenological quantities used in the viscoelastic-viscoplastic model of the adhesive, which was a first step towards a unified microscopic-macroscopic mechanical description of these materials.

Outlooks

Nonetheless, a lot of the aspects dealt with in these PhD works remain to be developed further and refined, as many questions were raised. Among these should be addressed the issue of the mechanical modelling. Even though the adopted viscoelastic-viscoplastic model is very comprehensive in terms of description and prediction of mechanical behaviours, it is achieved through a large number of parameters. These parameters must be identified in a reliable way, which requires a large number of tests. Due to obvious duration and experimental equipment constraints, the amount of tests must be kept reasonably low. This leads to a potential lack of experimental data for a perfectly reliable identification process. Consequently, due to the relative complexity of the model, one may not be able to guarantee the uniqueness of the n-tuple of parameters, identified to be the solution of the modelling problem. Therefore and strictly speaking, this would call for a modification of either the experimental tests array used to identify the parameters of the model, or of the model itself. Moreover, this issue is even more predominant when taking into account initial stress fields, which disturb the simplifying assumptions formulated to keep the amount of simultaneously studied parameters as low as possible. A potential lead for a more reliable identification would be to integrate cyclic loadings in the experimental campaign. However, an obvious caveat regarding this aspect is the huge increase in computation times required in the subsequent modelling, especially for studies performed on structures (as opposed to bulk samples).

An interesting perspective, which has been briefly considered during the PhD but not completed, is the unification of the stress-strain prediction and of the fracture properties of the materials into one comprehensive law. The use of XFEM is suggested, using a damage initiation criterion to be determined, and the fracture envelopes identified either by means of TDCB-MMB tests or by means of modified Arcan tests. Similarly to the definition of the yield function to trigger plasticity, the implementation of a damage initiation criterion in the hydrostatic -von Mises space could provide a satisfactory prediction. This would require the use of a UDMGINI 16 subroutine in Abaqus™ software, simultaneously with the use of the UMAT 17 subroutine containing the viscoelastic-viscoplastic law. Finally, 16 Regarding the microstructural characterisation of adhesive bonds, various further studies can be suggested. For instance, the use of a synchrotron tomograph would significantly reduce the acquisition times, and phenomena occurring within a shorter timespan could be detected. In particular, damage initiation and propagation mechanisms could be visualised shortly before the mechanical failure of the samples during in-situ tests. Another lead to investigate this particular aspect is to consider performing interrupted fatigue tests coupled with tomographic measurements. Moreover, one should also take interest in the vicinity of the adhesive/adherend interfaces, which are for now analysed only with great difficulty. Another measurement that would provide with very valuable information is the observation, through X-ray tomography, of the joint during its curing. Such measurements would give additional information regarding the influence of the curing temperature on the created pores, and possibly explain the phenomena encountered in Chapter 5. In addition, to complete the work done on the calculation of three-dimensional displacement fields in the joint under loading, one should be in a position to use digital volumetric correlation (by analogy with digital image correlation) directly on the reconstructed tomographic volumes. In particular, it would be interesting to study the strains in the vicinity of the edges of the pores, to be linked with damage initiation phenomena.
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A. In order to best resemble the actual experimental data, measurement noise is added to the data (Fig. A.2). For the sake of briefness, the influence of the added noise shall not be discussed in this work, as it is assumed, for its featured characteristics, to be marginal. This shows that n 0 =5 and n c =10 are parameters giving satisfactory results. However, as it is suggested by the curves in Fig. 3.9a (see page 126) a relatively large number of [n 0 ; n c ] combinations giving more or less the same isochronous viscous displacements can be found. It is therefore rather difficult to discuss on the uniqueness of the viscous spectrum.

A.4 Linear viscoelastic parameters

The values of the error ∆(a i ) (Eq.3.26) with respect to a D and a H are available in The adhesive is modelled as a viscoelastic-viscoplastic material using the spectral behaviour law studied previously (Tab.3.5, on p.137). The aluminium is assumed to be an elastic material (Tab.4.2, on p.167).

Regarding the CZM-related properties, they are as follows: Both have advantages and drawbacks: XFEM does not require a predefined propagation path contrary to CZM for instance, but on the other hand such an approach results in quite unstable FEA. Very small time increments must be used in XFEM, while CZM computations are a bit more permissive in this regard. The preliminary results obtained using both methods were rather promising, both in terms of crack initiation and propagation.

Yet, the LEFM framework should not be discarded, as it also provides fairly good results (Fig. B.6), as long as it is used throughout the complete process. In particular, it is quite dangerous to merge LEFM-based results with material non-linearity without care, as it is demonstrated in Fig. B.6: even though both the non-linear mechanical behaviour and the fracture properties of the material were rigorously identified, a few conflicting hypotheses may lead to slightly overestimating FEA. Last but not least, the LEFM framework is a rather operational tool, easily usable for industrial uses, which may not be the case for CPU-demanding approaches such as XFEM and CZM. Pour apporter de nouveaux éléments de réponse à ces questionnements opérationnels et scientifiques, une caractérisation des propriétés mécaniques d'assemblages collés sous différents environnements thermiques a été réalisée, de manière à étudier l'influence de la température sur les propriétés élastiques, viscoélastiques et viscoplastiques d'un adhésif. Les paramètres d'une loi viscoélastique-viscoplastique spectrale ont ainsi été identifiés. Par ailleurs, les taux de restitution d'énergie critiques 𝐺 " dans le plan mode 𝐼 / mode 𝐼𝐼 ont également été étudiés en fonction de la température via une méthode alternative aux standards ISO et ASTM. Enfin, une étude poussée de la microstructure de joints collés a été réalisée au moyen de mesures de microtomographie aux rayons X, mettant en évidence divers phénomènes liés à la polymérisation et à la croissance de porosités.

Title : On the durability of structural adhesive bonds in thermal environments: application to space-oriented optical systems Keywords : Bonded assemblies, behaviour law, fracture mechanics, residual and thermal stress fields, microstructural characterisation, in-situ X-ray tomography Abstract : Structural bonding is an assembly technique found in many industrial fields due to its various advantages, including its multimaterials bonding capabilities. This aspect is definitely an advantage regarding the design of high-tech structures, with many elements of varying sizes, materials and functions. The optical systems found in telescopes (not only current but also future) are examples of this type of application, requiring both reliability over time and precise knowledge of the properties of the adhesives. These optical systems are subjected to various thermomechanical loads, involving various phenomena at various scales of the behaviour of the adhesive.

A thorough characterisation of the mechanical properties of bonded assemblies under various thermal loadings was carried out to answer these industrial and scientific issues. In particular, the influence of temperature on the elastic, viscoelastic and viscoplastic properties was investigated, through the identification of the parameters of a viscoelastic-viscoplastic spectral law. The critical strain energy release rates 𝐺 " in the mixed-mode plane 𝐼/𝐼𝐼 were also studied as a function of the temperature using an alternative method to the ISO and ASTM standards. Finally, a detailed study of the microstructural properties of bonded joints was carried out by means of in-situ X-ray microtomography, highlighting various phenomena related to polymerisation and pore growth.
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 02 Figure 0.1: The Extremly Large Telescope (ELT)

Figure 0 . 3 :

 03 Figure 0.3: Mechanical pieces supporting the hexaedral segments of the primary mirror

Figure 0 . 4 :

 04 Figure 0.4: Temperature dependency of multiscaled phenomena: macroscopic mechanical behaviour (structure), local joint behaviour (crack propagation), microstructure properties (porosities)

  (a) Lined-up Albatros D.III near Douai, France (March 1917), featuring a wooden frame mainly held together by structural bonding. The second plane from the foreground is operated by Manfred Albrecht, also known as the Red Baron.(b) Diagram of a Fokker F-100 aircraft (introduction to commercial flights in 1988) highlighting the parts using structural bonding, extracted from[START_REF] Pocius | Adhesion and Adhesives Technology[END_REF] 
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 11 Figure 1.1: Use in aeronautics
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 112 Figure 1.2: Overview of a few adhesives families properties[START_REF] Dillard | Advances in structural adhesive bonding[END_REF] 
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 113 Figure 1.3: Chemical details on the epoxy resins formulations
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 14 Figure 1.4: Elementary rheological models
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 16 Figure 1.6: Mechanical behaviour of a Maxwell model under various loadings
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 17 Figure 1.7: Voigt viscoelastic model
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 18 Figure 1.8: Examples of viscoelastic composed models
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 110111 Figure 1.10: Schematic representation of a perfect plastic material
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 112 Figure 1.12: Illustration of the two main types of hardenings

Figure 1 . 15 :

 115 Figure 1.15: Examples of viscoplastic models based off Bingham works on plastic and viscous flows[START_REF] Bingham | Fluidity and plasticity[END_REF][START_REF]An investigation of the laws of plastic flow[END_REF] 

Figure 1 . 17 :

 117 Figure 1.17: Behaviours of a generalised Bingham model in creep and monotonic tensile conditions

Figure 1 . 18 :

 118 Figure 1.18: Primary, secondary and tertiary creep

  T ) 0} : elasticity domain • D 0 = {σ/f (σ, A I , T ) = 0} : initial elasticity-plasticity transition boundary • D pl = {σ/f (σ, A I , T ) 0} : plasticity domain where σ is the stress tensor, A I are the hardening rule parameters, and T is the temperature.
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 121 Figure 1.21: Quadratic yield function for a structural adhesive, extracted from [75]

Figure 1 . 22 : 40 1. 2 .

