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Acronyms

Context of study

Nowadays, one of the most recurrent issue in the industry is the mass reduction of the different structures. It is especially the case in the transportation industry (among which is the aerospatial) since a lighter aircraft can drastically reduce the fuel consumption. To that effect, polymer matrix-based is a more and more serious candidate to replace metallic alloys in structural parts of an airplane. Its low weight and excellent specific mechanical properties (properties divided by the density of the material) justify the exponential trend which has been observed in its use over the past 50 years, see Fig. 1. The mass percentage has indeed increased slowly until the mid-80', before a drastic increase and exceeding 50% in the last aircraft generation (Boeing 787 and A350). The main composite family used are Carbon Fiber Reinforced Polymers (CFRP). The distribution of the various materials in the Boeing 787 can be observed on Fig. 2. CFRPs constitute the bulk of the plane, while the metallic alloys are still sparsely used for strategic parts which require a higher thermomechanical capacity than those obtained with CFRPs. to 2015 [START_REF] Loukil | Experimental and Numeriacal Studies of Intralaminar Cracking in High Performance Composites[END_REF] However, as the massive use of composite materials in structural design remains rather recent, their behavior is still not as well understood as the one of metallic alloys. It is especially the case in extreme conditions in which the matrix component will often act as the weak link of a CFRP, e.g. for high temperature exposure the polymer matrix is far more sensitive to degradation than carbon fibers or metals. 

Generalities on composite materials

A material is referred to as composite when it results from the assembly of various constituents (see Fig. 3). These constituents can be categorized into two categories, the first one being continuous and unique while the other is discontinuous and can be multiple (Jean-Marie, 2012). They are respectively called matrix and reinforcements. The mixture usually provides advantageous properties compared to the constituents the constituents, which would be impossible by considering only a raw material. Indeed, the matrix is used to create the required shape while the reinforcements insure the mechanical properties (stiffness and strength). Fig. 4 highlights the mechanical differences in the matrix and fibers. Thus, composite materials have a strongly heterogeneous and anisotropic mechanical behavior. [START_REF] Gendre | Matériaux composites et structures composites[END_REF] Although many matrix and reinforcement families exist, the focus will be set in this study on polymer matrix combined with fiber bundle reinforcements to obtain laminated composites. Polymers can be divided into two categories:

-When the macromolecular chains form a three-dimensional structure, the polymer is qualified as thermoset (TS), as shown in Fig. 5. They have been extensively used fore more than forty years in the aerospace industry because of their good performance, low price and processability; -When the macromolecular chains possess only two extremities (often with smaller lateral branches), the polymer is qualified as thermoplastic (TP). They have been increasingly considered for applications in aeronautics over the last decades due to the good resistance to high temperatures, the thermoforming possibility, the recycling nature and overall improvements on the processing of the TP (short cycles in particular). The advantages of TP over TS polymers for composite matrix consideration are summarized on Table 5 [START_REF] Berreur | L'industrie française des matériaux composites[END_REF]. TABLE 5. -Pros and cons of TS and high performance TP composites in terms of processing and performance [START_REF] Bouscarrat | Time-dependent damage in woven-ply thermoplastic composites above glass transition temperature[END_REF])

Crystalline phase

Contrary to TS polymers, crystalline phase areas can be observed in some parts of a TP macromolecular structure (usually from 10% to 50%, it can never be fully crystalline [START_REF] Haudin | Matériaux pour l'ingénieur[END_REF]), see Fig. 6. It happens at a temperature of "crystallization" when the chains get closer to one another. The spatially fixed areas represent a phase called amorphous. A TP polymer is then called semi crystalline when both of these phases are included. TP polymers include (without being exhaustive) PPS, PEEK, PEK or PPA.

Contrary to amorphous polymers, the crystalline phase is not affected by the glass transition (see Section 1.2.1). Hence, semi-crystalline polymers have a better tolerance to high temperatures.

Fiber bundles and stacking sequence

A fiber bundle (or yarn) is an entity composed of a majority of fibers distributed within a small amount of matrix used to ensure the cohesion of the thin fibers. These bundles are spatially embedded within the matrix according to various sequences called weave patterns (see Fig. 6). Each weave pattern has specific mechanical behavior. All the fiber bundles architectured according to a pattern compose a ply. The plies can be stacked to form a laminates (see Fig. 7). More details on the possible arrangements are provided in Section 1.2.3 TABLE 6. -Schematics of the amorphous, semi-crystalline and crystalline composites 

Context of the study

Under critical service conditions, aeronautical structural parts consisting of polymer matrix composite materials may be exposed to intense sources of thermal energy leading to high thermal gradients. Although these fire scenarios are quite rare, they immediately imply drastic human consequences should the aircraft not be able to perform landfall and evacuate the passengers before the failure of its structural integrity. One of the latest occurrences of such an accident goes back to May 2019 in Moscow when the crash of an airplane caused the death of 41 passengers and crew members, see Fig. 8. It is then necessary to understand the response of CFRP to thermal exposure as they represent a large majority of the volume of the structure. This thermal exposure consists of an anisothermal transient thermal problem combining solid state transitions, solid-liquid transitions and decomposition of the polymer matrix with rapid kinetics. The encountered temperature ranges from the ambient to the temperature of the thermal decomposition onset of the polymer (≈ 450°C [START_REF] Ma | Studies on thermogravimetric properties of polyphenylene sulfide and polyetherether ketone resins and composites[END_REF] for Polyphenylene Sulfide) and above. The capacity of the composite to sustain a thermomechanical load then depends on the degradation of the composite constituent properties, first and foremost those of the polymer matrix especially when it comes to high temperature conditions. The analyses of the interactions between mechanics and thermal transfers taking place under such conditions rely on very specific experimental means. Indeed, it is necessary to reproduce these critical operating conditions of composite materials intended for applications in aircraft engine. To this end, an approach based on both experimental and numerical analyses enables both a better understanding of the involved physics, and the development of a model to predict the progressive degradation of the state of the material.

A large variety of work have studied this response, as presented in 1, but without explicitly accounting for the influence of the thermal decomposition on the thermomechanical properties of the laminates. This work builds on the study performed by Carpier [START_REF] Carpier | Experiments based analysis of thermal decomposition kinetics model. case of carbon fibers polyphenylene sulfide composites[END_REF] within the AEROFLAMME project which aims at understanding the response of laminated composite materials when exposed to a critical fire scenario. 

Material

The polymer matrix of the CFRP considered in this study is the Polyphenylene Sulfide (PPS) which is a thermoplastic semi-crystalline polymer. Its use is justified by its common use for aeronautical parts as well as its good thermal stability. The CFRP composite studied (C/PPS) is laminated and assembled through 7 layers following a 5-harness satin weave pattern (see Fig. 9) according to two different stacking sequences: quasi-isotropic and ±45°oriented (see Section 1.2.3 for the details). It is to be noted that the ±45°oriented laminates were only experimentally investigated. The volume fraction of fiber and matrix is the same 50%.

The PPS used in this study was created by the company Hexcel and named the Fortron 0204 while the carbon fibers (T300 3K) were supplied by Toray. The C/PPS laminate was assembled by Soficar.

Objectives of the study

Carpier mainly focused on the impact of thermal exposure for temperatures up to the melting point, results which should be consolidated and extended up to temperatures above the onset of the thermal decomposition and taking into account the associated phenomena. To do so, a multiscale modelling developed based on experimental analysis is used to assess the consequences of the thermal degradation and decomposition at the microscopic level on property and structural alterations at the mesoscopic level, the ply level and the macroscopic one. The influence of high temperatures on the thermomechanical behavior of the laminates could then be determined and compared with the numerical results.

Manuscript outline

As it is explained in the bibliographic review of Chapter 1, the exposure to a high temperature, no matter the thermal agression (homogeneous furnace, heat flux, flame), leads to a degradation of the thermomechanical properties of the composites and a progressive decomposition of its matrix through pyrolysis. For high enough temperatures (see Section 1.2.2), the carbon fibers behavior is affected, although it will only be briefly tackled as it will be the focus of further works. The estimation of the effect of temperature on the thermal properties (conduction, thermal expansion, specific heat) and the mechanical ones (stiffness, viscous behavior) on the constituents of the C/PPS laminates will be presented in Chapter 2 through experimental measurements. The selected modelling constitutive laws will also be depicted. In order to extend the temperature limit of the model previously developed by Carpier (from 450°C up to 600°C and above), Chapter 3 will present the thermal decomposition modelling of QI laminates based on an experimental qualitative and quantitative overview of the processes. Experiments were used as a database for the development of a Finite Element model. This model replicates the various phenomena and introduces porosities within the matrix based on a probabilistic approach following the pyrolysis reaction . Finally the multi-scale impact of both the thermal degradation and the thermal decomposition on the residual thermomechanical properties of the QI laminates will be analysed in Chapter 4. The influence of flame exposure as well as the corresponding modelling will be tackled, along with a preliminary study on the thermomechanical response of the ±45°l aminates. CHAPTER When considering the thermomechanical coupling of a composite material at high temperatures, the influence of various thermal-dependant mechanisms might need to be looked into. They can mainly be divided into three parts according to the material state at which they occur i.e. not degraded, degraded and finally degraded and decomposed (Table 1.1). Another distinction to make is the nature of the temperature loading leading to their appearance, whether it is a homogeneous or heterogeneous one. On the one hand, a homogeneous loading induces a similar temperature throughout the material. Although it is an assumption rarely fulfilled in industrial applications, it allows several mechanisms to be highlighted such as, in order of appearance as the temperature increases, thermal expansion, thermomechanical property degradation, damage, viscous behavior, and lastly the pyrolysis mechanism and the induced porosity formation. On the other hand, a heterogeneous temperature can be brought by the exposition of one (or multiple) surface(s) of the material to a heat flux such as a fire. The temperature is therefore higher along the contact surfaces than it is within the material, hence the appearance of new phenomena namely thermal transfers, thermomechanical property gradients and, when a fire is considered, oxidization. Moreover, this loading case tends to increase the aforementioned mechanisms, as fire exposure induces new chemical reactions (such as the heat release rate evolution depicted by [START_REF] Mouritz | Fire Properties of Polymer Composite Materials[END_REF], or the piloted ignition due to pyrolysis gas acting as fuel and flame transfer presented by [START_REF] Hull | Fire Retardancy of Polymers New Strategies and Mechanisms[END_REF]). It is brought to the attention of the reader that the studies about C/PPS behavior are not numerous and the literature review will occasionally focus on other materials with similar thermomechanical trends.

In order to investigate the thermomechanical behavior of a laminates, two aspects usually need to be dealt with, which are running experimental tests and numerically modelling its behavior. Both of these fields are strongly connected since experimental results are necessary to determine the appropriate numerical models. Furthermore, simulations allow the user to study various phenomena within the material, which is difficult to achieve from tests. A thermomechanical study therefore preferably presents a duality with a constant interaction between experimental and numerical data. These two fields are therefore presented throughout this bibliographic overview, beginning with the experimental means required to achieve the thermomechanical characterization. 

Material

Experimental means

A great amount of experimental means are required in order to thermomechanically characterize a material. They vary according to the level of representativity of the critical service conditions when the composite is subjected to both a flame and a mechanical loading (Fig. 1.1). Five levels can be distinguished depending on the specimen scale:

-The first level represents experimental means in which only a thermal loading is applied.

These therefore provide information about thermal properties, such as thermal expansion, thermal conductivity, specific heat capacity or pyrolysis kinetics. -The second level initiates the thermomechanical loading. It allows thermomechanical properties of the material (such as stiffness, viscous behavior, damage) under homogeneous temperature to be determined. -The third level completes the previous one by including a heterogeneous temperature.

-The fourth level reproduces as precisely as possible the critical conditions by introducing a flame. -Finally, the last level represents at full scale the critical service conditions which are usually not reproduced in a laboratory.

The first four levels will be further detailed in the coming parts. It is to be noted that the properties introduced are further described in Sections 1.2.3 and 1.3.1. Let us begin with the most difficult property to identify at high temperatures in TP (see Section 1.3.1) as well as the one the greatest amount of experimental means to identify it. Thermal conductivity can be measured through a number of ways, divided into three classes: steadystate, time-domain and frequency-domain as is reviewed by [START_REF] Wang | A brief review on measuring methods of thermal conductivity of organic and hybrid thermoelectric materials[END_REF].

Steady-state

In steady-states methods, the thermal conductivity measurement is conducted at a temperature stable over time. This provides results easier analyzed, with the downside of requiring a well-engineered experimental set-up, which can quickly cause errors if it is well enough built. Among the most common methods are the absolute technique and the parallel conductance method [START_REF] Zhao | Measurement techniques for thermal conductivity and interfacial thermal conductance of bulk and thin film materials[END_REF]. Time-domain Time-domain methods are transient techniques and perform a measurement as the material is heating up. Its main advantage is to produce results quite quickly since the temperature does not have to stabilize, at the cost of a data analysis more difficult. Among these methods one can find the laser flash method, the transient plane source or the transient line source, although the most common method is the transient hot wire [START_REF] Assael | A novel portable absolute transient hot-wire instrument for the measurement of the thermal conductivity of solids[END_REF].

Frequency-domain Frequency-domain methods are mainly based on the 3ω-method [START_REF] Rowe | Thermoelectrics Handbook: Macro to Nano[END_REF]. Its principle is to fluctuate the heating based on a frequency. However, complex to apprehend.

Thermal expansion

The thermal expansion coefficient is often evaluated through dilatometry tests, using a dilatometer (Fig. 1.2) [START_REF] Nawab | Study of variation of thermal expansion coefficients in carbon/epoxy laminated composite plates[END_REF]. Its principle is to place the sample on a furnace and gradually increase the temperature whilst imposing a slight compression through the pushrod just high enough to let the material progressively expand. The thermal expansion coefficient is that way measured by lasers in the most modern ones. 

Specific heat capacity

The specific heat capacity is commonly determined by Differential Scanning Calorimetry (DSC) tests. Two DSC types can be found [START_REF] Höhne | Differential scanning calorimetry: Comparison of power compensated and heat flux instruments[END_REF]):

-The heat-flux DSC consists of placing the sample and a reference in the same furnace and submit them to the same heat flux (dQ/d t ), examining the heat-up rate (dT /d t ) of the materials. -The power differential DSC consists of the reverse, meaning that the sample and the reference are placed on separate furnaces and a same heat-up rate is requested while examining the response in terms of heat flux provided.

1. Literature review: thermomechanical behavior of composite laminates under fire exposure

The specific heat c p is ultimately calculated by:

c p = 1 m dQ/d t d T /d t (1.1)
It appears that the c p calculation directly depends on the mass of the sample. Or it was previously shown that this mass strongly decrease during the decomposition process. It therefore seems necessary to also measure the mass loss whilst the DSC tests are carried. [START_REF] Cheng | Heat effects of pyrolysis of 15 acid washed coals in a dsc/tga-ms system[END_REF] achieved this by combining DSC tests with Thermogravimetric analysis (TGA). TGA consists in placing a small sample (usually a few milligrams) in a heating device and monitoring the mass loss throughout the decomposition process.