 122402 Figure 1.22: Gaussian shape of the spectral definition of the viscous mechanisms

  (a) Experimental test setup designed by da Vinci for the investigation of the fracture resistance of iron wires[START_REF] Parsons | Engineers and engineering in the Renaissance[END_REF][START_REF] Gross | Some Remarks on the History of Fracture Mechanics[END_REF] (b) Experimental test setup designed by Galilei for the investigation of the fracture resistance of columns and ropes[START_REF] Gross | Some Remarks on the History of Fracture Mechanics[END_REF][START_REF] Gross | Discorsi e dimostrazioni matematiche intorno a due nuove scienze[END_REF] 
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 123 Figure 1.23: Italian Renaissance experimental setups for the study of fracture mechanics
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 124 Figure 1.24: Contour integral definition
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 3125 Figure 1.25: Cracked mesh using XFEM (extracted from [92])

Figure 1 . 27 :

 127 Figure 1.27: Bulk specimen geometry according to the ASTM D695-15 standard [98] for compressive tests on rigid plastics

Figure 1 . 29 :

 129 Figure 1.29: Iosipescu test sample (illustration extracted from [16])

•

  interfaces-related phenomena • interphases-related phenomena • non-uniform material properties in the joint, due to gradients of polymerisation degree within the adhesive • adhesion phenomena • stress concentrations • etc.
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 131 Figure 1.31: Single Lap Joint sample

Figure 1 . 33 :

 133 Figure 1.33: Double Lap Joint sample
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 1134 Figure 1.34: Thick Adherend Shear Test sample
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 135 Figure 1.35: Butt-joint test sample

Figure 1 . 37 :

 137 Figure 1.37: Arcan experimental setup for bonded assemblies (illustrations based on [131])

Figure 1 . 39 :

 139 Figure 1.39: Different Scarf samples machining for different loadings

  1.41), which are linked to different damage mechanisms (mainly material yielding).
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 140141 Figure 1.40: Failure load and failure energy for various γ values and various bondline thicknesses for a brittle adhesive and a ductile adhesive[START_REF] Liao | Effect of adhesive thickness, adhesive type and scarf angle on the mechanical properties of scarf adhesive joints[END_REF] 
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 22142 Figure 1.42: Fracture mechanics bulk samples

  in 2001, and a few years later for structural adhesives [151] in 2009. One should also mention the publication of a document by the British Standards Institution in 2001 regarding the mode I fracture toughness using both DCB samples and TDCB samples for structural adhesives [152] in 2001.
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 143 Figure 1.43: DCB sample principle
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 144 Figure 1.44: TDCB sample principle
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 145 Figure 1.45: Linear relationship between the compliance C and the crack length a for TDCB tests[START_REF] Blackman | Measuring the mode I adhesive fracture energy, G IC , of structural adhesive joints: the results of an international round-robin[END_REF] 
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 1 Figure 1.46: Original MMB apparatus suggested by Crews and Reeder in[START_REF] Crews | A mixed-mode bending apparatus for delamination testing[END_REF] 
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 147 Figure 1.47: MMB sample principle

Figure 1 . 48 :

 148 Figure 1.48: Mode II characterisation samples
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 5149 Figure 1.49: Influence of the temperature on the properties of adhesives and T g measurement methodologies

  (a) Tensile and shear moduli (b) Tensile and shear yield stress

Figure 1 . 51 :

 151 Figure1.51: Linear variation of elasto-plastic material parameters along with the temperature[START_REF] Lee | Debonding failure characteristics of multi-laminated bonding system under cryogenic temperature[END_REF] 
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 21 Figure 2.1: Arcan samples for mechanical characterisation of adhesive joints

  (a) Face view (b) Side view (c) Beak detailed view

Figure 2 . 2 :

 22 Figure 2.2: Technical design of the modified Arcan samples

  (a) Modified Arcan apparatus (illustrations based on [131]) Shear Tensile Tensile-shear Compressionshear γ=90 o C γ=0 o C γ=45 o C γ=135 o C (b) Loading positions for various loading directions

Figure 2 . 3 :

 23 Figure 2.3: Loading modes of the modified Arcan device

Figure 2 . 4 :

 24 Figure 2.4: Mixing setup

Figure 2 . 5 :

 25 Figure 2.5: Influence of the temperature on the mechanical properties (data from [184])

  (a) Safran Reosc curing cycle (b) Differential Scanning Calorimetry measurements (c) Comparison between the thermal conditions outside the sample and in the bulk of the joint

Figure 2 . 6 :

 26 Figure 2.6: Curing of the material
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 822 MECHANICAL CHARACTERISATION TESTS -Tensile tests (γ=0°) -Tensile-shear tests (γ=45°) -Shear tests (γ=90°) -Compression-shear tests (γ=135°) • Creep-recovery tests -Tensile tests (γ=0°) -Shear tests (γ=90°)
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  2D and 3D. 

  (a) GOM™ system for digital image correlation (DIC) (b) Servathin™ thermal enclosure (c) Instron™ 1342 hydaulic tension-compression machine (d) Secasi™ thermal enclosure used to cure the adhesive GOM system Thermal enclosure Tension-compression machine (e) Complete experimental setup

Figure 2 . 7 :

 27 Figure 2.7: Experimental setup for the mechanical characterisation tests

2 (Figure 2 . 8 :

 228 Figure 2.8: Digital image correlation

  (a) Displacement-controlled test and GOM measurements (b) Comparison between theoretical and measured displacements for each displacement step

Figure 2 . 9 :

 29 Figure 2.9: Validation of the use of DIC
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 210 Figure 2.10: Arcan monotonic tests results (23°C)

Figure 2 . 11 :

 211 Figure 2.11: Arcan monotonic tests results (-15°C)

Figure 2 . 12 :

 212 Figure 2.12: Arcan monotonic tests results (45°C)

  2 kN/s • Creep loading and dwelling time: -4 creep steps, homogeneously distributed between 20% and 80% of the elastic pseudolimit (determined with monotonic tests) -Duration of each step: 2000 s • Recovery loading and dwelling time: -4 recovery steps, homogeneously distributed between 60% and 0% of the elastic pseudolimit (determined with monotonic tests) -Duration of each step: 2000 s
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 213 Figure 2.13: Identification of the elastic pseudolimit
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 214 Figure 2.14: Example of elastic pseudolimit identification (Shear test, 23°C)
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 215216217 Figure 2.15: Arcan creep-recovery tests results (23°C)
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 218 Figure 2.18: Ultimate strength of the samples as a function of the temperature

Figure 2 . 19 :

 219 Figure 2.19: Elastic pseudolimit of the samples as a function of the temperature
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 1220 Figure 2.20: Arcan monotonic tests results for various loading rates (23°C)
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 2221222 Figure 2.21: Influence of the loading rate on the load-displacement curves (23°C)
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 1003 Figure 2.23: Influence of the loading rate on the elastic pseudolimit (23°C)

Figure 2 . 24 :

 224 Figure 2.24: Examples of fracture surfaces of Arcan samples (23°C)

  (a) Tensile (γ=0°), monotonic (b) Tensile (γ=0°), creep-recovery

Figure 2 . 25 :

 225 Figure 2.25: Examples of fracture surfaces of Arcan samples (45°C)

Figure 2 . 26 :

 226 Figure 2.26: Simulated behaviour of the adhesive (γ = 67.5°, Fig.2.3a)

  (a) High frequency loading (b) Low frequency loading

Figure 2 .

 2 Figure 2.27: Cyclic loadings

  (a) Evolution of the temperature with respect to time (b) Distribution of the monitored temperatures

Figure 2 .

 2 Figure 2.29: Temperature data

Figure 2 .

 2 Figure 2.30: Cyclic loadings

  (a) Wohler-like curve for the adhesive under fatigue loadings (load ratio R = 0.1) (b) Power-law fitted to the experimental fatigue lives

Figure 2 . 31 :

 231 Figure 2.31: Fatigue experimental results (load amplitude F a versus fatigue lifes)
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 1331 MATHEMATICAL FORMULATION: SPECTRAL VISCOELASTIC-VISCOPLASTIC MODEL where a f , b f and c f are 3 constant parameters.
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 31 Figure 3.1: Parameters identification methodology

33 Table 3 . 4 :Figure 3 . 2 :

 333432 Figure 3.2: Finite Element model and mesh
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 33 Figure 3.3: Inverse identification method[START_REF] Medina | Characterization and modeling of multi-material assemblies under mixed quasi-static loadings for the design of automotive structures[END_REF] 

Figure 3 . 4 :

 34 Figure 3.4: Error maps obtained through Finite Element Modelling
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 1213 ADHESIVE BEHAVIOUR MODELLING This sum gives the intersection of the valleys of optimal (E; ν) couples Figs.3.4c and 3.4d. (a) Boundaries of the valleys of suitable (E; ν) couples for tensile and shear behaviours (∆ i (E, ν) < 0.1) (b) Global error map, normalised sum of Figs.3.4c and 3.4d
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 35 Figure 3.5: Global error map for the identification of (E; ν)
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 3637 Figure 3.6: Comparison between experimental and numerical behaviour using the identified optimal (E; ν) couple

Figure 3 . 8 :

 38 Figure 3.8: Isochronism principle validated for all the creep levels
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 39 Figure 3.9: Numerical identification of n 0 and n c
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 310 Figure 3.10: Numerical identification of n 0 and n c

  (a) Non-linearity of the viscous displacements with respect to the applied load (b) Inaccuracy of purely linear viscous mechanisms for high load levels

Figure 3 . 11 :

 311 Figure 3.11: Non-linear viscosity

Figure 3 . 12 :

 312 Figure 3.12: Convergence of the optimisation performed on Matlab™ for (y 0 D , y c D , d max D )

Figure 3 . 13 :

 313 Figure 3.13: Comparison between experimental and numerical creep behaviour (23°C)

Figure 3 . 14 :

 314 Figure 3.14: Yield points and quadratic fit (23°C)

Figure 3 . 15 :

 315 Figure 3.15: Comparison between experimental and numerical data (Shear behaviour, 23°C)

  34.91 MPa Q = 9.53 MPa b = 56.33 a 1 = 9.46 • 10 -4 MPa -1

Figure 3 . 16 :

 316 Figure 3.16: Comparison between experimental and numerical data (Tensile behaviour, 23°C)

Figure 3 . 17 :

 317 Figure 3.17: Validation of the viscoelastic behaviour on the recovery steps (23°C)
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 318 Figure 3.18: Validation of the elastic and viscoplastic parameters (23°C)
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 31932032132213933231403324 Figure 3.19: Evolution of the linear parameters with the temperature
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 325326 Figure 3.25: Beam curvature experimental set-up, extracted from[START_REF] Ramani | The evolution of residual stresses in thermoplastic bonding to metals[END_REF] 

Figure 3 . 27 :

 327 Figure 3.27: Geometry of the metal substrates (mm)

Figure 3 . 28 :

 328 Figure 3.28: Curvature induced by the curing

Figure 3 . 29 :

 329 Figure 3.29: Finite Element model of the sample
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 3301331 Figure 3.30: Evolution of the CTE of the adhesive with respect to the temperature (Safran Group measurements)

Figure 3 . 32 :

 332 Figure 3.32: Experimental curvature determination

Figure 3 . 33 :

 333 Figure 3.33: Evolution of the deflection of the samples along with time
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 34334 Figure 3.34: Residual stresses in Arcan samples
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 335 Figure 3.35: Displacements caused by the temperature field

Figure 3 . 36 :

 336 Figure 3.36: Thermal stresses in the centre of the joints during the thermal ramps

Figure 3 . 37 :

 337 Figure 3.37: Thermal stresses in the joints reached at the thermal equilibrium
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  4.1 and 4.2 [162]: c = (0.167 + 1.37e -4 ãln ã -302 ln G II Gc 219 -5000 G II Gc + 55 ln ã ) (4.1) 2 0.4 mm joints were also used in Chapter 2 for the mechanical characterisation tests.
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 42 Figure 4.2: TDCB samples geometry and loading principle[START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF] 

  (a) MMB samples design (b) MMB test design and dedicated loading apparatus

Figure 4 . 3 :

 43 Figure 4.3: MMB samples geometry and loading principle[START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF] 

Figure 4 . 4 :

 44 Figure 4.4: TDCB sample placed in the bonding apparatus

Figure 4 . 5 :

 45 Figure 4.5: Curing cycle and temperature measurements in the bulk of TDCB joints

Figure 4 . 6 :

 46 Figure 4.6: TDCB sample installed in the tensile machine

  (a) TDCB load-displacement curves (b) Influence of the pre-crack thickness

Figure 4 . 7 :

 47 Figure 4.7: TDCB tests results

Figure 4 . 8 :

 48 Figure 4.8: Fractured surface of a TDCB specimen
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 44108411 Figure 4.10: MMB tests results

Figure 4 . 12 :

 412 Figure 4.12: Experimental determination of dC da

Figure 4 . 13 :

 413 Figure 4.13: MMB Finite Element model, based on[START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF] 
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 9 (a) Combined experimental points (b) Average points

Figure 4 . 14 :

 414 Figure 4.14: Critical strain energy release rate G c as a function of the mode ratio

(

  a) Fitted Benzeggagh-Kenane criterion (b) Fracture envelope in the mixed-mode I/II plane

Figure 4 . 15 :

 415 Figure 4.15: Failure criterion in the mixed-mode I/II plane
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 3 APPLICATION OF THE ARCAN GEOMETRY TO FRACTURE MECHANICS: COMPARISON WITH STANDARDISED METHODS AND INVESTIGATIONS UNDER THERMAL Fracture Arcan samples design (lengths in mm)γ=90 o C γ=0 o C γ=45 o C γ=135 o C(c) Loading positions for various loading directions

Figure 4 . 16 :

 416 Figure 4.16: Loading modes of the modified Arcan device

  (a) Unassembled fracture Arcan sample (b) Assembled fracture Arcan sample using a specially designed apparatus Pre-crack zone Stable propagation zone (c) Pre-crack and crack propagation zones on a fractured sample

Figure 4 . 17 :

 417 Figure 4.17: Fracture Arcan sample

1 (

 1 a) Regions of interest R1 and R2 (b) Normal displacements field computed by means of digital image correlation

Figure 4 . 18 :

 418 Figure 4.18: Digital image correlation performed on a fracture Arcan sample

R 2 ( 4

 24 .13) A summary of the information about the test campaign may be found in Tab.4.6. Two samples are considered for each loading case. Temperature [°C] γ values [°] Corresponding mode ratios [

4 .20a) 2 .

 42 the crack tip location along the Y does not depend on X (i.e. we may use (Y Z) as a symmetry plane, Fig.4.20a) 4.3. APPLICATION OF THE ARCAN GEOMETRY TO FRACTURE MECHANICS: COMPARISON WITH STANDARDISED METHODS AND INVESTIGATIONS UNDER THERMAL CONDITIONS (a) Tensile (γ = 0°, mode I) (b) Shear (γ = 90°, mode II) (c) Tensile-shear (γ = 45°, mixed-mode I/II), normal displacements (d) Tensile-shear (γ = 45°, mixed-mode I/II), tangential displacements
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 4191834 Figure 4.19: Fracture Arcan tests load-displacement curves (23°C)

Figure 4 . 20 :

 420 Figure 4.20: Arcan Finite Element model
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 3421 Figure 4.21: Z displacements along the Y axis of a sample (tensile test, room temperature) for three loads

  4.23a) or shear tests (Fig.4.23b).

(Figure 4 . 23 :

 423 Figure 4.23: J-integral values as a function of the applied load

Figure 4 . 24 :

 424 Figure 4.24: J-integral values as a function of the applied load
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 3425 Figure 4.25: Arcan fracture properties versus standardised fracture properties (J criterion)

- 1 16

 1 i.e. load-displacement curves.

Figure 4 . 26 :

 426 Figure 4.26: F -δ criterion for the G c calculation point

  4.27a and 4.27b). The trend lines in Figs.4.27a and 4.27b give roughly the same projections for the G c calculation points: stands for Normal displacements and T D stands for Tangential displacements. 4.3. APPLICATION OF THE ARCAN GEOMETRY TO FRACTURE MECHANICS: COMPARISON WITH STANDARDISED METHODS AND INVESTIGATIONS UNDER THERMAL CONDITIONS (a) Normal behaviour (b) Tangential behaviour

Figure 4 .

 4 Figure 4.27: F -δ criterion for the G c calculation point, tensile-shear (γ = 45°, mixed-mode I/II)

  (a) Standardised data versus Arcan data (b) ∆Gc as a function of the mode ratio

Figure 4 . 28 :

 428 Figure 4.28: Correspondance between standardised methods and fracture Arcan method

  (a) Fracture envelopes computed by means of the Arcan geometry for various temperatures (b) Mode I critical strain energy release rate as a function of the temperature (c) Mode II critical strain energy release rate as a function of the temperature (d) Mixed-mode I/II critical strain energy release rate as a function of the temperature

Figure 4 . 29 :

 429 Figure 4.29: Fracture properties of the adhesive under various thermal conditions
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 430431 Figure 4.30: Behaviour of G I,c near the glass transition temperature T g
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 2021 . PREAMBLE failure of the samples, as it is illustrated in detail by Figs.5.1a, 5.1c and 5.1d where cracks can be spotted in the neighbourhood of pores.

Figure 5 . 1 :

 51 Figure 5.1: Microscopic observations of failure profiles of adhesively bonded samples (Huntsman™Araldite ® 420 A/B -tensile tests)

Figure 5 . 2 :

 52 Figure 5.2: Highlighting the presence of pores in the adhesive as soon as the joint is shaped using an optical microscope (Huntsman™Araldite ® 420 A/B -tensile tests)

Figure 5 . 3 :

 53 Figure 5.3: Tomography measurements principle

Figure 5 . 4 :

 54 Figure 5.4: Modification of SCARF geometries for in-situ tomography applications

Figure 5 . 5 :

 55 Figure 5.5: Experimental set-up
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 5657 Figure 5.6: Displacement steps applied to the samples
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 2122 MICROTOMOGRAPHY DATA PROCESSING: DEVELOPMENT OF A SEGMENTATION TOOL FOR THE STUDY OF MULTIPHASED ADHESIVE BONDS

Figure 5 . 8 :

 58 Figure 5.8: Reconstructed data after filtering and cropping (adhesive B)

Figure 5 . 9 :

 59 Figure 5.9: Histogram of a reconstructed volume and thresholds computed using Otsu's method

( a )Figure 5 . 11 :

 a511 Figure 5.11: Verification of the representativeness of the contours in the synthetic datasets
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 5 MICROSTRUCTURAL CHARACTERISATION be calculated, as presented in Eqs.5.3 and 5.4. por and N ref por are respectively the numbers of pores detected and of reference, η det por and η ref por are respectively the detected and reference pores volumetric ratio, and V por and V joint are respectively the volumes of the pores and of the joint. In order to reduce the influence of the greyscale noise on the results, 5 computations will be carried out for each couple [µ d , σ d ] for different Gaussian noise draws (the standard deviation of this noise being tuned using the data displayed in Tab.5.4). The results of this parametric study are displayed in Fig.5.13, where the mean values for ε N and ε η are presented.

  (a) Mean value of the relative error on the detected pores number εN (b) Mean value of the relative error on the detected pores volume ratio εη

Figure 5 . 13 :

 513 Figure 5.13: Segmentation performances on the pores numbers and volume ratii as functions of [µ d , σ d ]

Figure 5 . 14 :

 514 Figure 5.14: Details of segmentation errors occurring near the edges of pores (white pixels)

Figure 5 . 15 :Figure 5 . 16 :

 515516 Figure 5.15: Segmentation step results (adhesive B, slice in the middle of the adhesive joint)

  (a) Low resolution CT-scan image (b) High resolution CT-scan image

Figure 5 .