When studying the thermomechanical behavior, one of the main aspects is to choose an appropriate heat source according to the purpose of the study. It is unnecessary to use a flame or a heterogeneous temperature which would complicate the process of property identification and behavior understanding if a homogeneous temperature is enough to identify these properties.

Exposure to isothermal conditions

In order to impose a homogeneous temperature, a high temperature lamp furnace can be used in which the temperature is progressively increased within the confines of the furnace, the heating coming from electrical resistances. Once the desired temperature is reached, it is held for a certain amount of time before applying the mechanical loading to make sure that the temperature is completely homogeneous within the material.

Exposure to a heat flux

However, it is necessary to consider heterogeneous temperature conditions to properly reproduce the thermal gradient representative of a fire exposure. In order to study the influence of an anisothermal heat source, the choice of the nature of the heat flux is essential. Depending on the required scale and phenomena to highlight, three main possibilities appear: a cone calorimeter, a laser ray and a flame.

Cone calorimeter

Among the anisothermal heat sources, the most used is the cone calorimeter, as described Fig. 1.3, and its use can be found on studies by [START_REF] Mouritz | Mechanical properties of fire-damaged glass-reinforced phenolic composites[END_REF][START_REF] Gibson | The integrity of polymer composites during and after fire[END_REF][START_REF] Luche | Characterization of thermal properties and analysis of combustion behavior of pmma in a cone calorimeter[END_REF][START_REF] Legrand | Structure-properties relationships of moisturized sandwich composite materials under extreme temperature conditions (fire resistance)[END_REF]Vincent et al., 2019;[START_REF] Halm | Composite pressure vessels for hydrogen storage in fire conditions: Fire tests and burst simulation[END_REF]. This experimental set-up applies a heat flux on one of the sides of the samples, and the thermomechanical coupling can be performed. It is as well possible to visually follow the response to the thermomechanical loading through a camera.

This experimental set-up is ideal for testing large samples, and to remove the complexification induced by fire exposure. However, the imposed heat flux is usually limited to values lower than 75kW/m 2 . This limitation is a drawback when compared to the FAA regulations requiring a 115kW/m 2 heat flux. 

Laser ray

In order to increase the heat flux level, several studies use a laser ray such as [START_REF] Westover | The compressive behavior of glass fiber reinforced composites subjected to local thermal loading[END_REF][START_REF] Swanson | Time to failure modeling of carbon fiber reinforced polymer composites subject to simultaneous tension and one-sided heat flux[END_REF][START_REF] Sihn | Laser-induced heating, property changes, and damage modes in carbon fiber reinforced polymer matrix woven composites[END_REF] or the ONERA laboratory through the BLADE bench (see Fig. 1.4) [START_REF] Leplat | Thermal and damage analysis of laser-induced decomposition within carbon/epoxy composite laminates[END_REF]. This method allow heat fluxes over 200kW/m 2 to be reached. However, the degradation area is very limited , which is not fully representative of critical service conditions in fire. 

Miniaturized burner

Lastly, a miniaturized burner can be used to replicate as precisely as possible a fire exposure as performed by [START_REF] Braiek | Fire behaviour of hybrid filament-wound single and adhesively bonded composites tubes under static pressure[END_REF] who used two rows of five burners. The heat flux level required by the FAA can be reached, and larger samples can be used than with the laser ray. As a drawback, some technical difficulties appear such as the measurement of the heat flux or insuring the homogeneity of the flame. When a composite laminates is subjected to a fire, a series of phenomena occur from the thermal decomposition along with others specific to an impinging flame. This process is represented on Fig. 1.5.

These specific reactions, although following similar tendencies, can be altered by the nature of the flame. Two main families can be determined:

-Hydrocarbons, such as kerosene or propane, which are traditionally used as fuel source 1. Literature review: thermomechanical behavior of composite laminates under fire exposure -Hydrogen, which has seen a massive increase of its prospects in the past years in many fields. However, possible leaks in high-pressure hydrogen containment unit may lead to fire exposure.

Hydrocarbon flame

The influence of the mainly used hydrocarbons (kerosene and propane) were studied by [START_REF] Chazelle | Fire Response of a Carbon Epoxy Composite: Comparison of the Degradation Provided with Kerosene or Propane Flames[END_REF]. Several differences were noted:

-A curvature of the exposed surface without char formation for the propane flame, with the reverse for the kerosene; -A higher temperature of the back surface and mass loss for the propane (see Fig. 1.6) Hydrogen flame Although it has not been studied as extensively as the hydrocarbon ones so far, a few studies were carried out on the properties of hydrogen flames, which will be briefly presented as an introduction for future considerations. [START_REF] Choudhuri | Characteristics of hydrogen-hydrocarbon composite fuel turbulent jet flames[END_REF] found that it was easier to work with mixed hydrogen-hydrocarbon fuel as hydrogen is difficult to store and has a tendency to self-ignite. It was shown that the percentage of hydrogen in the mixture highly modifies the properties of the flame, such as the flame length, the convective time scale and the char volume, which all decreases as the hydrogen volume increases (Fig. 1.7). [START_REF] Schefer | Spatial and radiative properties of an open-flame hydrogen plume[END_REF] focused on the radiant fraction, defined as the fraction of the total chemical heat release that is radiated to the surroundings. Their results showed that the flame residence time (depicting the time that a fuel particle spends in the flame, and hence the severity of the flame) is higher within the hydrogen flames for similar radiant fraction (Fig. 1.8). A material exposed to a hydrogen flame is therefore more severely impacted. 

Thermomechanical behavior -homogeneous temperature

Despite the fact that a homogeneous temperature is unlikely to be encountered in service, its simplicity makes it a perfect way to highlight the phenomena detectable through this mean without the interferences that fire exposure can cause. This therefore allows to tackle the response to a thermomechanical loading in a first time.

The thermomechanical behaviors of matrix and fibres are highly different at room temperature, and the differences even enhance as the temperature increases. While the thermomechanical properties of carbon fibers do not vary much within the temperature range considered (up to the thermal decomposition temperature and above), TP ones greatly depend on it.

Matrix behavior

Characteristic temperatures of the matrix

When a semi-crystalline TP polymer is considered, various characteristic temperatures of transition appear which have a major impact on the internal structure of the material which is translated to its properties, see Fig. 1.9. The three primary transitions are the glass transition (at the temperature T g ) which influences the amorphous phase, the melting (at T m ) altering the crystalline phase, and finally the thermal decomposition (at T d ). They can be experimentally determined by different methods, such as Differential Scanning Calorimetry (DSC), Dynamic Mechanical Analysis (DMA) or dilatometry. The values of these temperatures are listed in Table T g represents the transition from a glassy state of the polymer to a rubbery one. When the temperature reaches T g , the heat energy stored becomes sufficient to break apart some of the weak bonds and therefore increase the chain mobility of the amorphous phase. It is to be noted that the majority of studies do not go above this temperature.as the use of TP polymers is mainly limited to temperatures below T g . It has been shown that the presence of carbon fibers nested within the matrix can increase the glassy temperature up to 40% for the PPS [START_REF] Walther | An investigation of the tensile strength and stiffness of unidirectional polymer-matrix, carbon-fiber composites under the influence of elevated temperatures[END_REF]. In the case of a woven laminates, this increase can apply to the fiber bundles.

During the melting phase, strong intermolecular bonds within the crystalline phase begin to be destructed. The crystalline phase ultimately disappears and it only remains an amorphous phase. It is to be noted that unlike the glass transition, this one is not bound to a unique tem-1. Literature review: thermomechanical behavior of composite laminates under fire exposure perature since it highly depends on the size of the crystalline areas. The melting temperature is therefore spread across a range centered around T m .

Finally, during the thermal decomposition, the covalent bonds holding the molecular chains together are fractured, leaving smaller molecules, decomposition gas and a carbon residue [START_REF] Mouritz | Fire Properties of Polymer Composite Materials[END_REF]. The various decomposition phenomena will be presented further within Section 1.2.1.

Concerning the thermomechanical behavior, different phenomenologies can be observed as temperature increases:

-Elasto-viscoplasticity and damage up to T m -Decomposition process which mainly relies on the pyrolysis of the matrix and the nucleation, growth and coalescence of porosities above T d -Thermal degradation highly affecting the thermomechanical properties of the TP matrix The combination of these phenomena creates a complex interaction mixing various behaviors. They are detailed thereafter.

Thermal degradation

The thermal degradation of the matrix can be described as a process by which the exposure to a heat source causes a deterioration of several properties (such as the thermomechanical ones) of the material. This is amplified for T > T g and T > T m . Once the melting point is temperature, the residual stiffness drastically decreases. 

Viscosity

When applying a mechanical loading to a polymer, it will first behave in an elastic manner. However, as the strains increase, the viscous behavior might appear, which represents the influence of time, strain-rate and temperature on the response of the material (see the first steps of Fig. 1.10). The viscous strain can be separated into two contributions under constant strain / stress loading: a reversible portion called viscoelasticity and an irreversible one called viscoplasticity (Fig. 1.11). [START_REF] Christian | Polymères : structure et propriétés[END_REF] Viscoelasticity Due to the organic nature of the polymer, a progressive recovery will take place through the viscoelastic behavior [START_REF] Carbillet | Contribution aux calculs fiabilistes sur des structures composites[END_REF]. It results from macromolecular movement without bond rupture and two domains can be observed according to the stress / strain state applied. First, the viscoelasticity can be estimated as linear which is adequate for low loading levels and is even then a somewhat idealized response. It can also be non-linear which is a more realistic as the operation loadings are often higher than the linearity limit. 1. Literature review: thermomechanical behavior of composite laminates under fire exposure Viscoplasticity Contrary to viscoelastic strains, viscoplastic strains are irreversible. During this process, bonds between macromolecules are reorganized, therefore creating a timedependant irreversible transformation. Among the various experimental means available to highlight the viscous effects, two appear to be mainly used which are Dynamic Mechanical Analysis (DMA) and creep / relaxation tests. Experimental means and viscous behaviors will be presented further in Section 1.1.

Thermomechanical behavior -homogeneous temperature

Thermal decomposition

Once the temperatures reach the onset of T d , the decomposition occurs as the received thermal energy is high enough to break apart the covalent bonds insuring the molecular chains integrity. Although thermoplastic materials are composed in various ways, their decomposition process follows a similar global chemical reaction in which the polymer is transformed into carbon residue and pyrolysis gases [START_REF] Mouritz | Fire Properties of Polymer Composite Materials[END_REF].

Polymer → Carbon residue + Pyrolysis gases

During this process, porosities filled with pyrolysis gas therefore appear embedded within the material. The combination of carbon residue (around 85% to 98%) with aromatic-alaphatic compounds is called char. It can possess a cristalline phase and an amorpheous one, is highly porous, and further information, such as its composition, is available in [START_REF] Duquesne | Char Formation and Characterization[END_REF]). The polymer are categorized according to the amount of char produced [START_REF] Duquesne | Char Formation and Characterization[END_REF]. PPS can be categorized among the large char producers [START_REF] Kourtides | Thermochemical characterization of some thermally stable thermoplastic and thermoset polymers[END_REF]. Subreactions and subproducts are however numerous at solid, liquid and gas states during the four different steps of the decomposition [START_REF] Beyler | Thermal Decomposition of Polymers[END_REF] and are extremely difficult to isolate. The thermal decomposition process taking place in a laminates is summarized in Fig. 1.12. One can note that the presence of polymer-rich zones directly influences the spatial distribution of the local decomposition state in the laminates.

The thermal decomposition progress is often followed by the study of the mass loss originating from the gaseous phase transformation of the matrix. This mass loss evolution over various characteristics (such as time, temperature and heat rate) has been widely studied in TP polymers [START_REF] Moldoveanu | Chapter 2 thermal decomposition of polymers[END_REF][START_REF] Yao | The thermal decomposition kinetics of poly(ether-ether-ketone) (peek) and its carbon fiber composite[END_REF][START_REF] Ma | Studies on thermogravimetric properties of polyphenylene sulfide and polyetherether ketone resins and composites[END_REF]Patel et al., 2011a;[START_REF] Levchik | The correlation between cross-linking and thermal stability: Cross-linked polystyrenes and polymethacrylates[END_REF]. An example of the evolution of the residual mass of a TP polymer (PEEK) both pure and within a laminates over temperature is shown on Fig. 1.13 under N 2 atmosphere and in air.

The quantification of the porosity content can be performed through various means which are further presented in Section 3.1.1

Influence of matrix composition

As previously stated, TP polymers consist of two phases, an amorphous one and a crystalline one. Usually, the degree of crystallinity χ (defined as the volume ratio of the crystalline phase within the material) is situated within the 10-50% range. However, this amount can vary according to the considered TP, and the same material can be obtained in various configurations according to its fabrication process. The degree of crystallinity is the major matrix composition parameter which needs to be looked into since it has a significant impact on its thermomechanical properties. Fig. 1.14 depicts a generalized TP Young's modulus behavior over temperature and the effect of increasing cristallinity.

It can be seen that it does not affect the modulus when considering lower temperature than T g . However, for temperatures above and up to T m , increasing the degree of crystallinity will lower the stiffness due to the T g transition phase. This can easily be explained considering that the glass transition is associated with the amorphous phase. This advantage ceases after the melting of the matrix considering that afterwards both phases are degraded. The plateau after the glass transition due to the semi-crystalline structure can be observed for other mechanical character-istics in general, such as tensile strength as was found by [START_REF] Reifsnider | Strength-based predictive methods for large-scale combined degradation effects[END_REF][START_REF] Loverich | Life prediction of pps composites subjected to cyclic loading at elevated temperatures[END_REF][START_REF] Feih | Tensile strength modeling of glass fiber-polymer composites in fire[END_REF]. 

Changes in the behavior of carbon fibers

Although the TP matrix undergoes various phenomena which greatly influence its thermomechanical behavior, the variation considering the response of carbon fibers is much more restricted, at least at the temperature / mechanical loading ranges considered in this study.

Considering the loading to which the composite material is subjected in application, the stresses are lower than the yield stress of carbon fibers. Their behavior can therefore be estimated as linear elastic [START_REF] Guo | Mechanical properties of carbon fiber reinforced concrete (cfrc) after exposure to high temperatures[END_REF]. Furthermore, the influence of temperature on the thermomechanical behavior can be neglected (Fig. 1.15) since a decrease in Young's modulus of only 1.5% can be observed at 1000°C for instance [START_REF] Sauder | Thermomechanical properties of carbon fibres at high temperatures (up to 2000 °c)[END_REF].

These assumptions are valid in the absence of oxidization, which occurs following the reaction: [START_REF] Feih | Tensile properties of carbon fibres and carbon fibre-polymer composites in fire[END_REF] showed that this oxidization starts at around 500°C, at a slow rate which increases with temperature. 

Fiber (or char) + O 2 → CO 2 (g ) + H 2 O(g ) + Volatiles + Solid residue

Composite laminates behavior

Stacking sequence

Since the thermomechanical behavior of fibers and matrix are drastically different, a particular attention is paid to determining the most efficient way to assemble these two components within the plies. Three basic stacking sequences and their interest will be presented: unidirectional (UD) and quasi-isotropic (QI) having an industrial application and ±45°highlighting the behavior of the matrix.

Unidirectional Unidirectional composites consist of an assembly of plies containing fibers following only one direction. UD fiber-reinforced composites have been widely used in the aeronautical industry due to its good strength / weight ratio and its simplicity. It is an extremely anisotropic material limiting its applications. The composite shows great longitudinal properties since its behavior is dominated by the fibers. However, the transverse properties are governed by the matrix as well as the loading transfers. These two aspects can not meet the expectations to actually carry a structural role, limiting the use of this kind of laminates to applications in which it can be safely assumed that the loading is only applied in one direction.

Quasi-isotropic

To overcome their anisotropic behavior, quasi-isotropic composites have been developed. Their principle is to assemble plies with different fiber orientations so that the overall response gets closer to an isotropic one. Such materials are therefore more versatile and highlight their stiffness for different loading conditions. The contribution of the matrix is in this way limited which becomes more and more beneficial as the temperature increases since the matrix is more subject to temperature-related variations.

1. Literature review: thermomechanical behavior of composite laminates under fire exposure ±45°Finally, a laminate consisting of ±45°oriented fibers can be used. This material has the specificity to have a matrix-dominated response when an axial loading is applied, highlighting the phenomena specific to the matrix, such as viscosity, damage and high temperature dependence.

The bulk of the presented work focuses on the QI laminates, however a preliminary study on the ±45°to assess further the influence of the chemico-physical transformations of the matrix was performed.

However, one should however not limit oneself to these examples, since many reinforcement distribution can be found and are often designed specifically for an industrial application.

Thermomechanical behavior

Stiffness The thermomechanical behavior of both matrix and fibers have been developed for steady-state temperatures. However, when they are assembled the interactions at the phases interfaces induce new variations. This influence on the stiffness is shown in Fig. 1.16. Although the matrix stiffness is very low after its melting, the fiber properties at T m are almost unchanged and the matrix degradation can therefore not fully account for the significant decrease. The laminate stiffness loss originates from the interface stiffness loss as well. It has been shown that the higher the temperature becomes, the lower the stiffness decrease is. A similar trend was found by [START_REF] Carpier | Contribution à l'analyse multi-échelles et multi-physiques du comportement mécanique de matériaux composites à matrice thermoplastique sous températures critiques[END_REF] on QI C/PPS who showed a strong decrease up to the matrix melting (Fig. 1.17.)

Failure

The influence of thermal degradation on the failure in compression was widely studied. [START_REF] Grape | The effect of temperature on the strength and failure mechanisms of a woven carbon/polyimide laminate under compression[END_REF] and [START_REF] Aucher | Etude comparative du comportement composites à matrice thermoplastique ou thermodurcissable[END_REF] showed that at low temperatures, the fracture Figure 1.17. -Isothermal evolution of the axial stiffness of QI C/PPS over temperature (Carpier et al., 2020a) occurs through shear of the fiber bundles parallels to the loading and longitudinal cracks of the matrix. As temperature increases, the longitudinal cracks appear less which progressively lowers the shear angle. Finally, for temperatures around T g , the mechanism stabilizes in the form of buckling areas, leaving a residual stiffness to the material. [START_REF] Alan | A model for the structural integrity of composite laminates in fire[END_REF] and [START_REF] Nawaz | Modelling and experimental analysis of aerospace composites in fire[END_REF] showed the large tensile strength decrease over temperature of various polymer-based composites.

Thermal expansion and density

As well as its mechanical behavior, various properties of the composite are affected by a temperature increase. Among these parameters are the thermal expansion coefficient and the density which are both necessary to characterize the thermomechanical behavior of the matrix and are difficult to estimate experimentally (see Section 1.1).

Density evolution with temperature is often neglected or estimated to follow the evolution of the residual mass of the composite using an Arrhenius-type law [START_REF] Biasi | Heat and mass transfers within decomposing carbon fibers/epoxy resin composite materials[END_REF]. This point of view assumes that the transformation is iso-volumetric i.e. the thermal expansion is neglected. Although this hypothesis is widely spread, it might result in some inaccuracies as the thermal expansion reaches high levels at high temperatures (see Section 2.3.1).

The thermal expansion coefficientα t h can be expressed as the dimension evolution of the component over temperature (Eq. 1.2), with β a characteristic dimension of the material such as its volume or a representative length.

α t h (T ) = 1 β ( ∂β ∂T ) p (1.2)
The thermal expansion process differs between the matrix and the fibers since the matrix deforms in an isotropic way, whereas the thermal expansion of carbon fibers has to be separated 1. Literature review: thermomechanical behavior of composite laminates under fire exposure into two categories being the axial and the radial ones (Fig. 1.18a). [START_REF] Pradère | Caractérisation thermique et thermomécanique de fibres de carbone et céramique à très haute température[END_REF] showed that the radial expansion is much more elevated than the axial one, due to their much higher axial strength, and presents an almost linear evolution with temperature. On the contrary the axial coefficient is negative up to around 600°C and then becomes positive. Although it might seem unexpected, it can be explained by the competition between the axial expansion of the crystalline network which induces a radial contraction through Poisson's effect, and the radial expansion within carbon plans [START_REF] Sauder | Relation microstructure/propriétes à haute temperature dans les fibres et matrices de carbone[END_REF]. 

Thermally activated damage in PPS

Given the thermomechanical resistance of fibers compared to the one of the TP matrix in the temperature / loading conditions considered, the majority of damage mechanisms can either affect the matrix or the interface between the components. Semi-crystalline polymers and CFRP can be studied through several scales (from the molecular scale to the macroscopic one), and may presents various morphologies (amorphous and crystalline phases), a large variety of damage mechanisms can appear. To this end, these mechanisms are precisely described in [START_REF] Schirrer | Quelques aspects de la rupture des polymères : craquelures, microcisaillements et renforcement aux chocs[END_REF][START_REF] Blaise | Caractérisation microstructurale d'un PEHD semi-cristallin déformé, par tomographie X et diffusion de lumière polarisée[END_REF][START_REF] Chaudemanche | Caractérisation in situ de l'endommagement volumique par spectroscopie Raman et rayon X de différents polypropylènes déformés en traction uniaxiale[END_REF]. Three physical damage mechanisms are assumed as the principal ones: crazing [START_REF] Friedrich | Crazes and shear bands in semi-crystalline thermoplastics[END_REF][START_REF] Plummer | Deformation and entanglement in semicrystalline polymers[END_REF], nucleation and growth of cavities [START_REF] Humbert | New insight on initiation of cavitation in semicrystalline polymers: in-situ SAXS measurements[END_REF][START_REF] Pawlak | Cavitation during deformation of semicrystalline polymers[END_REF] and the appearance of shear bands [START_REF] Friedrich | Crazes and shear bands in semi-crystalline thermoplastics[END_REF].

Cavitation within the matrix and at the fiber/matrix interface In the following part, the focus will be set on the cavities (or porosities) which are of particular interest in this study since they originate from both mechanical and thermal sources. Cavities which appear within the matrix are pores filled by gas (either air or pyrolysis gas). There is therefore no internal structure which implies no load transfer as well as a disruption in the thermal properties of the material from the interface solid / gas. These cavities can either pre-exist in the initial microstructure or they can appear throughout the lifetime of the material and are usually measured in terms of a porosity content (ratio of the porosity volume to the material volume). It is to be noted that the lower the amount of impurities is in the initial state, the more spread the cavitation process during mechanical loading is likely to occur [START_REF] Rozanski | Initiation of cavitation of polypropylene during tensile drawing[END_REF]. On one side these porosities can appear when subjected to mechanical loading (favored by triaxiality [START_REF] Addiego | Cavitation in unfilled and nano-caco(3) filled hdpe subjected to tensile test: Revelation, localization, and quantification[END_REF][START_REF] Rosenberg | A mesoscale quantification method of cavitation in semicrystalline polymers using x-ray microtomography[END_REF])), on the other side it also depends on other factors such as strain rate [START_REF] Pawlak | Cavitation during tensile deformation of polypropylene[END_REF] or, more importantly for this study, temperature [START_REF] Castagnet | Cavitation in strained polyvinylidene fluoride: mechanical and x-ray experimental studies[END_REF]:

-For T < T d :

-The high disparity of thermal expansion coefficients between the matrix and fibers can lead to strain incompatibility. Both of these discontinuities may cause the decohesion at the interfaces which will fasten the appearance of cracks within the matrix and the laminates, ultimately causing delamination. - [START_REF] Atreya | An experimental and theoretical investigation into burning characteristics of pps-glass fiber composites[END_REF] showed that phase changes such as glass transition and melting require energy which can slow down the temperature increase inhomogeneously within the laminates. -For T < T d , most of the damage originates from pyrolysis's direct or side effects:

-On the surface, a thin layer of decomposed material will form itself. The unrestrained pyrolysis gas is highly inflammable, and will therefore self-ignite at a sufficient temperature. It creates another source of damage similar to what is described in Section 1.3. -Within the material, the gases will not have the capacity to break free from the material and will therefore gather in an ever-growing amount of cavities. These embedded porosities filled with pyrolysis gas will contribute to the volumetric expansion due to their high pressure. The damaging effect of the appearance of porosities can also be summarized according to the scale of study [START_REF] Bonnet | Comportement au choc de matériaux composites pour applications automobiles[END_REF]:

-Microscopic scale: fiber / matrix decohesion -Mesoscopic scale: intra-laminar cracks, fiber fracture -Macroscopic scale: delamination Various experimental means are available for precisely detecting porosities, such as X-Ray tomography. This method is often used in the literature by [START_REF] Poulet | Effet de la variabilité microstructurale sur le comportement d'un composite UD verre/PA11 : de la caractérisation expérimentale à la modélisation multi-échelle[END_REF] or [START_REF] Gigliotti | X-ray micro-computed-tomography characterization of cracks induced by thermal cycling in non-crimp 3d orthogonal woven composite materials with porosity[END_REF] for example.

Deformation mechanisms of along with structural effects

Apart from porosities, other mechanisms may damage the material and irreversibly alter its structure. -At 220°C , the behavior is quasi-linear with a slight change at 180 MPa due to the typical matrix cracking appearing in the overlapping yarn areas [START_REF] Osada | Initial fracture behavior of satin woven fabric composites[END_REF]. The brittle fracture occurs through the 0°fibres whose maximum strain is limited and reveals a weak interface bond between fibres and matrix (Fig. 1.20). -At 270°C , the behavior remains mostly brittle linear, with an inflexion at 25 MPa more pronounced due the local crushing of the yarns in the overlapping sections. Furthermore, the density of cracks is higher. -At T > T m , the melted matrix does not ensure the cohesion of the fiber network within the yarns and of the yarns within the plies.

-The fibers are no longer stretching homogeneously, allowing the yarns to transversely contract and elongate much more. These two unusual behaviors result in the striction and the rotation of the 0°fiber bundles (Fig. 1.21). It leads to a generalized striction of the 0/90°plies which will increase further the bending stresses in the overlapping areas. It ultimately leads to a state in which the 90°yarns are intensively crushed by the 0°ones, creating an intense delamination and a curved surface (Fig. 1.22). -The yarns are free to rotate, and will reorient themselves towards the direction of the loading. It affects not only the 90°yarns within the 0/90°plies, but especially the ±45°plies. The fiber bundles then rotate (creating a shear effort) up until they touch each other, therefore ending the rotation [START_REF] Lomov | Full-field strain measurements in textile deformability studies[END_REF] and increase the general stiffness of the composite (Totry et al., 2010). [START_REF] Selezneva | Microscale experimental investigation of failure mechanisms in off-axis woven laminates at elevated temperatures[END_REF] showed that these two phenomena, striction and reorientation, have an increasing effect with temperature and are primary responsible for the non-fracture behavior above the melting temperature (Fig. 1.19). The entire process is summarized in Fig. 1.23. They can be quantified through post-mortem observations (Vieille and Taleb, 1.2. Thermomechanical behavior -homogeneous temperature 2011). Table 1.3 summarizes fiber reorientation of C/PPS at 120°C for creep tests at 40, 60 and 100 MPa in terms of total, residual and reversible rotation as was found by (Bouscarrat, 2019). It shows at high stresses a large reversible rotation and a significant residual one. A majority of the rotation will then disappear upon unloading, but almost 40% will remain. This drastically influences the structural integrity of the laminates. 

Thermomechanical behavior -heterogeneous temperature

In the case of a fire exposure, one face of the laminates is exposed to a high source of thermal energy. This results in a high through-the-thickness thermal gradient as illustrated in Fig. 1.24.

The previous section provided some insight on the influence of temperature on the behavior of the composite. These effects can be extended to the heterogeneous case considering that the disparity of temperature induces extremely different responses within the different areas of the material. These discontinuities are amplified by the characteristic variation of the components (fiber, matrix, char) as well as their evolution with temperature. Furthermore, local irregularities such as porosities can drastically alter the resistance of the material. Therefore, the thermal transfers leading to large temperature gradients need to be considered to account for the fire response of composite laminates. 

Thermal transfers

When a radiant heat flux is imposed on one face, the temperature increases through the thickness by conduction and exchanges with the outside environment at its boundaries through heat radiation and convection. Overall, when considering the energy conservation, the process can be expressed as the following (Lagrée, 2023): temporal variation = flux term + internal creation/dissipation These phenomena are translated by the following equation Eq. 1.3

∂E ∂t = ⃗ ∇.(λ ⃗ ∇T ) + p (1.3)
with λ the thermal conductivity tensor and p a source term. This equation is the one usually used in composite subjected to a heat flux, along with the boundary conditions (in our case heat radiation and convection). By assuming that the temporal energy variation is obtained by a temperature change and that specific heat and the density do 1. Literature review: thermomechanical behavior of composite laminates under fire exposure not depend on the time, it leads to:

ρC p ∂T ∂t = ⃗ ∇.(λ ⃗ ∇T ) + p (1.4)
This equation is based on two properties: the thermal conductivity and the thermodynamics.

Thermodynamic properties

In order to elevate its temperature, a material requires an energy source, which can be quantified as an energy Q to elevate the temperature from an initial T 1 up to T 2 . In the case of the carbon fibers, this can be translated to:

Q = T 2 T 1 mc p d T (1.5)
As the matrix undergoes several transition, additional terms must be added. Elevating its temperature above the decomposition onset requires an energy depending on various latent heats [START_REF] Stoliarov | Determination of the heats of gasification of polymers using differential scanning calorimetry[END_REF]:

Q = T >T d T 0 mc p d T + mδh m + mδh d + mδh e (1.6)
with δh d the latent heat of chemical dissociation and δh e the latent heat of the evaporation of the decomposition products. These two terms can be difficult to separate and can be grouped as the pyrolysis latent heat [START_REF] Mentzer | Determination of heats of volatilization for polymers by differential scanning calorimetry[END_REF]. However, Q is usually not determined with 1.6 since it is much easier to use thermogravimetry tests under different heat flux [START_REF] Staggs | The heat of gasification of polymers[END_REF]. The specific heat capacity values at room temperature are not always provided by the constructor. It is the case of the T300 fibers used, at a value of 800J.kg -1 .K -1 . It is unfortunately not the case of PPS, although it was estimated at 1020J.kg -1 .K -1 by [START_REF] Plastics | Handbook of building materials for fire protection[END_REF]. It is to be noted that the specific heat is not an anisotropic value, hence the one of the composite can be calculated through a mixture law. The evolution of the value for C/PPS and its different components over temperature was estimated by [START_REF] Carpier | Contribution à l'analyse multi-échelles et multi-physiques du comportement mécanique de matériaux composites à matrice thermoplastique sous températures critiques[END_REF] up to the thermal decomposition (Fig. 1.25). It is important to notice that the specific heat presented also include the melting latent heat, therefore artificially increasing the c p around the melting temperature. It can be observed that apart from the peak around T m , the specific heat follows an almost linear evolution at a rate of 2.6J.kg -1 .K -2 , as it was expected from [START_REF] Stoliarov | The effect of variation in polymer properties on the rate of burning[END_REF]. As for the fibers, a similar trend is observed, albeit with an increase rate slightly lower.