 5 Figure 5.17: CT-scans of the same sample performed at different resolutions

( a )Figure 5 . 18 :

 a518 Figure 5.18: Adhesive-pores segmentation of high and low resolutions volumes (sliced halfway through the thickness of the joint)

5. 3 .

 3 INFLUENCE OF THE CURING CYCLE ON THE CREATION OF PORES IN STRUCTURAL EPOXY ADHESIVES JOINTS (a) Comparison between high resolution and low resolution detected pores sizes (b) Volumetric fraction of each equivalent diameters kernel for the high resolution measurement

Figure 5 . 19 :

 519 Figure 5.19: Influence of the resolution of the measurements on the detected pores

  Adhesive B, high temperature curing

Figure 5 . 20 :

 520 Figure 5.20: 3D views of segmented pores in adhesive joints

Figure 5 . 21 :

 521 Figure 5.21: Comparisons of the pores diameters, numbers and volumetric fractions for high and low temperatures curing cycles

  (a) Sphericities of the pores in adhesive A plotted with respect to their diameter (b) Sphericities of the pores in adhesive B plotted with respect to their diameter (c) Sphericities values distribution for the adhesive A (d) Sphericities values distribution for the adhesive B (e) Average sphericities for all the considered cases
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 522524 Figure 5.22: Sphericities of the created pores 234

Figure 5 . 25 :

 525 Figure 5.25: Compactness maps computed for all the adhesive joints under investigation

Figure 5 . 26 :

 526 Figure 5.26: Pores coordinates distributions within the adhesive joint

Figure 5 . 27 :

 527 Figure 5.27: Local pores volumetric fractions

  213 and following, resulting in the data shown in slices to Fig.5.28 and in 3D rendering in Fig.5.29.

Figure 5 . 28 :

 528 Figure 5.28: Data segmentation output (Adhesive A, initial state, sliced halfway through the joint thickness)

  Adhesive A, high temperature curing

Figure 5 .

 5 Figure 5.29: 3D view of the pores in the adhesive joints
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 530531 Figure 5.30: Number of pores detected in the adhesive A and the adhesive B versus the applied load

Figure 5 . 32 :

 532 Figure 5.32: Coalescence sites visualised for two different load levels, adhesive B

  (a) Adhesive A -initial state (b) Adhesive A -final state (c) Adhesive B -initial state (d) Adhesive B -final state

Figure 5 . 33 :

 533 Figure 5.33: Reconstructed volumes sliced in the middle of the bonded surface
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 534 Figure 5.34: Comparison of the diameters distributions and evolution of their statistics
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 535537 Figure 5.35: Influence of a mechanical load on the sphericity Ψ of the pores

Figure 5 . 38 :

 538 Figure 5.38: Sphericity fluctuations along z

( a )Figure 5 . 39 :

 a539 Figure 5.39: Segmentation defects and coalescence inducing low sphericity values (adhesive B, halfway through the joint thickness)

Fig. 5 .

 5 40 displays these evolutions for both adhesives A and B.

Figure 5 . 40 :

 540 Figure 5.40: Evolution of the effective sections Σ of adhesive joints under tensile mechanical loadings
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 541542 Figure 5.41: Equivalent diameters of the pores plotted versus their location along z (initial states only)

Figure 5 . 43 :

 543 Figure 5.43: Displacement field computed on an asphalt/aggregate cylindrical core under diametral loading[START_REF] Zhou | Calculation of 3D Internal Displacement Fields from 3D X-Ray Computer Tomographic Images[END_REF] 

  (a) Localised correlation errors resulting in erroneous values in the computed displacement fields (b) Correction by Correlation Based Correction (CBC)[START_REF] Hart | PIV error correction[END_REF] 

Figure 5 . 44 :

 544 Figure 5.44: Erroneous tracking results, corrected through various techniques (from the works of Hart [290])

Figure 5 . 45 :

 545 Figure 5.45: Artificial boolean pores

Figure 5 . 46 :

 546 Figure 5.46: Pores tracking performances
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 5 DETECTION OF THREE-DIMENSIONAL DISPLACEMENT FIELDS WITHIN THE ADHESIVE BOND: TECHNIQUE AND RESULTS

Figure 5 . 47 :

 547 Figure 5.47: Influence of the size of the pores and of the voxelation on the detected displacement

( a )

 a Error committed on the detection of a 0.5 voxel displacement for various noise levels (b) Raw data with a high intensity measurement noise (η = 0.39) (c) Obtained segmentation (d) Reference
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  of crack propagation for cyclic and fatigue tests could yield additional information about the failure of assemblies, left fairly aside.
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 65 Figure A.6: Linear viscoelastic parameters identified on the artificial datasets
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  T ult = 35 MPa • G c = G I,c + (G II,c -G I,c ) G II Gc m (Benzeggagh-Kenane criterion, as identified in Chapter 4 B.4. CONCLUDING REMARKS considered in this appendix, XFEM and CZM.
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Table 1 .

 1 .1.

	Year of commercial availability Adhesive family
	1910	Phenol-formaldehyde
	1930	Urea-formaldehyde
	1940	Vinyl-phenolic, acrylic, polyurethane
	1950	Epoxies, cyanoacrylate, anaerobics
	1960	Polyamides, polybenzimidazole, polyquinoxaline
	1970	2nd generation acrylic

1: Summary of the development of synthetic structural adhesives formulations throughout the 20 th century [14] 1.1. ADHESIVE BONDING : FORMULATIONS AND ADHESION MECHANISMS

Table 1 .

 1 2: Various phenomena towards the same result ([START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF], from[START_REF] Ebnesajjad | Handbook of Adhesives and Surface Preparation[END_REF])

	for

  1.26 to 1.29.

	∂f ∂σ	σ +	∂f ∂σ el	σel = 0	(1.26)
	Therefore:				
	sign(σ -σ el ) σ + sign(σ -σ el ) σel = 0	(1.27)
	Then:				
		σ = σel	(1.28)
	And finally:				
		εp =	σ E	(1.29)
	σ				
		H			
	σ y				ε p
	Figure 1.14: Mechanical behaviour of a Präger model, featuring a linear kinematic hardening

  1.4. EXPERIMENTAL TESTS FOR THE MECHANICAL CHARACTERISATION OF STRUCTURAL ADHESIVES AND ADHESIVELY BONDED ASSEMBLIES

	Mode ratio G II /G C 0.2	0.4	0.6	0.8
	2L [mm]	130	150 150 150
	Lever arm c [mm]	129.6 76.7 55.5 42.1
	Table			

Table 1 .

 1 , dealing with thermal stresses in

	Material	CTE [×10-6 o C]	
	Aluminium	24	
	Steel	12	
	Titanium	9	
	Glass fibre	6	
	Carbon fibre (axial)	-0.5	
	Carbon fibre (radial)	10	
	Carbon fibre reinforced epoxy (longitudinal)	-0.1	
	Carbon fibre reinforced epoxy (transverse)	30	
		Below T g	Above T g
	Epoxy	60	180
	Bismaleimide	35	114
	Polymethyl methacrylate	26	53
	Epoxies		
	Toughened epoxy	50 -150	
	Epoxy phenolic	200	
	Epoxy nylon	50	
	Epoxy polysulfide	50	
	Phenolics		
	Nitrile phenolic	120	
	Vinyl phenolic	70	
	Neoprene phenolic	70	
	High temperature adhesives		
	Bismaleimide	210 -280	
	Polyimide	340 -430	
	Polyurethanes	20 -50	
	Anaerobics	120	
	Cyanoacrylates	80	
	Modified acrylics	60 -120	

6: Typical coefficients of thermal expansion (CTE) of various adherends and adhesives [172] Material T g [ o C]

Table 1 . 7
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	du o dx	=	P o E o t o	+ α o ∆T	(1.103)

: Typical coefficients of thermal expansion (CTE) of various adherends and adhesives

[START_REF] Dr | Improving bonding at high and low temperatures[END_REF] 

double lap joints. These thermal stresses are introduced in the constitutive equations, as in Eqs.1.103 and 1.104.
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Table 2 .

 2 

	Property	Duration / time
	Work life	
	Time to handling strength	
	Time to full strength	
	Shelf life	

1: Adhesive components physical properties (data from manufacturer [184])

Table 2 .

 2 2: A few additional properties for the considered adhesive useful for its handling and its polymerisation (data from the manufacturer [184])

  2.3.

			2.1. PRELIMINARY DISCUSSION
		y	
		γ	
	Adhesive		F
			x
	F	Adherend
	Properties	Value	Unit
	Density	2.8	g.cm -3
	Thermal conductivity 130 -200 W.mK -1
	Young's modulus	72.5	GPa
	Shear modulus	27.2	GPa
	Yield stress	135 -240	MPa
	Ultimate stress	250 -370	MPa
	Table 2.3: Mechanical properties of the AW2017 Aluminium alloy
	2.1.3 Preparation process		
	2.1.3.1 Bonding		

Table 2 .

 2 2.7. 

	Level Pseudolimit % Average load [kN] Min. load [kN] Max. load [kN]
	1	20	1.4	0.25	2.55
	2	40	2.8	0.51	5.09
	3	60	4.2	0.76	7.64
	4	80	5.6	1.02	10.18

6: Cyclic levels definition

Table 2 .

 2 Pseudolimit % Mean load [kN] Min. load [kN] Max. load [kN]

	1	80	5.6	1.02	10.18
	2	70	4.9	0.89	8.90
	3	60	4.2	0.76	7.60
	4	55	3.85	0.70	7.00

7: Fatigue levels definition

Table 2 .