Thermal conductivity

The thermal conductivity coefficient λ represents the ability of the material to diffuse heat without matter movement. Contrary to the specific heat capacity, in a composite material the conductivity is strongly anisotropic, especially in carbon fibers. Indeed, [START_REF] Schuster | Thermal conductivities of threedimensionally woven fabric composites[END_REF] Figure 1.25. -Evolution of the specific heat capacity of the C/PPS and its components (full line: experimental values, dash line: calculated values) [START_REF] Carpier | Contribution à l'analyse multi-échelles et multi-physiques du comportement mécanique de matériaux composites à matrice thermoplastique sous températures critiques[END_REF] showed that their thermal conductivity coefficient at room temperature is around ten times higher in the axial direction than in the radial one (100 W.m -1 .K -1 against 10 W.m -1 .K -1 ) . It is however isotropic for the PPS, with values estimated between 0.19 W.m -1 .K -1 and 0.29 W.m -1 .K -1 which is much lower than the one of the carbon fibers.

The experimental determination of the value for the matrix at high temperatures is challenging because of their softening or even melting. That is why λ is rarely found at temperatures higher than 150°C in the literature. For semi-crystalline polymers, the amorphous phase has an increasing thermal conductivity up to the glass transition temperature before decreasing as explained by [START_REF] Eiermann | Thermal conductivity of high polymers[END_REF]. The trend of the crystalline phase however varies depending on the material. It is therefore not possible to generalise this behavior to all TP polymers. It was nonetheless determined by [START_REF] Carpier | Contribution à l'analyse multi-échelles et multi-physiques du comportement mécanique de matériaux composites à matrice thermoplastique sous températures critiques[END_REF]) that the conductivity of the PPS decreases after the glass transition.

As for the carbon fibers, the lack of studies and contradictory results make it hard to conclude on the evolution of their conductivity with temperature [START_REF] Pradère | Thermal properties of carbon fibers at very high temperature[END_REF].

Given the anisotropic thermal conductivity of the fibers, the axial and radial properties need to be studied separately. The axial conductivity of the composite can be easily calculated with a parallel mixture law:

λ ax c = λ m V m + λ ax f (1 -V m ) (1.7) 
A series mixture law such as Eq. 1.8 can be used to assess the radial conductivity, but it only provides a lower limit. Although the true value is often close from this one, it is not always the case. There are however specific models available according to the specific features of the composite [START_REF] Progelhof | Methods for predicting the thermal conductivity of composite systems: A review[END_REF].

λ r c = λ r f λ m λ r f V m + λ m (1 -V m ) (1.8)
Whatever the choice, the evolution over temperature is usually considered linear up to the decomposition temperature because of the difficulty to experimentally measure it. It is sometimes found piecewise linear with intermediate temperatures chosen for instance as T g and T m [START_REF] Carpier | Contribution à l'analyse multi-échelles et multi-physiques du comportement mécanique de matériaux composites à matrice thermoplastique sous températures critiques[END_REF]. Once the material starts decomposing, the conductivity is often approximated by a mixture law based on the pyrolysis degree. Finally, once the material is decomposed, its conductivity is calculated using a third-order polynomial (Henderson et al., 1987).

Emissivity coefficient

When a radiant heat flux is applied to the material, its temperature increase highly depends on its radiative properties: the emissivity ϵ emi , the absorptivity α ab and the transmittance τ t r and the reflectance ρ (dependent of the temperature and the wave length). They characterize whether the material will reflect, absorb or transmit the heat flux or not. They are linked by the following relations

ϵ + α ab + ρ = 1ϵ = (1 -ρ)(1 -τ) 1 -ρτ (1.9)
Materials can be classified according to their radiative properties. A material which would absorb all of the radiation is called a black body (α ab = 1), although it is not really obtainable in application. The true distinction is therefore whether the material transmits or not. If it does not, it is called an opaque body. If it does, it is a (semi)-transparent body. Finally, if the properties do not depend on the length wave of the radiation, it is called a grey body. The heat flux emission W from a body varies according the temperature and the Stephan-Boltzmann law:

W = ϵσT 4
(1.10) with σ SB = 5.670x10 -8 W.m -2 .K -4 the Stefan-Boltzmann constant and ϵ the total emissivity over the wave length range.

Thermomechanical response

Because of the induced thermal gradient, the thermomechanical behavior of the composite presents some differences.

Influence of the thermal expansion and processing debonding

As it was previously described, the properties of the matrix / fibers couple highly changes with the variation of temperature. Over the property gradient within the laminates resulting from the heterogeneous temperature, the thermal expansion ones are the most impactful damage source (Feih et al., 2007a;[START_REF] Chang | Thermal effects on polymer composite structures[END_REF]. [START_REF] Fahmy | Thermally Induced Stresses in Laminated Fiber Composites[END_REF] observed that a 200°C heat-up is sufficient for cracks and delamination to appear due to thermal stresses, both being strongly influenced by structural imperfections. These imperfections originate from the heating during the processing which induces a large deconsolidation, as depicted by [START_REF] Amedewovo | A methodology for online characterization of the deconsolidation of fiber-reinforced thermoplastic composite laminates[END_REF]. The influence of porosity formation during processing on the mechanical properties (interlaminar shear strength, transverse strength and stiffness) was estimated by [START_REF] Fisher | A novel multi-scale modelling approach to predict the reduction of transverse strength due to porosity in composite materials[END_REF] and [START_REF] Zhang | Effect of porosity and crystallinity on mechanical properties of laser in-situ consolidation thermoplastic composites[END_REF]. Even at low porosity contents (< 2.5%), a clear decrease of the mechanical properties is observed. This is especially the case under compression loading, which is confirmed by [START_REF] Liu | Compressive response of composites under combined fire and compression loading[END_REF]. Furthermore, the apparition of thermally insulating gaseous areas lowers the thermal exchanges through the laminates.

Overall, the knowledge of α t h is often overlooked and dismissed as neglectful (usually chosen as a constant, which is strongly disputed by Fig. 1.18b) whereas it highly participates to delamination and porosity formation.

Internal pressure induced by the thermal decomposition

When the temperatures exceeds T d , the new porosities originating from the thermal decomposition appear. As they combine with the ones from the thermal expansion, large networks of cavities form. The pyrolysis gas is then free to (i) escape from the laminates if they are connected to the outside environment, or (ii) move through the laminates and exert high internal pressure on the components. Although this internal pressure is difficult to quantify, [START_REF] Hariharan | Internal pressure and temperature distribution in decomposing polymer composites[END_REF]) observed a large increase at the start of the decomposition as the pyrolysis gas appear 1.26. The laminates consequently swells, and the porosities grow larger. As a result, an increasing amount of gas can escape, which is confirmed by a steep lowering of the pressure. The following parts are based on Carpier's work [START_REF] Carpier | Contribution à l'analyse multi-échelles et multi-physiques du comportement mécanique de matériaux composites à matrice thermoplastique sous températures critiques[END_REF] since very little information can be found in the literature about tensile/creep behavior of TP polymers at high temperatures under coupled thermomechanical loading. In addition, it deals with the same material (C/PPS) as the one studied here.
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Tensile behavior

When investigating the behavior of a material, the simplest loading to apply to a material is a tensile test. Fig. 1.27 shows tensile tests carried on QI C/PPS at two heat flux levels (40kW.m -2 and 60kW.m -2 ) representing respectively a maximum temperature at the exposed surface of 401°C and 582°C . It is to be noted that contrary to homogeneous temperature, in the present case the stress state is not similar in the material due to the thermal gradient. The curves therefore require to be plotted in terms of applied force against displacement. [START_REF] Carpier | Contribution à l'analyse multi-échelles et multi-physiques du comportement mécanique de matériaux composites à matrice thermoplastique sous températures critiques[END_REF] Given that at these temperature levels the matrix is molten, the load bearing capability is almost only provided by the 0°plies. The response is at first linear elastic up to 2.4 and 3.1 kN respectively before starting to decrease partially due to the striction. The differences from the homogeneous temperature mainly come from the thermal gradient. The striction phenomena quite differ from the homogeneous case. Because of the thermal gradient, strong discontinuities appear at the interface between the exposed area and the opposed one, becoming the preferred localization of striction initiation. This results in a much more important striction: 55% vs 40% in homogeneous conditions.

Although tensile tests allow to quickly obtain a general idea about the behavior of a material, especially its failure mechanisms, they are not representative of the stress distribution within laminates subjected to fire conditions. Structural parts are usually subjected to constant forces making creep loading more relevant to be considered.

Creep behavior

When considering a creep test under heterogeneous temperature, two phases are distinguished. First, the transitory phase takes place during which the mechanical deformation is driven by the thermal degradation. Secondly, when the thermal discontinuities become less drastic, creep be-comes the prominent mechanism and the material enters a steady phase. Considering at the response of QI C/PPS in tensile creep tests, different behavior appear according to the applied stress at 60kW.m -2 (Fig. 1.28). For creep stresses higher than 37% of σ u (failure stress at RT, σ u = 532 MPa), the fracture happens before 60s due to an elongation higher than the one of fracture of the 0°fibers. This process is similar to the one of homogeneous temperature, the difference being that the failure only occurs in the plies below the melting temperature. For lower stress levels, the composite resists long enough for the temperature to increase up to the level of pyrolysis and oxidization. oxidization is the main factor for the following strain increase. Indeed, [START_REF] Feih | Tensile properties of carbon fibres and carbon fibre-polymer composites in fire[END_REF] showed that it progressively the diameter of the carbon fibers, lowering their rigidity. At some point, the fiber bundles become unable to withstand the mechanical loading, hence fracturing. This creates a "strain jump" as the strain brutally increases. It is to be noted that the following ply (at ±45°), can act as a thermal shield for the others 0/90°plies, allowing them to keep their good resistance for a longer time. The plies gradually fail, ultimately resulting in C/PPS laminates failure. 

Damage factor

Considering the evolution of the mechanical property, a damage factor is classically defined from the evolution of the axial stiffness (Ladeveze and LeDantec, 1992):

d = 1 - E E 0 (1.11)
E can be estimated in creep tests as the secant modulus E sec :

E sec = σ cr eep ϵ mec
with ϵ mec the mechanical strain obtained by removing the thermal strain (estimated by imposing a neglectful compression) to the total strain. It finally gives the following expression:

d (t ) = 1 - ϵ 0 ϵ mec (1.12)
The evolution of d during creep tests (Fig. 1.29) shows the separation between the transition and the steady phases (inflexion around 150s). It therefore appears that this factor is a good indicator of the mechanical state of the material. Although the temperature influence on various mechanisms and characteristics was not fully extensive, the reader can refer to other references for better description [START_REF] Carpier | Contribution à l'analyse multi-échelles et multi-physiques du comportement mécanique de matériaux composites à matrice thermoplastique sous températures critiques[END_REF][START_REF] Aucher | Etude comparative du comportement composites à matrice thermoplastique ou thermodurcissable[END_REF][START_REF] Bouscarrat | Time-dependent damage in woven-ply thermoplastic composites above glass transition temperature[END_REF][START_REF] Nawaz | Modelling and experimental analysis of aerospace composites in fire[END_REF][START_REF] Walther | An investigation of the tensile strength and stiffness of unidirectional polymer-matrix, carbon-fiber composites under the influence of elevated temperatures[END_REF]. 

Numerical modelling

The other approach to study the thermomechanical coupling is a numerical one which relies upon the experimental work to identify the different parameters of the model.

Model scales

Thermomechanical modelling usually relies on three modelling scales: -The macroscopic scale is used to represent the entirety of the geometry of a material so that the macroscopic structural effects can be identified. The material properties of such a model are estimated by considering the composite material as a homogeneous assembly with orthotropic properties. [START_REF] Sihn | Laser-induced heating, property changes, and damage modes in carbon fiber reinforced polymer matrix woven composites[END_REF] simulated the thermomechanical behavior of CFRP composites using this approach.Although certain phenomena can be characterized at a macroscopic scale (such as convection or emissivity), the vast majority of the mechanical phenomena are localized in small part of the material as was presented earlier. It would not be relevant to increase the refinement of the geometry at such a big scale since the calculations would take far too long to process. -The second approach consists of modelling the laminates at the ply level, as did [START_REF] Rizk | Durability of sandwich composites under extreme conditions: Towards the prediction of fire resistance properties based on thermo-mechanical measurements[END_REF][START_REF] Rizk | Durability of composite assemblies under extreme conditions: Thermomechanical damage prediction of a double-lap bonded composite assembly subject to impact and high temperature[END_REF]. In this intermediate approach, each ply is considered homogeneous. Although more representative than the macroscopic scale, it still does not include localized phenomena -The final approach is to consider a small part of the material in which the fiber bundles and the matrix are separately represented, as well as their properties. This is the mesoscopic point of view used in works such as [START_REF] Biasi | Thermal Modelling of Decomposing Composite Materials Submitted to Fire[END_REF][START_REF] Biasi | Heat and mass transfers within decomposing carbon fibers/epoxy resin composite materials[END_REF]. In such a model the fiber bundles are considered homogeneous given that the fibers are not explicitly represented (it would require a microscopic scale). The macroscopic scale and ply-level modelling are mostly used in the industry given that the behavior of the whole structure needs to be studied. However, the mesoscopic approach is often used to have a better understanding of the phenomena happening within the material. Once the scale is chosen, the various constitutive laws governing the thermomechanical behavior of the composite can be determined.

Thermal behavior

Temperature-dependence and thermal model

As it has been depicted throughout this review, the various thermal properties of the constituents evolve with temperature. This temperature-dependence is often considered in the literature, although not necessarily for all of the parameters. Indeed, as they are difficult to identify experimentally, it is sometimes chosen to neglect their dependence to temperature. As an example, [START_REF] Halm | Composite pressure vessels for hydrogen storage in fire conditions: Fire tests and burst simulation[END_REF] and [START_REF] Rizk | Durability of composite assemblies under extreme conditions: Thermomechanical damage prediction of a double-lap bonded composite assembly subject to impact and high temperature[END_REF] chose to do so for the thermal conductivity while [START_REF] Biasi | Thermal Modelling of Decomposing Composite Materials Submitted to Fire[END_REF][START_REF] Biasi | Heat and mass transfers within decomposing carbon fibers/epoxy resin composite materials[END_REF] and [START_REF] Sihn | Laser-induced heating, property changes, and damage modes in carbon fiber reinforced polymer matrix woven composites[END_REF] decided to account for all of the dependencies. While most of the studies consider heat transfers to occur following the usual heat equation, more advanced equations have been developed to account for the specificities of ploymer-based composites exposure to high temperatures. Among them, [START_REF] Biasi | Heat and mass transfers within decomposing carbon fibers/epoxy resin composite materials[END_REF], building on the work of [START_REF] Henderson | A model for the thermal response of polymer composite materials with experimental verification[END_REF][START_REF] Henderson | A mathematical model to predict the thermal response of decomposing, expanding polymer composites[END_REF], developed a model taking into account the polymer phase changes, the pyrolysis gas movement within the laminates, internal pressure induced and the chemical reaction of the thermal decomposition.

Pyrolysis

In order to quantify the evolution of the pyrolysis and to model it, the pyrolysis reaction advancement of the polymer is usually experimentally assessed by the pyrolysis degree α:

α = m -m i ni m i ni -m d (1.13)
with m i ni and m d the initial and decomposed masses after the pyrolysis. Its rate is often modelled by a multiplicative decomposition depending on the temperature and the pyrolysis degree [START_REF] Day | Kinetics of the thermal degradation of poly(phenylene sulfide)[END_REF][START_REF] Vyazovkin | Model-free and model-fitting approaches to kinetic analysis of isothermal and nonisothermal data[END_REF][START_REF] Budrugeac | The evaluation of the non-isothermal kinetic parameters of the thermal and thermo-oxidative degradation of polymers and polymeric materials: its use and abuse[END_REF]:

d α d t = k (T ) f (α) (1.14)
with k an Arrhenius-type law:

k (T ) = Aexp - E ac RT (1.15)
A, E ac and f (α) are model parameters which require to be identified based on the experimental results. Two approaches may be considered:

-Modelistic: It is based on the assumption that the pyrolysis kinetics can be represented by a conversion function f (α) whose general expression is chosen among a large range of possibilities. The simplest one is f (α) = 1 -α. The differential equation is then solved and (A, E ac ) is identified. -Model-free: This methods first determines the value of E ac which then leads to the identification of f (α) and A. These two methods and their advantages / disadvantages are precisely described in [START_REF] Carpier | Contribution à l'analyse multi-échelles et multi-physiques du comportement mécanique de matériaux composites à matrice thermoplastique sous températures critiques[END_REF].

Mechanical behavior

The constitutive relations presented will only focus on the mesoscopic approach given that it is much more delicate to identify all of its variable than the macroscopic one.

The mechanical strain tensor within composites can be additively decomposed into four contributions in order to study its non-linear behavior: elasticity, plasticity, viscoelasticity and viscoplasticity. Under the assumption of small strain, it reads:

ε = ε e + ε p + ε ve + ε v p (1.16)
As it was previously stated, the behavior of yarns and matrix are extremely different both in terms of resistance at room temperature and impact of high temperatures. Although the behavior of the fiber bundles can be approximated as linear elastic, the viscosity of the matrix is often considered given its dependence on temperature and loading speed (González and 

Linear elasticity

Even for the matrix, while the strain/stress within the material is low enough, its response is linear elastic. This behavior is usually reproduced with Hooke's law which stipulates that the strain tensor σ is directly proportional to the stress tensor ε through the stiffness tensor C (Eq. 1.17) 52

1.4. Numerical modelling σ = C ε (1.17)

Viscoelasticity

Contrary to elasticity, there is a part of the strain energy which is lost or dissipated through viscoelasticity, phenomenon known as the hysteresis (Fig. 1.30). On this figure, the hysteresis is the area in the center of the loop. The viscous mechanism is often considered in the literature for temperatures up to T g , as it significantly alters the thermomechanical behaviour of the matrix [START_REF] Hirsekorn | Thermo-viscoelastic homogenization of 3d woven composites with time-dependent expansion coefficients[END_REF]. Several models account for the viscoelastic behavior. The most used ones are described thereafter.

Rheological models Rheological models are models describing the viscoelastic behavior of materials using an assembly of springs and dampers. The springs are reproducing the linear isotropic linearity from Hooke's law (Eq. 1.18)

σ = E ε with E the Young Modulus (1.18)
As for the dampers, they represent the time-dependant viscous behavior. This is accounted for by Newton's law (Eq. 1.19)

σ = η d ε d t
with η a viscous parameter (1.19) This components are then assembled either in series or in parallel, thus providing a combination of the multiple possibilities. Two elementary models appear: Maxwell model consisting of a spring and a damper in series, and Kelvin-Voigt model using these two elements in parallel (Fig. The following stress/strain relations are obtained:

-Maxwell:

d ε d t = 1 E d σ d t + σ η (1.20) -Kelvin-Voigt σ = E ε + η d ε d t (1.21)
Both of these models are appropriate to a first approach in order to obtain a general idea of the viscoelastic behavior. However, for more precise results, these two models can either be combined together or be reproduced multiple times. The combination of a Maxwell and a Kelvin-Voigt models gives a Maxwell model with an additional spring, called the Standard linear solid rheological model used in works such as [START_REF] Christöfl | Comprehensive investigation of the viscoelastic properties of pmma by nanoindentation[END_REF][START_REF] Plaseied | Deformation response and constitutive modeling of vinyl ester polymer including strain rate and temperature effects[END_REF]Takagi et al., 2008;[START_REF] Ge | Prediction of temperature-dependent free recovery behaviors of amorphous shape memory polymers[END_REF].

The other type of combination is to reproduce the same model multiple times. This is called a generalization. It originates from the fact that a polymer does not relax at a single relaxation time as it is the case in the previous models. To overcome that, N Maxwell models can be assembled in parallel, therefore including N relaxation times creating the Generalized Maxwell model (GM), widely used in the polymer modelling [START_REF] Papanicolaou | 1 -viscoelastic constitutive modeling of creep and stress relaxation in polymers and polymer matrix composites[END_REF][START_REF] Zerbe | A viscoelastic-viscoplasticdamage model for creep and recovery of a semicrystalline thermoplastic[END_REF][START_REF] Dörr | A viscoelastic approach for modeling bending behavior in finite element forming simulation of continuously fiber reinforced composites[END_REF]. It can be further improved by including a free spring as well (Fig. 1.32). The equations therefore incorporate N first-order differential equations which can be associated by the superposition theorem.

Although intrinsically easy to implement, the rheological models may necessitate a great amount of parameters depending on the complexity of the generalisation. Furthermore, this approach does not precisely models multiaxial loadings and is only considering the linear aspect of viscoelasticity. These limitations need to be kept in mind throughout the modelling process. Spectral model and others An alternative to the rheological model is to choose a spectral formulation. This approach considers various relaxation times, the difference being that the viscosity parameters are linked between them by continuous functions [START_REF] Marcin | modélisation du comportement, de l'endommagement et de la rupture de matériaux composites à renforts tissés pour le dimensionnement robuste de structures[END_REF]. The assembly of functions creates a spectrum, which can be weighted by various spectral distributions, such as rectangular, triangular or Gaussian (Remy-Petipas, 2000). It was also proven by [START_REF] Boubakar | A meso-macro finite element modelling of laminate structures: Part ii: time-dependent behaviour[END_REF] to be more reliable under multiaxial loadings . This approach was chosen in the PhD works of W. Albouy [START_REF] Albouy | De la contribution de la visco-élasto-plasticité au comportement en fatigue de composites à matrice thermoplastique et thermodurcissable[END_REF]. Other models can be found in the literature, such as the Schapery model [START_REF] Schapery | On the characterization of nonlinear viscoelastic materials[END_REF] and Mooney model [START_REF] Somarathna | Hyper-viscoelastic constitutive models for predicting the material behavior of polyurethane under varying strain rates and uniaxial tensile loading[END_REF].

Micromechanical models

The micromechanical models are numerical models usually used to describe the behavior of porous materials. These models take into account parameters representing the porosity volume fraction within the material, as well its evolution through nucleation, growth and coalescence. It provides a way to consider the influence of porosity on the damage behavior of a material (mainly on metal alloys, but adapted to polymers as well). The Gurson Tvergaard Needleman (GTN) model [START_REF] Needleman | An analysis of ductile rupture in notched bars[END_REF]) is a frequently used example of these micromechanical models [START_REF] Cayzac | Analyses expérimentale et numérique de l'endommagement matriciel d'un matériau composite : Cas d'un pultrudé thermoplastique renforcé de fibres de verre[END_REF]Poulet, 2017a). Although they are used for mechanical behavior purposes, it could be assumed that the models can be altered to replicate the porosity formation due to the thermal decomposition of the polymer matrix. However, the porosity content is only a global variable and does not explicitely represent the porosities locally and their influence on the thermomechanical behavior. Such a limitation would considerably decrease the representativity of the model, especially during a fire / heat flux exposure in which a gradient of temperature -and hence of porosity content -is induced.

Thermomechanical model developed by Carpier

In the previous works carried by [START_REF] Carpier | Meso-structure-based thermomechanical modelling of thermoplastic-based laminates subjected to combined mechanical loading and severe thermal gradients[END_REF] on QI laminates, a mesoscopic approach was used considering a representative volume element (RVE) (see Fig. 1.33) and temperaturedependent thermomechanical properties (linear elastic behavior for the matrix and thermal behavior of matrix and fiber bundles). The thermal properties were determined either by (i) direct 1. Literature review: thermomechanical behavior of composite laminates under fire exposure experimental identification (specific heat, thermal expansion, emissivity), and (ii) by reverse identification (genetic algorithm) trying to numerically replicate temperature fields obtained with a cone calorimeter (conductivity, convection coefficient). More details on the modelled domain and the thermomechanical properties are provided in Section 2. A heterogeneous thermal loading case was then reproduced. Given that the modelling did not account for the thermal decomposition of the matrix, a criterion was to consider temperatures lower than T d . To that end, one surface of the laminates was exposed to a 20kw/m 2 heat flux. Fig. 1.35 shows the temperature evolution ( up to 370°C) within the various plies as well as the induced axial stiffness. It appears that the glass transition (which is almost instantly reached) highly decreases the stiffness of every ply within the first 20s. However the second drop due to the melting occurs at various times according to the localization of the plies in respect of the exposed surface. As a result of the alternated thermal degradation of the plies, the axial strain increases progressively during a 60MPa tensile load combined with the 20kw/m 2 heat flux (see Fig. 1.36(a)). Furthermore, the stress distribution between the plies evolves as a function of time. The plies oriented according to 0/90°and ±45°sequences have similar contributions during the initial times as they all have similar stiffnesses (see Fig. 1.36(b)). However, as the temperature increases in the plies near the exposed surface, their mechanical contribution is redistributed to the back ones. This model can then precisely investigate the influence of temperatures up to the melting of the matrix, with an insight in the stress and strain distribution within the laminates when considering the mesoscale approach. However, its temperature range is limited and does not include temperatures which would occur during an exposure to a heat flux more representative of a fire scenario. The pyrolysis of the matrix must be considered in order to account for the temperature-dependence behavior of TP-based composites.

They were implemented and proved to accurately replicate the experimental pyrolysis degree (see Fig. The pyrolysis degree-based approach can characterize the advancement of the decomposition reaction, however it does not provide a modelling directly driven by by the formation of porosities and their content. Indeed, it only accounts for mass loss which does not consider the gas remaining trapped within the laminates. Furthermore, the thickness expansion due to the internal pressurization is not considered. 

Conclusion

This literature review showed the importance of considering the thermal degradation of the matrix when exposed to high temperature conditions (phase changes, thermomechanical property degradation, porosity formation). As it has been presented, the thermomechanical behavior of TP polymers and PPS have been precisely studied for temperatures below the glass transition. However the phenomena were not well documented for temperatures representative of a fire scenario, especially in terms of the numerical modelling (temperatures above T d = 450°C and up to 1100°C). Carpier [START_REF] Carpier | Meso-structure-based thermomechanical modelling of thermoplastic-based laminates subjected to combined mechanical loading and severe thermal gradients[END_REF] proposed a first numerical approach reproducing the thermomechanical behavior of C/PPS QI laminates to tackle this lack of knowledge. This model can be used for temperatures up to the onset of the thermal decomposition by considering a linear elastic mechanical behavior for the matrix. Several research areas can be proposed to extend the predictive capabilities of this model. At temperatures lower than the matrix melting, it was shown that the viscous behavior of the matrix has a large contribution to the mechanical response. A viscous model could hence be included in the model. In order to account for the behavior at higher temperatures, several improvements should be performed first experimentally and then numerically based on the experimental data:

-Identify the thermomechanical properties of the constituents temperatures above the on-set of polymer decomposition (450°C) where the polymer undergoes a third transformation (after glass transition and melting), inducing large variations in its thermomechanical properties. -Experimentally characterize the thermal decomposition phenomena and the porosity formation mechanisms. -Quantify the porosity formation kinetics and propose a numerical adaptation of the process The obtained model could then perform coupled thermomechanical simulations for higher heat fluxes and simulate the behavior of TP-based laminates subjected to fire conditions. As it as been depicted in the literature review, the thermomechanical response of CFRP laminates at high temperature is usually limited to temperatures below T d (including [START_REF] Carpier | Contribution à l'analyse multi-échelles et multi-physiques du comportement mécanique de matériaux composites à matrice thermoplastique sous températures critiques[END_REF]. At higher temperatures, the laminates' behavior is strongly altered due to the matrix decomposition leading to porosity formation (and char production although not investigated during this study). These porosities induce large thermomechanical property gradients within the laminates. In order to predict the behavior of composite laminates subjected to a heat flux or a flame, it was necessary in a first time to conduct tests to estimate the influence of temperature on the various thermomechanical properties of the C/PPS constituents. It is indeed a prerequisite to the building of a numerical model faithfully representing the response of the laminates. It is to be reminded that the scope of this numerical study is focused on QI laminates. As a first step, this chapter focuses on the determination of the degradation of the thermomechanical properties for temperatures starting below the onset of the thermal decomposition of the matrix. Although the ultimate purpose is to include in the modelling the thermal and mechanical consequences of polymer pyrolysis, lower temperature considerations are necessary to accurately simulate the early stage of fire exposure.