 2 8: Bonded assemblies fatigue lives (expressed in numbers of cycles)

		2.4. FATIGUE CHARACTERISATION: TESTS AND RESULTS
	Level Amplitude [kN]	N 1	N 2	N 3	N 4	N 5	µ	λ
	1	4.58	119	149	156	114	129	133.4	18.4
	2	4.01	2238	1516	1431	1525	1802	1677.5	376.1
	3	3.44	22807 10648 15406 19568 12594 17107.2 5264.9
	4	3.15	46775 39109 93069 97405 79104 71092.4 26710.4
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 3 1: Elastic parameters of the spectral viscoelastic-viscoplastic law

	Parameter Name	Role
	E [MPa]	Young's modulus Instantaneous elasticity, used in C 0 e
	ν [ -]	Poisson ratio	Instantaneous elasticity, used in C 0 e

Table 3 . 3
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: Viscoplastic parameters of the spectral viscoelastic-viscoplastic law

Table 3 . 7

 37 

: Characteristics of the metal adherends

  .

		Deflection [mm]
	Low temperature	0.37
	High temperature	2.32
	Table 3.8: Characteristics of the metal adherends (data from manufacturers)

15°C and 45°C: influence of both the residual stresses and the thermal stresses

  3.11 to Tab.3.13 display a comparison of the values of the elastic, spectral and linear viscoelastic parameters identified with and without the inclusion of the residual stresses at 23°C. It should be noted that there are obviously no thermal stresses in this case. The data in Tabs.3.14 to 3.16 and in Tabs.3.17 to Tab.3.19 display a comparison of the values of the elastic, spectral and linear viscoelastic parameters identified with and without the inclusion of the thermal and residual stresses, at -15°C and 45°C respectively.

					3.5. CONCLUDING REMARKS
	Parameter No initial stress field With initial stress field Parameter No initial stress field With initial stress field
	n 0 [ -] E [MPa]	3.01	972	3.01	975
	n c [ -] ν [ -]		10.27	0.34	10.27	0.34
	Table 3.12: Spectral parameters (23°C) Table 3.17: Elastic parameters (45°C)
	Parameter Parameter No initial stress field With initial stress field No initial stress field With initial stress field a D [MPa -1 ] 777 n 0 [ -] 3.15 3.15 789 a H [MPa -1 ] 6687 6804 n c [ -] 10.04 10.04
	Table 3.13: Linear viscoelastic parameters (23°C) Table 3.18: Spectral parameters (45°C)
	Parameter	No initial stress field With initial stress field
	a D [MPa -1 ] Parameters identified at -Parameter No initial stress field With initial stress field 127 128 a H [MPa -1 ] 3259 3328
	E [MPa]		2044		2159
	ν [ -]		0.37		0.36
	Table 3.14: Elastic parameters (-15°C)
	Parameter No initial stress field With initial stress field
	n 0 [ -]		2.92		2.92
	n c [ -]		9.88		9.88
	Table 3.15: Spectral parameters (-15°C)
	Parameter No initial stress field With initial stress field
	E [MPa]		1380		1382
	ν [ -] Parameter	0.33 No initial stress field With initial stress field 0.33
	a D [MPa -1 ]		1981		2625
	a H [MPa -1 ]		Table 3.11: Elastic parameters (23°C) 10217 12419
	Table 3.16: Linear viscoelastic parameters (-15°C)

Table 3 .
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[START_REF] Carbas | Effect of Cure Temperature on the Glass Transition Temperature and Mechanical Properties of Epoxy Adhesives[END_REF]

: Linear viscoelastic parameters (45°C)

Table 4 .

 4 2: Some mechanical properties of the metallic alloys used for the substrates[START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF] 

		4.2. STANDARDISED TESTS AT ROOM TEMPERATURE
		Sample type Nominal pre-crack length [mm]
		TDCB		70.5
		MMB		35.0
	Table 4.1: Pre-crack length for the different samples geometries used in this study
		Tensile modulus [GPa] Poisson ratio [-] Yield stress [MPa]
	Aluminium 2017A	72.5		0.33	280
	High yield stress steel 210		0.33	1200
		Mode ratio G II /G c 0.2	0.4	0.6	0.8
		2L [mm]	130	150 150 150
		Lever arm c [mm]	129.6 76.7 55.5 42.1

Table 4 . 3

 43 

: A few values of the lever arm c for some mode ratios of interest

[START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF] 

Table 4 .

 4 .4 features a Al label.

	Sample	G I,c [N.mm -1 ]
	TDCB-1	1.539
	TDCB-2	1.668
	TDCB-3	1.658
	TDCB-4 Al	1.664
	TDCB-5 Al	1.650
	TDCB-6	1.506
	TDCB-7	1.599
	TDCB-8	1.491
	Mean µ	1.597
	Standard deviation σ	0.074

4: G I,c computation for each TDCB sample

Table 4 . 5
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	-1	0.2	1.74
	MMB-20-2	0.2	1.58
	MMB-20-3	0.2	1.72
	MMB-40-1	0.4	2.25
	MMB-40-2	0.4	2.12
	MMB-40-3	0.4	2.61
	MMB-60-1	0.6	3.51
	MMB-60-2	0.6	3.86
	MMB-60-3	0.6	3.79
	MMB-80-1	0.8	5.88
	MMB-80-2	0.8	5.02
	MMB-80-3	0.8	5.39

: Critical strain energy release rate (G c ) obtained through MMB experiments

Table 4 .

 4 6: Outline of the fracture Arcan tests campaign

  Suggested methodologies for the analysis of crack propagation Arcan tests a stable crack propagation, it is still difficult to pinpoint the correct instant (or loading state) for which G c should be calculated. Moreover, it is obvious from Fig.4.19 that once a certain load is reached, the material displays a severely non-linear behaviour, which may contradict the LEFM hypotheses. Therefore, one only has two indications about the loading state to choose for the G c calculation:

		Crack length	Hypothesis:
		optimisation	no stable crack
		(mode I)	propagation
	int	Mode II FEA with	G c = J-int
	for optimised crack	optimised crack	for initial
	length	length	crack length
		G c = J-int I +	
		J-int II	
	Figure 4.22:		

Table 4 . 7
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: Critical strain energy release rate (G c ) for various γ values (23°C)

Table 4 . 8
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	15 °C	3.615	10.710	3.027
	23 °C	1.770	8.415	2.690
	45 °C	0.660	4.330	3.145

: Benzeggagh-Kenane parameters for the studied temperatures

Table 4 .

 4 

	m15-1	45	0.5	4.54
	AR45-m15-2	45	0.5	4.43
	AR90-m15-1	90	1	10.59
	AR90-m15-2	90	1	10.82
				-1 ]
	AR0-45-1	0	0	0.55
	AR0-45-2	0	0	0.77
	AR45-45-1	45	0.5	0.96
	AR45-45-2	45	0.5	1.19
	AR90-45-1	90	1	4.01
	AR90-45-2	90	1	4.65

9: Critical strain energy release rate (G c ) for various γ values (-15°C) Specimen ID γ [°] Mode ratio [-] G c [N.mm

Table 4 .

 4 

10: Critical strain energy release rate (G c ) for various γ values (45°C)

Table 5 .

 5 -bits greyscale SEGMENTATION TOOL FOR THE STUDY OF MULTIPHASED ADHESIVE BONDS 4: 16-bits noise greyscale values for each phase in the investigated adhesives

	Phase	Adhesive A Adhesive B
	Pores + surrounding air	2281	2254
	Adhesive material	2554	2462
	Substrates (+ glass beads if needed)	6586	6681

  5.2. MICROTOMOGRAPHY DATA PROCESSING: DEVELOPMENT OF A SEGMENTATION TOOL FOR THE STUDY OF MULTIPHASED ADHESIVE BONDSFigure 5.12: Comparing the histogram of synthetic data with the histogram of experimental data (Huntsman™Araldite ® 420 A/B)

	values are provided.		
	Thresholds	Adhesive A Adhesive B
	First threshold (exp.)	15009	14035
	First threshold (synth.)	14151	13781
	Second threshold (exp.)	32192	31531
	Second threshold (synth.)	31085	30466
	Table 5.5: Comparison between the experimental and synthetic 16-bits greyscale thresholds
	for adhesive A and B		

Table 5 .

 5 and 5.7. 7: Pores diameters statistics for all the considered cases

	Adhesive	Curing		Pores [-] Pores volumetric fraction [%]
	A		Low temperature	5866	2.63
	A		High temperature	4862	2.57
	B		Low temperature	3806	2.61
	B		High temperature	2849	3.67
	Table 5.6: Characteristics of the created pores in the adhesives A and B for different curing
	cycles			
	Adhesive		Curing	Mean diameter [µm] Standard deviation [µm]
	A	Low temperature		43.1	12.0
	A	High temperature		42.9	11.9
	B	Low temperature		49.5	14.1
	B	High temperature		56.3	18.2

Table A .

 A 1. ARTIFICIAL DATA 1: Random set of parameters for the generation of artificial mechanical characterisation tests results

	Parameter	Value
	E [MPa]	1800
	ν [ -]	0.38
	n 0 [ -]	10
	n c [ -]	5
	a H [MPa -1 ] 1800
	a D [MPa -1 ] 1500
	y 0 H [ -] y 0 D [ -] y C H [ -] y C D [ -] d max [ -] H d max D [ -]	0.8 0.6 0.2 0.015 0.9 0.6
	a f [ -]	1
	b f [ -]	0.14
	c f [MPa -1 ] 0.0023
	R 0 [MPa]	32
	H [MPa]	30
	Q [MPa]	10.6
	b [ -]	45
	a 1 [ -]	0
	a 2 [MPa -1 ] 0.00262
	K [ -]	1
	n [ -]	1

Cette thèse aura été avant tout un travail d'équipe, et pour cela j'exprime ma gratitude à David Thévenet pour sa direction et sa bienveillance durant cette thèse parfois mouvementée. L'encadrement n'est pas en reste, et je remercie grandement Claudiu Badulescu et Georgios Stamoulis pour leurs conseils et leur pédagogie, qui m'auront permis d'aborder et de traiter des sujets très variés et pas toujours simples à première vue. Merci à vous, mais également à Anthony Lefèvre, qui aura su voir ma thèse à travers le prisme du milieu industriel. Savoir que mes travaux n'auront pas été relégués au rang de curiosités mais qu'une réelle utilité en a été dégagée est un réconfort pour un chercheur.