CHAPTER 2 EXPERIMENTAL ANALYSIS AND MODELLING OF THE THERMOMECHANICAL PROPERTY DEGRADATION

Presentation of the model

Structural modelling

The large discrepancies between the matrix and the fiber bundles in terms of thermomechanical behavior, combined with the objective to address problems in the presence of severe thermal gradient, has led to consider a mesoscopic scale based on the previous work of Carpier et al. [START_REF] Carpier | Meso-structure-based thermomechanical modelling of thermoplastic-based laminates subjected to combined mechanical loading and severe thermal gradients[END_REF]. A three-dimensional mesoscopic numerical model of QI laminates was hence created using the software TexGen [START_REF] Sherburn | Geometric and mechanical modelling of textiles[END_REF] which represents explicitly matrix and fiber bundles whose geometrical characteristics are presented in Table 2.1. The model volume was limited to a quarter of a representative volume element (RVE) (for computation time considerations) which represents a 3.7 × 3.7 × ×2.2mm 3 domain and its geometry is presented on Fig. 2.1. The chosen representative volume was selected as to reproduce the volumetric distribution of fiber and matrix (50% each). The volume was also meshed using TexGen and a discretization was performed with the same parameters as the ones used by Carpier since it was found sufficient for a convergence of the thermomechanical response. The consequence of mesh refinement on the thermal decomposition will be further discussed in Section 3. 3 

Thermal transfer modelling

The various thermal transfers considered for the modelling of the thermal response to a heat flux applied on one surface of the laminates are summarized in Fig. 2.2:

-The heat flux applied on one surface is equal to the emitted heat flux times the absorptivity -Planar and through-the-thickness conduction -Convection and radiation on the opposed surface -Only radiation on the exposed surface as the heat flux is an imposed condition -Adiabatic behavior on the sides as the model sample is considered to be embedded within a much larger laminate and the scale of the model is not large enough to consider periodic boundary conditions. The thermal radiation is modelled by a Stefan-Boltzmann law in which the radiated heat flux W r is calculated as:

W r = ϵ emi σ T 4 -T 4 out (2.1)
with σ = 5.670x10 -8 W.m -2 .K -4 the Stefan-Boltzmann constant, ϵ emi = 0.9 the emissivity of the laminates (as is often considered for CFRP [START_REF] Pering | Degradation of tensile and shear properties of composites exposed to fire or high temperature[END_REF])) and T out the temperature of the environment.

The heat flux exchange through convection is modelled by:

W conv = h (T -T out ) (2.2)
with h the convection coefficient. Its evaluation is discussed in Section 2.3.3

The following work considers that the densities of both the fiber bundles and the matrix, alongside the emissivity and the convection coefficient are constant and unaltered by temperature changes.

The thermal degradation of the thermomechanical properties of PPS and C/PPS was previously investigated by Carpier [START_REF] Carpier | Contribution à l'analyse multi-échelles et multi-physiques du comportement mécanique de matériaux composites à matrice thermoplastique sous températures critiques[END_REF]. The following sections present the obtained temperature evolutions: (i) values identified by Carpier, or (ii) new values with more accurate representativity of high temperature behavior, especially above T m . The discussion on the thermomechanical properties of the porosities resulting from the thermal decomposition of the matrix will be further discussed in Section 3.3.4 and Section 4.2.2 as the focus of this chapter is set on the original constituents (matrix and fiber bundles). It is important to note that the properties were identified for temperatures either up to T m or T d (depending on the parameters) and then kept constant due to the difficulty to accurately determine them for higher temperature levels.

Mechanical properties 2.2.1. Matrix behavior

The mechanical behavior of the matrix can be introduced with different material model according to the temperature range of the simulations, the nature of the loading the required level of accuracy:

In order to model the temperature-dependence of the mechanical behavior, one should ideally account for the viscosity of the matrix (with viscoelastic or elasto-viscoplastic models) along with working in large strain formulation. It could replicate more accurately the structural modifications of the laminates such as fiber bundle rotation. However, linear elasticity coupled with small strain formulation was chosen for this study as a first step towards a comprehensive modelling and to focus on the thermal decomposition mechanisms.

The identification of an elasto-viscoplastic model for the PPS matrix is presented in Appendix A at 120°C as a proof of concept.

Elastic behavior modelling

The characterization of the evolution of the matrix stiffness E m over temperature is of the utmost importance as the thermal degradation will highly influence the load transfers within the laminates. This characterization was experimentally performed by Carpier [START_REF] Carpier | Meso-structure-based thermomechanical modelling of thermoplastic-based laminates subjected to combined mechanical loading and severe thermal gradients[END_REF] and extrapolated using Mahieux phenomenological model. It reads:

E m (T ) = (E g -E r ub )exp{- T T g m g + E r ub exp{- T T m m m (2.3)
with E g and E r ub the elastic moduli at the glassy and rubbery states, and m g and m m the Weibull parameters. Fig. 2.3 shows the identified and extrapolated evolution of E m as a function of temperature. For temperatures higher than T m , the liquid was modelled as a solid material with an extremely low stiffness of 1MPa.

Yarn behavior

The Chamis model provides an efficient mean to describe the effective isotropic transverse elasticity of a fiber bundle [START_REF] Chamis | Mechanics of composite materials: Past, present and future[END_REF]. This approach is based on the hypothesis that each bundle of the composite material can have its mechanical behavior approximated to the one of a uni-directional ply which contains the same matrix volume ratio (in the present case η m = 17%). Both the fibers and the matrix are considered as linear elastic. Following this assumption, the transverse orthotropic mechanical properties of the bundles are as follows (where L stands for longitudinal properties and T for transverse ones):

E L y = E L f V f + E m V m
(2.4)

E T y = E m 1 -V f 1 -E m E T f (2.5) G LT y = G m 1 -V f 1 -G m G LT f (2.6) G T L y = G m 1 -V f 1 -G m G T L f (2.7) ν LT y = ν LT f V f + ν m V m (2.8) ν T L y = E T 2G T L t - 1 
(2.9)

The constituent properties as well as the resulting parameters for the fiber bundles is presented in Table 2 

Chamis model verification

As the Chamis model relies on specific hypotheses (notably the equivalence of a fiber bundle effective behavior to that of a ply with unidirectional fibers), one may question the accuracy of the approach, especially when the temperature increases and the matrix becomes degraded. It was chosen to compare its accuracy on the predicted fiber bundle mechanical properties to the ones obtained with a full field approach. To do so, a fiber bundle was reproduced by explicitly representing 7µm-wide fibers and matrix in a square 3D extruded domain. An example of the created geometry in 2D is shown in Fig 2 .4 with the following features:

-The fiber shape:

-Circular: The circular shape is presented in Fig. 2.4a. It is representative of an ideal fiber. However such an approach only allows a theoretical fiber density up to π It is even less in numerical modelling as two fibers cannot be directly in contact for meshing purposes (it lowers the maximum fraction to around 75%). It is therefore not possible to reproduce the 83% fiber volume fraction of the actual fiber bundles. This difference can be explained by the fact that fibers are not perfectly circular and ordered within the fiber bundles. -Octagonal: The octagonal shape is presented on Fig. 2.4c Its main advantage is to allow for higher fiber densities, although not being fully representative of the fiber structure. -The number of fibers -The distance between the fibers l 2 and to the edges l 1 , which cannot be too low as requirement of the Finite Element meshing. These two values determine the fiber density. The two meshes presented were created with:

l 2 = 2l 1 = 0.
2µm for the circular shape, giving a fiber density of 72.3% l 2 = 2l 1 = 0.4µm for the octagonal shape, giving a fiber density of 76.7%

(2.10)

The influence of these parameters is discussed thereafter.

Number of fibers

In order to limit the calculation times, it is necessary to use as few fibers in the model as possible, while still remaining precise enough. In Fig. 2.5, we first check that the conditions of periodicity are well respected in the full-field modelling: considering a single cell of the periodic medium (a square with a single central fiber) leads to the same results as in a domain with 3x3 elementary cells. The axial stress and strain presented in Fig. 2.5 correspond to the axial stress and strain averaged over the domain of simulation. The tension is exerted in the direction perpendicular to the plane of Fig. 2.4. The matrix is assigned an isotropic linear elasticity and the fibers are assigned an isotropic transverse elasticity described by the moduli listed in Table 2.2. Thus, one may conclude that a single fiber embedded within the matrix is enough to reach convergence for the full field model. This single fiber approach was then used in the sequel of the study. 

Fiber volume fraction

As the circular fiber volume fraction is limited to about 75%, it was necessary to verify whether considering a lower density than the actual 83% would affect the results or not. The influence of the fiber volume fraction on the accuracy of Chamis model was assessed using the octagonal geometry and varying l 1 and l 2 (see Fig. 2.6). Tensile loading simulations showed very little differences in the axial stiffness, confirming that it was possible to assess Chamis model accuracy using the circular shapes.

Chamis model accuracy assessment

The two main loading directions of the simulated laminates are axial (for the 0/90°plies) and shear (for the ±45°plies). Shear loading was modelled by applying to the upper surface in Fig. 2.4 a tension in transverse direction of the 

Thermal properties

In order to perform simulations introducing a heterogeneous temperature through the thickness resulting from a heat flux (see Fig. 2.2), one must properly characterize the thermal proper-ties and their temperature dependences to accurately predict the evolution of the thermal gradient in the laminates. These properties concern four different characteristics, namely the thermal expansion, the thermal heat capacity, the thermal conductivity and the thermal convection. They are highly dependent on the nature of the constituent (matrix, fiber or fiber bundle).

The thermal transfers were modelled by the heat equation for each constituent. Due to the anisotropy of the fiber bundles, the equation is expressed in two different ways:

-For the matrix:

ρ m (T ) c p m (T ) ∂T ∂t = λ m (T ) ∇ 2 T (2.11)
-For the fiber bundles:

ρ f b (T ) c p f b (T ) ∂T ∂t = ∇ λ f b (T ) ∇T (2.12)
with λ f b the thermal conductivity tensor expressed in the local coordinate system as:

λ f b =    λ ax y 0 0 0 λ r y 0 0 0 λ r y    (2.13)
The list of the properties and the involved parameters is summarized in Table 2.3 with the indexes m for matrix, f b for fiber bundle , ax for axial and r for radial in the local coordinate system of the yarn. Each of these parameters evolves differently with temperature.

Property

Matrix coefficient Yarn coefficient

Material properties

Thermal expansion

α t h,m α ax t h, f b , α r t h, f b
Thermal heat capacity

c p m c p ax f b , c r p f b
Thermal conductivity

λ m λ ax f b , λ r f b Interface property Thermal convection h TABLE 2.3.
-List of the model thermal properties and the associated coefficients These parameters and their temperature-evolutions have been determined by Carpier [START_REF] Carpier | Meso-structure-based thermomechanical modelling of thermoplastic-based laminates subjected to combined mechanical loading and severe thermal gradients[END_REF] for the range [T 0 , T m ], however additional tests were performed for a better representation of the physical meaning (with the exception of the thermal conductivity which remained similar to what was previously obtained, see Section 2.3.4):

-The assumption of a constant thermal expansion coefficient with temperature has been questioned in Section 2.3.1 using dilatometry tests. -The temperature limit on the thermal heat capacity has been extended above the melting point using a coupled DSC-TGA method in Section 2.3.2. -The estimation of the thermal convection coefficient has been reviewed in Section 2.3.4. The following Sections 2.3.1 to 2.3.4 tackle the methods carried out to obtain the parameters. Each experimental method has a temperature limit to ensure the validity of the measurements.

The properties were kept constants and equal to the last measured value for temperatures higher than the limit. The heating phase of the sample is usually conducted under air. Three different atmospheres were considered during the tests:

-Air: The air atmosphere is the most representative atmosphere when the sample is exposed to a heat source. An exception may be found in the contact surface of the flame in the fire scenario as the gazes resulting from the kerosene combustion and the thermal decomposition of the laminates could highly alter the composition of the atmosphere locally. This exception can however be supposed negligible as the purpose of this study was not to investigate the fluid-dynamics interactions at the boundaries.

-N 2 : Nitrogen is an inert gas. The thermal degradation and decomposition process can then be studied without the influence of oxidization. -Vacuum: The vacuum atmosphere is also inert one, which allows to verify the conclusions obtained from the previous ones.

Thermal expansion

Dilatometry tests were performed by the UCCS Laboratory in Lille, using a Netzsch DIL 402 dilatometer from room temperature up to 250°C for pure PPS testing, and up to 450°C for C/PPS laminates with a heating rate of 5K.min -1 . The maximum temperature was set at the onset of the thermal decomposition as the porosity formation process would disrupt the measurements. As the thermal expansion of the fiber bundles is constant over the considered temperature range (as described in Section 1.2.3), the focus was set on the PPS matrix. Three PPS samples were used under air and N 2 atmospheres and one under vacuum. In order to estimate if the laminate expansion is in agreement with the results obtained on the matrix, three additional C/PPS QI laminates samples were dilated under nitrogen. The resulting evolution of the thermal expansion with temperature for these three configurations for PPS is presented in Fig. 2.9 with a 95% confidence interval.

Overall, the results show that the assumption of a constant value is not correct, especially for temperatures above the glass transition. Indeed, in all three configurations the thermal expansion coefficient follows a similar trend:

-An almost steady coefficient for temperatures up to the onset of the glass transition at a value in the order of magnitude of the previous value set at 52.2 10 -6K -1 -A sudden drop during the glass transition which remains inconclusive due to the complexity of the physico-chemical phenomena taking place. The glass transition occurs at temperatures close to the expected 90°C -A major increase afterwards up to 130 to 150°C, which can originate from the structural alteration of the amorphous phase leading to an increase in the mobility of the molecular chains -A progressive stabilization at a value between 300 10 -6 and 500 10 -6K -1 which is 6 to 10 times higher than the previous assumption. The stabilization is followed by a lowering tendency as the temperature approaches T m . However, despite the similar trends, differences can be observed between the configurations. First of all, contrary to air, a major disparity resulted from the three samples exposed to nitrogen, The drastic evolution both during the glass transition and for higher temperatures still seems to be limited in the absence of oxygen. The oxidization might therefore increase the thermallyinduced expansion. The vacuum curve is included within the error range of the nitrogen one, which could confirm the importance of oxidization.

Results on the C/PPS laminates show a smoothed, softened behavior up to T m compared to the plain PPS polymer ones (see Fig. 2.10). The decrease at the glass transition is much less significant, while the following increase is almost linear up until T m . Fiber bundles then inhibits the expansion of the material as the value at 250°C barely exceeds 100 10 -6K -1 . The coefficient then drastically increases as the matrix is gradually transformed into liquid before slightly decreasing at the approach of T d .

The values under air were used as an input for α t h,m . The coefficients α r t h, f b and α ax t h, f b were evaluated from a mixture law:

α r,ax t h, f b = α t h,m V m + α r,ax t h, f (1 -V m ) (2.14)
where the fiber thermal expansion coefficients α r t h, f and α ax t h, f were extracted from 1.18a. 

Thermal heat capacity

A coupled DSC-TGA at a heating rate of 10K/min (see Section 1.1.1 for the method) was used to assess the thermal heat capacity of the matrix and the laminates undair air and nitrogen atmospheres for temperatures up to 500°C. Preliminary calibration tests showed a good repeatability of the results, hence only one sample was used in each configuration. The apparent constant and almost linear increase is disrupted at about T m due to the melting of the matrix (see fig. 2.11). It is worth noting that the curves represent the combination of both the specific heat and the melting latent heat. The estimated melting latent heats h m are presented in Table 2.4. The bi-linear shaped thermal capacities appear higher in presence of oxidization as the oxide layer may act as a thermal insulator. This coupled mechanism is applicable for temperatures up to 500°C. Knowing the densities of the matrix and the fiber bundles and the equi-volumetric distribution of matrix and fiber bundles, the thermal heat capacity of a fiber bundle can be approximated by means of a linear mixture rule:

Configuration

c p, f b (T ) = ρ m + ρ f b ρ f b c p,cl (T ) - ρ m ρ m + ρ f b c p,m (T ) (2.15)
The corresponding curve is presented on Fig. 2.12.

Figure 2.12. -Temperature-dependence of the thermal heat capacity of the PPS matrix, the C/PPS QI laminates and the calculated-fiber bundles under air (Eq. 2.15)

It was chosen not to directly reproduce the phase transformation, but rather to artificially include the melting latent heat within the specific heat. The temperature-evolution of the specific heat was fitted as linear before and after melting, and the raw experimental data was kept for the phase transition (see Fig. 2.13a and 2.13b). It is to be noted that the specific heat increase rate is of 5.9J.kg -1 .K -2 , which is much higher than the value discussed in Section 1.3.1. The difference may stem from the accuracy provided by coupling DSC and TGA tests.

Thermal convection

The tthermal convection coefficient h at the opposed surface was chosen considering four successive steps:

- [START_REF] Carpier | Meso-structure-based thermomechanical modelling of thermoplastic-based laminates subjected to combined mechanical loading and severe thermal gradients[END_REF] obtained h = 2W.m -2 .K -1 using reverse identification on calorimeter cone experimental data, and used this value for his simulations. The opposed surface was vertical and no air extractor included. -The theoretical calculation of the Rayleigh number associated with the calorimeter cone problem showed a laminar air flow at the opposed surface. It was followed by the determination of Nusselt number using the approach from [START_REF] Ostrach | Laminar natural-convection flow and heat transfer of fluids with and without heat sources in channels with constant wall temperatures[END_REF] which led to an approximation of h around 8W.m -2 .K -1 . -When exposed to fire using small scale burners, the opposed surface is horizontal and oriented upwards. Without air extractor influence, literature values usually range from 5W.m -2 .K -1 to 12W.m -2 .K -1 in works such as [START_REF] Cain | Measuring properties for material decomposition modeling[END_REF] and [START_REF] Biasi | Thermal Modelling of Decomposing Composite Materials Submitted to Fire[END_REF]). -When working with an air extractor (as is the case of the burner in this study), a small airflow impacts the laminates on the opposed surface. Hence the convection coefficient must be increased to account for this forced convection. h is often approximated using the equation (The Engineering ToolBox, 2003):

h = 10.45 -v + 10 v (2.16)
with v the relative speed between the opposed surface and air. Considering a small air flow of the order of 1m.s -1 , one obtains h = 20W.m -2 .K -1 which is the value considered during this study.

Thermal conductivity

Finally, the thermal conductivity of the constituents was kept identical to the ones identified by Carpier (Carpier et 

Conclusion

The objective of this chapter was to estimate the influence of temperature on the thermal degradation of the thermomechanical behavior of the constituents of C/PPS laminates. It has been shown that the matrix has a significant viscous response which is exacerbated as the temperature increases. It was however chosen to model the behavior of both matrix and fiber bundles with linear elasticity, as described in [START_REF] Carpier | Meso-structure-based thermomechanical modelling of thermoplastic-based laminates subjected to combined mechanical loading and severe thermal gradients[END_REF]. Indeed, the main mechanical behavior investigated in this study is the stiffness which significantly decreases within the temperature range upwards of T d . Secondly, the various thermal properties required by the modelling (convection, conduction, thermal heat capacity, thermal expansion, radiation exchanges) have been identified by Carpier.

These values were used if the temperature range and accuracy were acceptable or else they were updated with more adequate methods. These values were kept constant for temperatures higher than the maximum at which they were identified.

The thermomechanical characterization performed by [START_REF] Carpier | Contribution à l'analyse multi-échelles et multi-physiques du comportement mécanique de matériaux composites à matrice thermoplastique sous températures critiques[END_REF] and the new measurements carried during this study have been described in Section 1.4.4 and in the previous Chapter. It lead to the validation of a thermomechanical model for temperatures ranging from room temeprature up to T d . In order to extend the model temperature range, this chapter describes the meso-structure changes in the laminates along with the thermal decomposition process of the polymer matrix. Such an explicit decomposition representation is a pre-requisite to any investigation into the evolution of the thermomechanical behavior under the circumstances of a fire. As temperature increases and exceeds T d , the pyrolysis of the matrix becomes a dominant mechanism. During the process, cavities form, filled with pyrolysis gas. It can be characterized according to its kinetics, as it is discussed in Section 1.4.2.

However, these studies do not consider the influence of the presence of cavities within the structure, although they drastically alter both the structural and the thermomechanical behavior of the laminates [START_REF] Carpier | Study of thermomechanical coupling in carbon fibers woven-ply reinforced thermoplastic laminates: Tensile behavior under radiant heat flux[END_REF]. From a structural viewpoint, the cavities induce the presence of high-pressure gas pockets which, as they expand, introduce an increase in the volume of the macro-structure through peeling. This behaviour is even more amplified by the fact that there is less matrix to ensure the load transfer within the laminates. As a consequence on the thermomechanical properties, the behaviour of the material is dramatically altered since solid matter is replaced by gas. During fire exposure, time-dependent thermal gradients within the laminates will lead to a disparity of matrix states at the scale of a ply. Such local variations can be considered at a mesoscopic scale by means of the explicit representation of the matrix and fiber bundles arrangement previously described in Chapters 1 and 2. This experimental and numerical study focuses on understanding the phenomena in the core of the material. Therefore, the oxidization of both char and fibers in addition to the pyrolysis decomposition observed experimentally by (Vieille et al., 2015) on the borders of the thermally exposed sample, due to direct contact with oxygen, was not investigated. This chapter first presents an experimental study of the porosity formation along with the quantification of the pyrolysis reaction kinetics according to the porosity content within the QI laminates rather than in terms of mass loss. In order to model the porosity formation, models such as GTN which account for porosity content to describe damage in a solid material only consider the porosity content as a global variable, which is not compatible with the numerical model's ultimate usage of accounting for local thermal gradients combined with swelling. As a result, this chapter then presents an original proposal explicitly representing the porosity formation inside the matrix of the laminates mesostructure. It is performed by progressively transforming finite elements of matrix into porosities. Numerical models for nucleation and growth are presented. Finally, the swelling induced by porosity formation and by delamination are tackled.

The results of this chapter (except for Sections 3.3.5 and 3.3.3) are the subject of (Philippe et al., 2023).

Experimental characterization 3.1.1. Measurement methods

Experimental protocols were considered to comprehend the kinetics associated with the porosity formation, both at qualitative and quantitative levels:

-Qualitative analyses: Optical microscopy, X-Ray tomography -Quantitative analyses: Geometrical measurements, mass measurements, densitometry The qualitative study focuses on the spatial distribution, shape and dimensions of porosities according to time of aggression while the quantitative one aims at measuring the amount of porosities within the laminates.The perfect analysis would result in a further understanding of both the explicit spatial distribution of the porosities and the amount of porosities in the laminates, which is the case of X-Ray tomography. However it was restrained to qualitative considerations. Indeed, the cost of analysis is not compatible with the current objectives of a modelling development and with the timelines of this PhD work: it requires a large amount of samples to cover the representative time and temperature ranges involved in the decomposition of the laminates.

Therefore, in order to constitute the reference set of experimental measurements necessary for a comprehensive identification, a more simple and efficient experimental protocol was applied to determine experimentally the porosity content (a volume fraction), noted η p (t , T ).

As the composite material is subjected to thermal decomposition, the nucleated porosities induce the presence of high-pressure gas pockets which, as they expand, introduce an increase of the volume of the macro-structure through the peeling of laminates plies. The volume increase (quantitative) and porosity distribution (qualitative) were studied by the experimental means described thereafter. Stationary and isothermal conditions were considered: samples are deposited in a muffle furnace (Nabertherm, inside volume inertia of 29 × 30 × 18cm 3 ) at a stabilized temperature T; given the thermal inertia of the furnace (temperature back to the setpoint in less than 10 seconds) and the small dimensions of the samples, the time of heating of the sample is considered negligible compared to the characteristic times of the decomposition analyses (∼ 1min) and the sample can reasonably be assumed to reach the target temperature instantaneously and uniformally. Each measurement was repeated three times on three different samples giving a reference value of the porosity content at time t and temperature T, noted η r e f p (t , T ), as well as its variance. The protocol is detailed in Section 3.1.2.

Five different experimental techniques were employed: (i) mass loss (ii) densitometry (iii) geometry (iv) optical microscopy observation (v) X-Ray tomography. They can be divided into two categories: on the one hand (i), (ii) and (ii) rely on measurements of samples before and after they were subjected to thermal aggression. This allows the porosity content to be calculated as the ratio of porosity volume over the final volume after swelling. On the other hand, (iv) and (v) rely on post-mortem observations in which the porosities are directly detected by visual means. All five experimental methods are detailed below.

Mass loss

This technique is solely based on mass measurements. The mass of the sample is measured before and after thermal exposure. Let us note (i) m ⋆ # the mass of the considered material # (either fiber, matrix or composite laminates) at the state defined by ⋆ (either initial or decomposed), (ii) η i ni m and η i ni f the volume fractions of matrix and fibers within the laminates at the initial state, and (iii) ρ m and ρ f the densities of the matrix and the fibers. The porosity content can be expressed as:

η p = 1 - m d cl m i ni cl   m i ni m -m d m ρ m + m i ni f -m d f ρ f   η m ρ m + η f ρ f m i ni cl -m d cl (3.1)
In the present case, since η m = η f = 0.5, and by considering that the mass loss only comes from the matrix, Eq.3.1 can be simplified into:

η p = 1 - m d cl m i ni cl ρ m + ρ f 2ρ m (3.2)
Its main drawback is that it does not provide any information on the swelling of the laminates.

Densitometry

This technique uses a densitometric scale. It consists in measuring the weight of a sample in the air then in water and then in applying Archimedes formulas in order to determine the density. With m a cl the mass of the composite laminates in the air, m w cl the mass in water and ρ a , ρ w the density of respectively air and water, the density of the sample is

ρ d cl = m a cl m a cl -m w cl ρ w -ρ a + ρ a (3.3)
The density of the sample is calculated before and after thermal exposure. Knowing both its density and its mass, its volume can be determined and the volume difference originates from the porosity formation. The results are however strongly influenced by edge effects as the edges become thicker than the center. Indeed, after a 5 minute exposure at 530°C, the thickness increase is mainly located within five millimetres from the edges and up to 30% higher. The density is therefore lower on these parts of the sample and it can reduce the laminates density down to a value lower than 1. In this case, the density formula from Eq. 3.3 is then altered and given by 3.4.

ρ d cl = m a cl ρ w m a cl -m w cl (3.4)
Noting ρ i ni cl and ρ d cl the initial and final densities of the sample, the porosity content finally reads:

η p = m d cl /ρ d cl -m i ni cl /ρ i ni cl m i ni f /ρ f (3.5)

Geometry

This technique is based on the measurement of the initial (V i ni cl ) and final volumes (V d cl ) of the samples. The porosity volume is finally obtained by adding the contributions of both the closed and open porosities (see Section 3.2.1 for the open/closed distinction). The contribution of the former is the volume difference between pristine and post-exposure states. This accounts for the swelling of the material. The contribution of the latter is the mass lost during the process as the pyrolysis gas escape. Ultimately, the porosity content reads

η p = V d cl -V i ni cl V d cl + m i ni cl -m d cl ρ m V d cl (3.6)
Edges effects (increase in thickness on the borders) may affect the measurements, similarly to densitometry. However they were avoided by measuring the dimensions at the center of the sample.

Optical microscopy

This technique relies on destructive observations. Once the sample has been thermally decomposed, it is cut into 3mm-height slices. These profiles are then observed and captured using a 3D numerical microscope (KEYENCE VHX-500). Images are finally numerically treated in order to compute the porosity surface fraction. This method highly depends on both the localisation of the cut and the segmentation threshold chosen by the user. Furthermore, the black/white threshold presents some subjectivity as it is set by the user to detect the porosities where they are likely to appear.

X-Ray tomography

This technique uses 3D reconstruction (softwares 3D slicer or Avizo ® ) of tomography slices (EasyTom 150, 9.5µm, 150kV) to isolate and dissociate the porosities within the material. As for the optical microscopy method, a segmentation threshold is used, with the same drawback.

But since the whole volume is considered, the disparity between measurements is reduced. After comparison of these techniques, it was chosen to quantify η p (t , T ) using the geometry based method for the case of homogeneous thermal exposure. X-Ray tomography and optical microscopy were however used to analyze the porosity formation process from a qualitative standpoint. It is to be noted that the technique based on geometrical measurements is relevant only for scenarii of homogeneous temperature. In the case of decomposition gradients, tomography and microscopy have to be used in a quantitative way, with a special attention to the representativity of the results in terms of edge effects as well as 2D projection in the microscopy method.

Experimental analysis protocol

Throughout the experimental analyses, the following protocol was applied: -Preparation of 25 × 25 × 2.2mm 3 samples (water cutting, cleaning, drying) -Initial measurements (geometry, mass measured three times and averaged) -Exposure in the muffle furnace at the setpoint temperature -Removal of the sample after a given exposure time -Post-mortem measurements at the center of the samples to prevent edge effect influence -Use of three samples for each (time,temperature) set Temperatures and times of exposure were carefully chosen to provide the wider possible range of results. Thermal decomposition tests were carried out for the following constant temperatures:

-465°C: onset of the thermal decomposition [START_REF] Ma | Studies on thermogravimetric properties of polyphenylene sulfide and polyetherether ketone resins and composites[END_REF]) -500°C and 530°C: intermediate temperatures -600°C: temperature limit for post-mortem observations Exposure times were set at various times highlighting the primary kinetics changes up to 15 minutes (FAA standards resistance time (Federal Aviation Administration, 2023)).

Experimental results

Qualitative analyses on porosity formation

Qualitative considerations based on optical observations confirmed that porosity formation highly depends on time and temperature at various levels as can be seen on Fig. 3.2 for observations obtained in a central slice.

Overall, the porosities progressively replace the virgin matrix and tend to form pockets of localized pyrolysed areas. As they appear, porosities can be classified into two categories: (i) open porosities which are connected to the external environment either directly or by a network of voids created during the progressive decomposition of the matrix within the laminates; the pyrolysis gases generated inside these porosities can then escape from the porosities; (ii) closed porosities which remain trapped within the material and are still filled with pyrolysis gases. The process of porosity formation can be described by three consecutive mechanisms: (i) nucleation, mostly within matrix-rich areas, (ii) growth and coalescence of these porosities and (iii) decohesion at the fiber bundle / matrix interface. Although the porosities originating from on one hand (i) and (ii), and on the other hand from (iii) do not have the same nature (the firsts are filled with gas while the other only consist of voids), they will not be differentiated throughout this study. It results in interconnected porosities over the whole length of the sample, therefore connecting them to free edges which releases the pyrolysis gas.

As temperature increases, the thermal decomposition state progresses. However it is not a linear evolution since at high temperatures (beginning at 530°C and clearly visible at 600°) new areas of porosities appear within the fiber bundles, resulting in a severe fiber bundles / matrix debonding. These intra-bundle porosities may result from three mechanisms: (i) the decomposition of the polymer matrix constituting the fiber bundle (volume fraction of 17%), (ii) the debonding of the fibers and (iii) oxidization of the fibers due to the air flux and the oxygen which is released as the polymer matrix decomposes into gas [START_REF] Grange | Étude du comportement au feu de matériaux composites destinés à des applications aéronautiques : expériences et Modélisations[END_REF]. The onset of this phenomenon can be observed on Fig. 3.2 at 600°C. Besides, the time of exposure at a given temperature mainly contributes to continue the process of porosity formation already in place, without introducing new ones.