Direct imaging of large celestial bodies

Detection of the perturbation of the movements of stars, caused by the presence of rather small planets

Mechanical, thermal, chemical, UV exposure, etc.

Fuselage, wing structure, engine housing, etc.

Plywood, pressboards, chipboards, etc.

Such as polycarbonates, PolyMethyl MethAcrylate (PMMA), or Acrylonitrile Butadiene Styrene (ABS), commonly found in various industrial fields.

Aside from elastic potential energy

1 braccia = 55 -70 cm

Discourses and Mathematical Demonstrations Relating to Two New Sciences

Cherepanov [87] and Rice[START_REF] Rice | A Path Independent Integral and the Approximate Analysis of Strain Concentration by Notches and Cracks[END_REF]. Under the assumptions that the material is linear elastic and that the crack does not change its propagation direction, all the energy represented by the J-integral is used to create new free surfaces. Therefore, in the scope of the Linear Elastic Fracture Mechanics theory, J = G c .

For test durations reasons

This methodology is arbitrary and is based on the mechanical characterisation work showcased in the previous sections

20% -40% -60% -80%

Instead of taking a picture for every acquisition point as it is done to compute displacement / strain fields using digital image correlation, only the relative displacements between markers are computed here. Much less computational power is needed, which allows the user to significantly increase the acquisition frequency. The system is then similar to an optical extensometer.

Load ratio, frequency, loading direction, etc.

It is obvious that in this "linear" part, there are actually viscous strains taken into account; however in a first stage, these strains are considered to be marginal.

C3D8 in Abaqus™

with a 25 MPa step

with a 0.01 step

Four creep steps per loading case

Which are in some cases quite low for the first creep level, especially for tensile loadings

Four for the behaviour in the hydrostatic space and four for the behaviour in the deviatoric space

Finite Element Analysis divergences or overly small time-stepping during the Newton-Raphson scheme used to solve the problem, mainly

p.91.

By definition of the hydrostatic pressure with respect to the Cauchy stress tensor, which is also validated by the data in Fig.3.14, where the shear point features a null value for the hydrostatic pressure.

Simultaneous dilation and hardening of the adhesive, chemical shrinkage, etc.

From room temperature to -15°C for instance, in the case of the mechanical characterisation tests.

Which also features a curing step at ambient temperature, Tab.3.6 for details.

Coefficient of Thermal Expansion

Experimental fit and numerical fit.

Mainly stress relaxation mechanisms.

Used by Safran Group.

For the tests performed at -15°C for example.

i.e. the viscoelastic-viscoplastic behaviour law.

Elastic parameters and linear viscoelastic parameters, p.122 and following.

Arbritrarily chosen, a displacement equal to the thickness of the bondline is obtained in one minute

Those are used during the analysis of the results

This method is advised by the ISO standardISO 25217:2009 [151] 

Thickness: 11 µm 

Thickness: 50 µm

Neither placed during the bonding nor diffused during the curing

So as to remain in the framework imposed by the Linear Elastic Fracture Mechanics theory

The other reference points (RP) in Fig.4.13a were only used for the design of the loading arms of the MMB apparatus, and are not of particular interest.

These steel spacers (Figs.4.2b and 4.3a) are used to maintain the correct distance between the adherends during the curing (0.4 mm).

The whole joint is loaded simultaneously due to thte shape of the samples, as opposed to the TDCB samples for example, for which most of the loading is concentrated to the vicinity of the crack.

6 mm, p.180 

Mainly non-linear viscoelasticity (Chapter 3, p.129) and viscoplasticity (Chapter 3, p.131).

Given the fact that the G II Gc remains unchanged.

Bondline thickness, substrates alignment, etc.

2017A, which is the same shade as for the Arcan samples in Chapter

Univ. Lyon, INSA Lyon, UMR CNRS 5510

(a) Adhesive A, low temperature curing (b) Adhesive A, high temperature curing

(a) Adhesive A (b) Adhesive B

Through coalescence mechanisms, mainly.

Material flows, decrease in section, etc.

(a) Test sample (left: initial; right: final) (b) Computed displacement field

Using Abaqus™ v6.17 software

C3D8, implemented in Abaqus™ software

And by extension η.

Damage detection, micromechanical characterisation, etc.

In terms of sizes, spatial distribution, etc.

An example would be the transition between linear and non-linear viscoelasticity in the viscoelasticviscoplastic spectral behaviour law.

As only "macroscopic" mechanical properties are identified for now (i.e. the pores are not modelled in the geometry of the adhesive in Chapter 3), the principle of the subsequent FE modelling would remain the same as it is now.

γ ∈ [0°, 45°, 90°, 135°]

It is also mandatory to know a priori the path taken by the crack during its propagation to mesh the model accordingly.

User Damage Initiation in Abaqus™

Due to the geometry of the sample and to the XFEM set-up, both initiation and propagation should be predicted. Furthermore, the crack is expected to propagate very quickly and in a rather unstable fashion, resulting in a complete failure shortly after the initiation

Plane-strain conditions
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materials, such as metal alloys [START_REF] Michael A Sutton | Development and application of a crack tip opening displacement-based mixed mode fracture criterion[END_REF][START_REF] Michael A Sutton | A combined modeling-experimental study of the crack opening displacement fracture criterion for characterization of stable crack growth under mixed mode I/II loading in thin sheet materials[END_REF][START_REF] Fagerholt | Experimental and numerical investigation of fracture in a cast aluminium alloy[END_REF][START_REF] Richard | Cracks on Mixed Mode loading -Theories, experiments, simulations[END_REF], composites [START_REF] Robert | Interlaminar Fracture of Composite Materials[END_REF] and even adhesives [START_REF] Stamoulis | Investigating the fracture behavior of adhesively bonded metallic joints using the Arcan fixture[END_REF][START_REF] Pang | Mixed mode fracture analysis and toughness of adhesive joints[END_REF]. Switching to an Arcan-based approach has multiple advantages:

• there is no plasticisation risk • only one geometry is needed to complete a full study of the fracture envelope • the sample and the Arcan loading apparatus are compact enough to be used in a basic thermal enclosure

• one may even investigate the fracture properties for compressive loadings

In the following study, the fracture behaviour of specially designed Arcan samples (Fig. 4.16a) was investigated for three loading directions (Fig. 4.16b) (i.e. three mode ratios):

• pure tensile (γ = 0°)

• equally distributed tensile-shear (γ = 45°)

• pure shear (γ = 90°)

The corresponding mode ratios G II Gc are assumed to be 0, 0.5 and 1 respectively. Also, the compactness of the samples will be put to use and these tests will be carried out in three different thermal environments:

Using this approach, it should therefore be achievable to identify the fracture envelope of the adhesive as a function of the temperature. The following considerations are to be divided into two successive steps, due to the originality of the proposed method:

1. The validation of this methodology by comparing its results with the results obtained by means of standardised experiments (TDCB-MMB), starting on p.182.

2. The use of the validated Arcan method for the investigation of the fracture properties in various thermal environments, starting on p.193.

Samples geometries and preparation

The Arcan samples used in this campaign are based on a modified Arcan geometry [START_REF] Cognard | A modified Arcan test to analyze the behavior of composites and their assemblies under out-of-plane loadings[END_REF], which is very convenient and popular for the study of the behaviour of structural adhesives [START_REF] Ilioni | A viscoelastic-viscoplastic model to describe creep and strain rate effects on the mechanical behaviour of adhesively-bonded assemblies[END_REF][START_REF] Créac | A stress concentration-free bonded arcan tensile compression shear test specimen for the evaluation of adhesive mechanical response[END_REF][START_REF] Alfonso | Use of the modified Arcan fixture to study the strength of bonded assemblies for automotive applications[END_REF][START_REF] Stamoulis | Investigating the fracture behavior of adhesively bonded metallic joints using the Arcan fixture[END_REF]. They are however slightly altered, to allow for a stable crack propagation, as required by the LEFM theory. This alteration takes the form of a varying cross section, as it may be seen in Fig. 4.16a. This specific geometry is derived from the one used in [START_REF] Stamoulis | Investigating the fracture behavior of adhesively bonded metallic joints using the Arcan fixture[END_REF] for similar considerations about the fracture properties of a structural adhesive. It is though to be remembered that the samples used in this paper are smaller SEGMENTATION TOOL FOR THE STUDY OF MULTIPHASED ADHESIVE BONDS volume, where the pores display a unique greyscale level, and where the adhesive displays another, distinct, greyscale level. Then, padding is added (i.e. the air surrounding the sample and the substrates). Lastly, Gaussian noise is added to the synthetic volume, and a slight blurring of the contours is applied in order to best resemble the experimental data. The process adopted to create these synthetic volumes is summarised in Figs. 5.10a and 5.10b. 

On the boolean reference generation

We will assume a representative volume of [300, 300, 100] voxels for the adhesive joint in the following considerations. The complete synthetic volume will be slightly larger, due to the padding operated in the following steps, as presented in Fig. 5.10b. We assume that the pores diameters follow a Gaussian distribution of parameters [µ d , σ d ]. The study will be done for 200 pores randomly located in the adhesive joint. A set of 200 diameters in compliance with the Gaussian distribution [µ d , σ d ] is then generated, and sorted from largest to smallest, for convenience during their insertion in the volume (Fig. 5.10a).

CHAPTER 5. MICROSTRUCTURAL CHARACTERISATION

The boolean reference is under the shape of a matrix [300, 300, 100] M ref , whose elements (i, j, k) are defined by Eq.5.12.

where r por is the radius of the considered pore, and (x c , y c , z c ) the coordinates of the centre of the pore. As a side note, the properties of the pores are not constrained to be integers (i.e the quadruplet (x c , y c , z c , r por ) ∈ R 4 ).

The process mathematically expressed in Eq.5.12 also simulates the voxelation which occurs during the microtomography measurements, with the discretisation of continuous quantities (i.e the material) by the X-ray detector.

It is fairly conspicuous that the parameters chosen for the diameters Gaussian distribution will play an important part on the segmentation performances of the designed tool: the smaller the generated pores, the poorer the tool will compare to the reference. The values of these [µ d , σ d ] parameters will be discussed later in the study.

On the greyscale levels of the different phases

The determination of the greyscale values to be used for each phase is quite straightforward, as we are provided with the histograms of the reconstructed volumes. The nominal greyscale value for each synthetic phase will be the peak value evaluated on the histograms of the experimental data (Fig. 5.9 for example). The greyscale values (before the addition of the Gaussian noise, Fig. 5.10b) are summarised in Tab. 5 

On the measurement noise

The measurement noise is estimated by acquiring data for the same volume twice, and by subtracting one of the resulting reconstructed volumes to the other. The remaining greyscale values correspond to the measurement noise caused by the X-ray detector. We expect a significantly higher noise for the substrates and the glass beads due to their higher X-ray linear attenuation coefficient µ (Eq.5.1 for details). The noise values for each phase are listed in Tab.5.4.

Conclusion

In these final pages are briefly reminded the main conclusions and findings of the works performed in this PhD, from a more global standpoint. For more detailed discussions, the reader may refer to the conclusions and remarks at the end of each chapter.

Abstract

Overview and completed works Preamble

The very initial objective of this PhD was to bring to light new elements and phenomena for the understanding of the effect of the temperature, broadly speaking, on structural adhesives, as it was evoked in the perspectives of the PhD thesis of Ilioni [START_REF] Ilioni | Influence of water ageing on the behaviour of adhesives A rapid characterization of the evolution of mechanical properties of bonded joints[END_REF].

This effect was to be investigated from several standpoints, including:

• the general mechanical behaviour, i.e. from the point of view of a constitutive law • the fracture and crack propagation behaviour

• the porous structure of the adhesive joints One particularly interesting characteristic of these three aspects is that they involve mechanisms occurring at various scales of observation, from the macroscopic standpoint (i.e. the bonded assembly) to the microscopic standpoint (i.e. the microstructure of the material).

Moreover, these three angles are also involved at various steps of the life of a bonded assembly, sometimes cross-connected. The study performed on the influence of the temperature on the non-linear behaviour of the adhesive is heavily related to its service life, while the considerations on the critical strain energy release rates mainly focus on the end of the service of the joint. Similarly, the pores in the adhesive are created during the fabrication of the joint, but also influence the mechanical behaviour of the adhesive (i.e. its service life). Moreover, it is possible that, for particular configurations, they may also impact the failure of the joint.

The study presented in this document was then designed so as to be rather extensive, both in terms of timescale and of observation scale. The main results and their relationships are summarised below.

Completed works

Quantification of the influence of the temperature on the macroscopic mechanical behaviour of the adhesive

The predominant concern of this work was to provide Safran Group with elements regarding the modelling of the mechanical behaviour of the investigated adhesive, so as to be able to answer the requirements of the European Southern Observatory for the design and the building of the Extremely Large Telescope. As such, a large portion of the PhD was dedicated to a thorough experimental campaign to study not only the elastic properties of the adhesive, but also (and mainly) its viscoelastic and viscoplastic properties. This work was performed for three temperatures: -15°C, 23°C and 45°C, for various multiaxial

APPENDIX

A

On the uniqueness of the solutions of the parameters identification process

Even though the identified parameters are able to accurately predict, for most cases, the mechanical behaviour of the adhesive, a relevant caveat which should be mentioned and investigated is the uniqueness of the solutions for each identification step. Due to the number of parameters involved in this behaviour law, and due to the fact that some of them are identified simultaneously by batches of three or more, it is quite difficult to guarantee that:

• there is a unique n-tuple of parameters being the mathematical solution of the problem

• this hypothetical n-tuple can be identified using the experimental data provided by the tests array, nonetheless designed to be as complete and reasonably doable as possible Since analytically solving the equations for such a problem is not achievable, a possible wayaround is to randomly generate a set of parameters, to generate artificial experimental data (i.e. monotonic curves and creep-recovery curves, superimposed with realistic measurement noise), and to identify the parameters as if these artificial datasets were actual experimental data. The gap between the reference parameters used to generate the synthetic data and the identified parameters will therefore be an indicator regarding the uniqueness of the solution.

A.1 Artificial data

The reference parameters set used to generate the following synthetic data is presented in Tab.A.1.

These parameters are used to simulate monotonic tests for the loading directions investigated so far 1 , as shown in These values are then to be compared to the reference values given in Tab.A.1, which gives the following relative errors for these two parameters:

Even though the obtained gaps between the identified values and the reference values are fairly small, they are still noticeable. In particular, it should be mentioned that for both E and ν, the identified values underestimate the mechanical properties of the material (cf. the negative values of ∆ E and ∆ ν ). This is easily explained by the fact that for this stage of the identification process, the material is assumed to be purely elastic, which is obviously erroneous. As a consequence, the viscous strains and the elastic strains are combined and considered to be caused by the same mechanisms (i.e. elasticity), thereby virtually decreasing the stiffness of the material.

It is therefore obvious that the values of ∆ E and ∆ ν are heavily dependant upon the viscosity of the adhesive (i.e. the values of a D and a H , and upon the definition of the spectrum of the elementary viscous mechanisms).

A.3 Spectral parameters

Due to the artificial nature of the studied data, it is self-evident that the isochrononism condition is met regarding the viscous displacements. values can be extracted from this figure:

The viscoelastic parameters are slightly overestimated (i.e. the viscous strains are slightly underestimated), probably because of the underestimation of the elastic parameters put into light in page 305.

However, according to the shapes of the error displayed in Fig .A.6, it seems that there is no particular issue regarding the uniqueness of these parameters.

A.5 Non-linear viscoelastic parameters

The non-linear viscoelastic parameters are identified using an optimisation algorithm [START_REF] Nelder | A Simplex Method for Function Minimization[END_REF][START_REF] Lagarias | Convergence Properties of the Nelder-Mead Simplex Method in Low Dimensions[END_REF]. Even though this algorithm gives satisfactory fits, it is not guaranteed to find the global optimal solution to a given problem.

A possible way to observe and quantify this phenomena is to give different starting points (i.e. different initial values for y 0 i , y c i and d max i

). If there is a clearly defined and unique solution to the considered problem, the optimised values for these parameters should not depend on the initial values given to the optimisation algorithm. On the other hand, if there are various local minima for the error function, different optimised values for y 0 i , y c i and d max i can be expected.

In this regard, three cases are considered: This observation is rather concerning, because it suggests that the provided experimental data do not suffice to identify these parameters, as two very different (y 0 D ; y c D ; d max D sets are able to give two seemingly indissociable mechanical behaviours (Figs.A.7a and A.7b). However, even if in this particular case, the simulated behaviours are similar, it may not be the case for other loadings, such as longer-term creep or cyclic loading. This is easily A.5. NON-LINEAR VISCOELASTIC PARAMETERS Ideally, these non-linear viscoelastic parameters should therefore be identified using a combination of creep-recovery and cyclic loadings tests results. However, this is hardly a numerically-wise viable solution, especially for bonded assemblies, since the complete 2 Performed on one element so as to speed the computation up.
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A.6. VISCOPLASTIC PARAMETERS geometry must be modelled. As a consequence, the computation time for one optimisation iteration reaches critical durations, in particular for (y 0 D ; y c D ; d max D associated to a highly viscous behaviour. A possible workaround would be to perform the mechanical characterisation on bulk samples, which would enables the use of single-element models. This is though not conceivable for the work presented here, for it is specifically aimed at the mechanical characterisation of bonded assemblies. Similar observations can be expressed regarding the non-linear hydrostatic viscous parameters.

To summarise the findings of the previous pages and as concluding remarks, it should be remembered that:

• non-linear viscoelasticity, due to the number of involved parameters, must be identified using optimisation algorithms

• depending on the available experimental data, several optimised sets can be reached from different initial sets, giving the same behaviour ( • providing sufficient experimental data to reach the hypothetical unique solution of the problem would result in tests campaigns and identification processes that are not compatible with typical time constraints

• extrapolating the viscoelastic behaviour of the adhesive to longer timescales or to drastically different loadings therefore may involve risks, such as inaccurate predictions

A.6 Viscoplastic parameters

The identified yield function is rather close to the reference yield function (Fig.A.9).

Figure A.9: Comparison between the reference and the identified yield functions

Even though there has been some slight gaps so far between the reference parameters on one hand and the identified parameters on the other hand, the influence on the stress state in the joint is apparently marginal.

Regarding the hardening function parameters H, Q, b and the non-hydrostatic flow parameter a 1 , a method similar to that of the non-linear viscoelastic parameters is applied. Several starting points for the optimisation algorithm are considered, ranging in terms of closeness to the "ideal" solution. As it may be seen in Fig. A.10, the quality of the initial guess impacts the optimised solution, suggesting that the algorithm may remain stuck in local error minima.

Initial

Optimised However, it is seemingly not as critical as it is for the non-linear viscoelastic parameters (Fig.A.7), as the resulting optimised n-tuples do not yield similar mechanical behaviours. Consequently, an ill-advised initial point may be quite easily diagnosed and corrected, as the algorithm will difficultly converge to a satisfying solution (Figs.A.10b and A.10c). Unfinished works regarding the prediction of the mechanical failure of assemblies may be found in the following pages.

The main idea explored in this appendix is the simultaneous use of the identified viscoelastic-viscoplastic spectral behaviour law and of the fracure mechanics capabilities of Abaqus™ v.2017 software.

B.1 Preliminary comments

As it has been evoked in conclusion of Chapter 3, the main drawback of the viscoelasticviscoplastic spectral behaviour law as it is implemented is that no indication whatsoever is given regarding the cracking and the failure of the material. Nonetheless, the failure of materials and assemblies is a legitimate question and a very common issue in engineering.

Moreover, it was shown that the mechanical behaviour of the adhesive is highly nonlinear, as expected. It is then strongly advised to take into account this non-linearity when performing FEA. A few methods exist to answer this particular problem.

Aside from cohesive elements and Cohesive Zones Models, which may be highly demanding in terms of computational power 1 , it is possible to use the Extended Finite Element Method for such problems. In following paragraphs, a brief description of this method is given, along with a case study on two experimental configurations, in a first attempt to integrate crack propagation phenomena to the viscoelastic-viscoplastic behaviour of the adhesive. ASSEMBLIES

B.2 Viscoelasticity-viscoplasticity and fracture mechanics: use of the Extended Finite Element Method (XFEM) B.2.1 Extended Finite Element Method (XFEM): basic principles and interests

As the detailed theory behind the method does not fit the scope of the present manuscript, only a brief explanation is given below. More information regarding these aspects may be found in [START_REF] Moës | A finite element method for crack growth without remeshing[END_REF][START_REF] Prabel | Modélisation avec la méthode X-FEM de la propagation dynamique et de l'arrêt de fissure de clivage dans un acier de cuve REP[END_REF].

The Extended Finite Element Method (XFEM) was developed in the late 1990s [START_REF] Moës | A finite element method for crack growth without remeshing[END_REF] as a method to study crack propagation in a model without the need to remesh the geometry. It is an extension of the usual FEM, relynig on the notion of partition of unity. To achieve this, the crack in the material is implicitly defined, using the Level Set method. This description is then used to enrich the displacement field in the FEM (Eq.B.1, from [START_REF] Du | eXtended Finite Element Method (XFEM) in Abaqus[END_REF]).

where u is the displacement field, N I are the shape functions, u I are the nodal displacements, H(x, y, z) is the discontinuous jump function, a I is the nodal enriched degree of freedom vector, F α (x, y, z) are the asymptotic crack-tip functions and b α I is the crack-tip nodal enriched degree of freedom vector.

XFEM models were successfully used in published works for a variety of applications [START_REF] Budyn | A method for multiple crack growth in brittle materials without remeshing[END_REF][START_REF] Prabel | Modélisation avec la méthode X-FEM de la propagation dynamique et de l'arrêt de fissure de clivage dans un acier de cuve REP[END_REF]. It is of particular interest for several reasons:

• The crack propagation path does not need to be pre-determined • The region to crack does not require an extremely fine mesh

B.2. VISCOELASTICITY-VISCOPLASTICITY AND FRACTURE MECHANICS: USE OF THE EXTENDED FINITE ELEMENT METHOD (XFEM)

• It is possible to use various mechanical behaviour laws conjoinedly with XFEM, as the method is not limited to elastic materials.

• The method is already implemented in various FE softwares, and is fairly easy to use.

In the following study, the implementation of XFEM in Abaqus™ v.2017 software is used.

B.2.2 Prediction of the mechanical failure: application to Arcan samples

B.2.2.1 Model and parameters

The model built for this work is based on the Arcan samples used in the mechanical characterisation campaign (Chapter 2). The geometry and the associated mesh are presented in Fig. B.2. Only a quarter of the complete geometry is considered, for symmetry reasons. It should be noted that the model could be further reduced, down to an eighth of the complete geometry, if all the symmetry planes are exploited. However, since the crack is expected to propagate more or less in the median plane of the bondline, the symmetry along Z is not put to use ( Regarding the mechanical properties of the adhesive, the parameters of the viscoelasticviscoplastic behaviour law identified for the adhesive are used (Tab.3.5).

Since there is no initial crack in the model, it is necessary to give a damage initiation criterion to the adhesive material. Ideally, a criterion defined in the hydrostatic-von Mises ASSEMBLIES space would be a go-to solution, as for the yield function implemented in the behaviour law (Eq.3.12, on page 114). Unfortunately, such a formulation is not available as a built-in option in Abaqus™ v.2017. It would therefore require the use of a UDMGINI 2 subroutine.

As a first approach, a fairly basic stress-based criterion was selected. The elements are considered to be damaged when the maximal principal stress reaches a certain threshold, to be determined.

Due to the lack of other, more significant data, the value of this threshold was set to the average stress in the bondline at failure (Eq.B.2).

where σ max is the principal stress initiating the damage initiation, F i ult is the ultimate strength, as defined in Eq.2.5 (page 97), S is the joint surface and i is the value of the γ angle (Fig. 1.37b, page 55).

B.2.2.2 Tensile test at ambient temperature

The first case investigated is a tensile test performed at 23 °C. The objective is to manage to simulate both the viscoelastic-viscoplastic behaviour of the adhesive and the failure mechanisms 3 at the end of the test.

The model is therefore able to predict the failure of the sample (Fig. B.3a), and more importantly to predict the propagation of the crack within the adhesive. In particular, it may be seen in Fig. B.3b that once the initiation occurred, the crack propagates extremely fast in the adhesive, as it was expected due to the special geometry of the Arcan samples. The data in Fig. B.3b shows that almost 40% of the joint surface is cracked in roughly 80 ms. These results should however be pondered by the fact that this timescale relates more to the dynamic behaviour of the material than the quasi-static properties studied thus far. Nonetheless, it is obvious that the main phenomenon driving the failure of this sort of geometry is the initiation of the crack rather than its stable propagation. Consequently, another test configuration should be considered in addition to these first calculations. 

Cohesive Zone Models (CZM): basic principles and interests

The first works regarding this matter may be attributed to Barenblatt [START_REF] Barenblatt | The Mathematical Theory of Equilibrium Cracks in Brittle Fracture[END_REF] and Dugdale [START_REF] Dugdale | Yielding of steel sheets containing slits[END_REF] in the early 60s. Cohesive Zone Models (CZM) are FE models used in fracture mechanics to simulate the growth of a crack, viewed as the separation of two intially joined surfaces. These surfaces are kept together by cohesive traction properties. The properties of this cohesive contact may be defined with respect to various quantities (mainly stress, displacement and energy). An usual approach is to define a traction-separation (T -δ) law (Fig. While one needs to know a priori the crack propagation path to use this method, since the cohesive contact must be modelled accordingly, far less numerical unstability is expected than for XFEM computations.

B.3.2 Crack propagation prediction : Tapered Double Cantilever Beam (TDCB) test

As the TDCB tests displayed the most significant crack propagations, they were chosen to be modelled using CZM coupled with the viscoelastic-viscoplastic behaviour law. It should be noted that ideally, another test configuration should be considered, so as to actually validate the methodology.

B.3.2.1 Model and parameters

Due to the large size of the substrates compared to the characterstic size of the bondline (i.e. the thickness of 0.4 mm), it was decided to consider a 2.5D geometry. The viscoelastic-viscoplastic behaviour law as it is implemented does not allow for 2D computations, therefore a geometry of a TDCB sample with only one element along its thickness was built, with the relevant boundary conditions to model a slice of the sample taken in its centre 4 . The model may be visualised in Fig. B.5. The cohesive contact is set halfway through the thickness of the bondline, as this is theoretically the favoured propagation path. This assumption is also supported by the results from the experiments. ASSEMBLIES

B.3.2.2 Results

The main goal is to correctly describe the propagation of the crack without the Linear Elastic Fracture Mechanics (LEFM) framework. Therefore, the experimental results are compared to the load-displacement data obtained from the FEA (Fig.B.6).

Figure B.6: Comparison between numerical and experimental data

As it may be seen in Fig. B.6, the stabilised load plateau reached during the CZM calculation is slightly higher than it is for the experimental results. The most plausible explanation regarding this offset is that the critical strain energy release rate G c was calculated using the LEFM hypotheses. Therefore, the only source of energy dissipation taken into account during the identification of G c is the propagation of the crack. However, due to the non-linearity of the mechanical behaviour of the studied adhesive, it is obvious that in practice this is slightly erroneous: viscoelastic and viscoplastic dissipation mechanisms also play a part in the energetic balance of the system. Consequently, a part of the dissipated energy included in the value of G c given by the LEFM is actually a result of the material non-linearity, as it was shown for instance by Stamoulis et al. [START_REF] Stamoulis | Investigating the influence of material non-linearity in the fracture properties of ductile adhesives submitted to mixed-mode loading[END_REF]. In conclusion, the computed G c may slightly overestimate the actual critical strain energy release rate of the adhesive.

Nonetheless, it is possible to carry out this FEA using an elastic material for the adhesive instead of a viscoelastic-viscoplastic behaviour. Doing so, a quite better match between experimental results and numerical results is obtained, as it is displayed in 

B.4 Concluding remarks

As it was shown on these pages, a fair amount of leads can be exploited in order to unify non-linear mechanical behaviour of a material and fracture mechanics. Two were