For a better understanding of the porosity distribution, X-Ray tomography observations are used to perform a 3D numerical reconstruction of the samples (Fig. 3.3). Afterwards, internal porosities can be extracted by setting a greyscale threshold. To set aside the edge effects, porosities are extracted from the center of the sample. It is observed in this particular example that the porosity distribution is rather homogeneous (each color distinguishing a separate porosity), which was expected for a homogeneous thermal exposure. However, this technique is more relevant in the case of a non uniform thermal exposure (e.g. one-face flame impact) since it is expected that the thermal gradients induce a significant porosity gradient through the thickness. 

Quantitative analyses on porosity formation

As explained in Section 3.1.1, the porosity content was determined according to various times and temperatures. Although the initial matrix volume represents 50% of the initial volume of the laminates, porosity content goes over 50% since the final volume gets larger and since it can be reasonably assumed that the carbon fiber volume remains unchanged.

The time evolution of the porosity content η p (t , T ) is depicted in Fig. 3.4 for temperatures of 465°C, 500°C, 530°C and 600°C for the laminates. Results show a similar trend of evolution for all considered conditions: a rapid increase during the first minutes and then a saturation to an asymptotic value depending on the temperature of treatment. However a major limitation for numerical modelling was observed at 7 minutes. It was the direct consequence of the sudden thickness drop at 5 minutes for temperatures of 530°and higher (see Fig. 3.5(a) in which the final thickness is normalized by the initial one). As the temperature and time of exposure became too elevated, structural damage made the laminates unable to withstand such a swelling which resulted in a collapse of the material. The swelling appeared to be limited to a maximum factor of 1.7 of the initial thickness in every scenario, confirming the above-mentioned maximum expansion of the laminates before collapse. Since the porosity volume determination highly depends on the thickness, its collapse strongly decreases η p . However the mass loss increase (Fig. 3.5(b)) compensates the thickness decrease in the porosity content calculation (Eq. 3.1). As a result, the porosity content remains steady. Considering that the mechanisms leading to the collapse of the laminates are not fully understood yet, it was chosen to limit the exposure time to 5 minutes in the numerical modelling for temperatures above 500°C. 

. Domain of computation

The large discrepancies between the matrix and the fiber bundles in terms of thermomechanical behavior and thermal decomposition process (Fig. 3.2) has led to consider a mesoscopic scale based on the previous work of Carpier et al. [START_REF] Carpier | Meso-structure-based thermomechanical modelling of thermoplastic-based laminates subjected to combined mechanical loading and severe thermal gradients[END_REF]. A three-dimensional mesoscopic numerical model of the composite was hence created (using the software TexGen [START_REF] Sherburn | Geometric and mechanical modelling of textiles[END_REF]), representing explicitly matrix and yarns in 1/28th of a RVE, i.e. a volume of 1.7 × 1.03 × 2.20mm 3 (cf. Fig. 3.6 (a) and (b)). To start the analyses, the dimensions of study were set to get a fine discretization (5,000,000 elements), and the location of the subdomain was chosen to have the same volume fraction of matrix as in the laminates. The mesh refinement is depicted on Fig. 3.6 (c) with a zoom on the subdomain. Further analyses on sensitivity to mesh size are presented in Section 3.3.2. Finite Element calculations were performed using Z-Set (Z-set, 2023).

Nucleation of the porosities

As a first approach, it was chosen to focus on the porosity nucleation mechanism out of the three possible mechanisms, viz. nucleation, growth and coalescence, and interface decohesion. Two main reasons motivated this choice: it is the first step of the porosity formation and a compromise between computation time and modelling complexity. The other mechanisms will be discussed in Section 3.3.3 and Section 3.3.5.

In the numerical model, the porosity formation and the swelling mechanisms at a given in- The modelling applies to a subdomain of computation which is embedded within the laminates. No difference is made between closed porosities at the core and open porosities along the edges. With such a representation and since the volume fraction of matrix in the subdomain is equal to that of the laminates, the kinetics of porosity formation within the subdomain can be assumed to be representative of that of the laminates with large dimensions. As a corollary to these working hypotheses, the kinetics of porosity formation is solely characterized by the volume fraction of porosities inside the subdomain. The nucleation was implemented as mesh elements of matrix progressively turning into gas based on a probabilistic law depending on time and temperature.

Probability based kinetics model

For sake of clarity at this stage of the presentation, the kinetics model is presented in the model configuration of a fixed temperature T (so that no dependence on T is mentioned yet; it is introduced in a second step) and of a mesh made up of matrix and porosity elements exclusively. Let N m (t ) and N p (t ) denote the numbers of matrix elements and porosity elements at the instant t , within a set of N 0 m = N m (t = 0) matrix elements at the initial instant. Owing to conservation, the following equality holds:

N m (t ) + N p (t ) = N 0 m ∀t ≥ 0 (3.7)
Noting Ṅp (t ) the rate of production of porosity elements at time t , the number of produced porosities within the time interval

[t , t + ∆t ] is ∆N p (t ) = Ṅp (t ) ∆t (3.8)
If each matrix element is assigned a probability p to transform into a porosity within [t , t + ∆t ] and assuming that N m (t ) is very large, the complete set of random draws over the N m (t ) candidate elements leads to the following expected number of produced porosities:

∆N p (t ) = pN m (t ) (3.9)
The combination of Eq. 3.8 and 3.9 enables to define p according to a function G N (t ) -depending only on time-and to the time duration ∆t :

p ∆t = G N (t )
where

G N (t ) = Ṅp (t ) N m (t ) (3.10) 
Assuming that all the elements have the same volume, the rate of porosity content ηp (t ) and the volume fraction η p (t ) at an instant t can be expressed by:

ηp (t ) = Ṅp (t ) N 0 m η p (t ) = N p (t ) N 0 m (3.11)
The combination of Eq. 3.7, 3.10 and 3.11 leads to the following partial differential equation, of which the volume fraction of porosity η p (t ) is solution:

ηp (t ) = G N (t ) 1 -η p (t ) ∀t ≥ 0 (3.12)
By repeating the reasoning from Eq. 3.7 to Eq. 3.13 for a different temperature, one obtains the following partial differential equation to describe the temperature-dependent kinetics model of porosity formation:

ηp (t , T ) = G N (t , T ) 1 -η p (t , T ) ∀t ≥ 0, ∀T ≥ T d where G N (t , T ) = p (t , T, ∆t ) ∆t (3.13)
A similar approach is regularly used in theoretical physics to study the evolution of particle decay over time. It emanates from the theory of radioactive decay which was first developed by Rutherford and Soddy in 1902 [START_REF] Rutherford | Xli. the cause and nature of radioactivity part i and ii[END_REF]. The G N factor is then a constant decay rate and an explicit expression of η p can be obtained (proportional to exp (-G N t )). From Eq. 3.13 it follows that, given a time discretisation in terms of ∆t (not necessarily constant), the kinetics is completely described from the probability p (t , T, ∆t ). There thus only remains to attribute an analytical form to p (t , T, ∆t ) -or alternatively G N (t , T )-, after which Eq. 3.13 can be numerically solved to approximate η p (t , T ) under the assumption of a very large set of matrix elements. This is under concern in Section 3.3.2. In the particular case of a constant time increments ∆t , a closed form of η p (t ) can be obtained. Let us note t (k) = k∆t the time at the k-th increment, p (k) = p t (k) the corresponding probability, and η (k) p the corresponding porosity content. After the definition of η p and p, η (k) p can be described by the following recursive sequence:

η (0) p = 0 η (k+1) p = 1 -p (k+1) η (k) p + p (k+1) (3.14) 
As to illustrate with t (3) = 3∆t : η (3)

p = p (1) +p (2) +p (3) -p (1) p (2) +p (2) p (3) +p (1) p (3) +p (1) p (2) p (3)
Let C i ,k denote the set of possible combinations of i elements out of k and let us note c ∈ C i ,k any of these combinations. From a recurrence analysis, it can be shown that the volume fraction at the time t (k) is:

η p (k∆t ) = k i =1 (-1) i +1 c∈C i ,k j ∈c p ( j ) (3.15)
If, further, the probability p (k) is set constant over time increments, Eq. 3.15 is simplified into:

η p (k∆t ) = k i =1 (-1) i +1 k i p (i )
with

k i = k! i ! (k -i )! (3.16)
As for η p (t , T ) determined from Eq. 3.13, the assumption pertaining to the closed form of Eq. 3.16 is that the number of matrix elements is very large. This closed form has been retained as the reference asymptotic kinetics law, noted η ∞ p (t , T ), for the analyses of the effect of domain size and mesh refinement in Section 3.3.2.

Probabilistic law

According to Eq. 3.13, if the expression of G N (t , T ) (or alternatively p(t , T, ∆t )) is prescribed, then the temperature dependent evolution of the porosity content can be described completely. One way to build up G N (t , T ) would be to derive it from the classical partial differential equation describing pyrolysis kinetics (cf. [START_REF] Flynn | General treatment of the thermogravimetry of polymers[END_REF]). This equation gives the rate of the degree of thermal decomposition α(t , T ) according to a temperature dependent rate factor in the form of an Arrhenius function and to a reaction model depending on α. As detailed in [START_REF] Carpier | Experiments based analysis of thermal decomposition kinetics model. case of carbon fibers polyphenylene sulfide composites[END_REF], the identification of the decomposition kinetics of the polymer matrix can be made from different approaches, more or less consistent with the involved physics, and all of them are based on thermogravimetric analyses of the polymer matrix.

In the present work it is purposely chosen to develop a model from macroscale measurements of thermally-induced mass and dimensions evolutions. Along with this choice, the main role assigned to G N (t , T ) is to enable the reproduction of a macroscale phenomenology from a microscale mechanism -porosity nucleation-on a wide range of temperatures. Given the extant of scales and the spectrum of thermomechanical properties to deal with in this model, a pragmatic choice is made for the construction of G N (t , T ): it can be a phenomenological function calling on as few parameters as possible and necessarily positive. According to experimental results at each considered temperature T , the rate of porosity content ηp (t , T ) is maximal at t = 0 and monotonously decreases over time until η p (t , T ) reaches a saturation value. This evolution corresponds to a probability of nucleation which itself should be maximal at t = 0 and then would continuously decrease to zero over time. The form of G N (t , T ) proposed in Eq. 3.17 enables to reproduce this trend:

G N (t , T ) = A (T ) t + B (3.17)
A(T ) depends on the temperature while B correspond to a constant (positive) characteristic time. A (T ) should describe the dependence to T , potentially non linear, using as few parameters as possible. In order to adapt the conditions for an efficient identification of these parameters, a first round of analyses was performed at a reference temperature T r e f in the medium range of considered temperatures (T r e f ∈ [T d , 600°C]), at which a comprehensive set of mechanisms is involved in the phenomenon of decomposition. This preliminary functional analysis has led to the expression of G N (t , T ) provided in Eq. 3.18. The parameters and their respective roles are reported in Table 3.1. The provided values result from the identification which is explained in Section 3.3.2. Fig. 3.7 shows the evolution of p over time for different temperatures. 

G N (t , T ) = a 1 + a 2 T -T d T r e f -T d b t + τ (3.18)

Identification of G N (t , T )

The identification of the parameters of G N (t , T ) is performed by optimisation. It is a classical iterative process where, given a set of parameters P = {a 1 , a 2 , τ, b}, the following operations are performed at each step:

the partial differential equation Eq. 3.13 is numerically solved (Euler scheme based on a small ∆t )

its result is compared to the reference experimental curve of η r e f p (t , T ) for T i = 465°C, 530°C or 600°C and at the different times of the experimental measurements t ( j ) using a cost function F :

F = i , j η r e f p t ( j ) , T i -η p t ( j ) , T i 2 (3.19)

a variation is introduced on the values of P

The iterative process is stopped as the cost function reaches a minimum. As a preliminary to the identification process, a quantitative sensitivity analysis has been performed on the parameters of the model. Let P be the set of parameters with P i ,0 ∈ {a 1 , a 2 , τ, b}. It was chosen to investigate the influence of the factors on the resulting porosity content by considering an arbitrary variation interval for each parameter so that P i ∈ [ 1 2 P i ,0 , 2P i ,0 ] introducing parameter factors F i ∈ [0.5, 2]. The porosity content therefore depends on F i , T and t and can be noted η i p (t , T ). Let the relative error RE of a function f to a reference value f r e f be defined as:

RE f = f -f r e f f r e f × 100 
(3.20)
Two approaches were considered, having either the temperature or the time set and the other varying to investigate the influence of the parameters on each:

η i p (T, t ) was calculated according to time or temperature for various parameter factors . The dispersion d i (t , T ) around the reference probability law η i ,0 p (T, t ) was defined as

d i (t , T ) = RE η i p (t , T
) . The amount of parameter factors was limited to two for curve readability, chosen as the boundaries 0.5 and 2.

-For a complete overview of the parameter factors, the η i p (T, t ) were integrated over time (at fixed temperature) or over temperature (at fixed time) such as S i (F i , T ) =

t f i nal 0 η i p (T, t ) d t and S i (F i , t ) = t f i nal 0 η i p (T, t ) d T .
The dispersion around the reference integral value S i ,0 (F i , t ) according to the chosen parameter factor D i (F i , t , T ) was defined as

D i (F i , T ) = RE S i (F i , T ) and D i (F i , t ) = RE S i (F i , t ) .
Specific cases representative of the general tendencies are presented with set temperature of 600°C and times of 50s, 100s and 300s. -Influence of parameter values on D i (F i , T ) according to temperature after 300s This sensitivity analysis shows that any of these parameters have a significant influence which validates the relevance of the proposed form of G N (t , T ). It also enables to determine a reference set of parameters. This iterative process was started from this reference set.

The identified parameters are presented in Table 3.1. The quality of this identification was then validated by comparing the computed kinetics of porosity formation at T = 500°C to the experimental one through a Euler scheme. Furthermore, a Monte-Carlo method was used on a large amount of elements to verify that similar porosity content were obtained. All the computed curves of η p (t , T ) can be compared to the experimental ones on Fig. 3.16. Some caution should be taken with temperatures exceeding 600°C as oxidization starts to occur, which alters the internal structure of the yarn, and is not considered by the model. 

Probability law: adapted form

Modelling both thermal transfers and mechanical fields under a mechanical load involves dealing with non-linearities originating from the gradients of properties according to temperature and constituent. To this respect, for a good trade-off between accuracy of the porosity kinetics description and efficiency of the numerical analyses, ∆t should lie within a range from 10s to 60s. Computing RE t 0 η p (t , T ) d t for different values of ∆t , and taking the reference solution as that obtained with ∆t = 10 -3 s, it is shown that the error becomes significant for time increments larger than 1s, as seen from Fig. 3.17. Figure 3.17. -Evolution of the relative error of t 0 η p (t , T ) d t according to ∆t for different temperatures of exposure. The reference solution is the one obtained with ∆t = 10 -3 s This error originates from the inherent error introduced by the Euler scheme as the small ∆t criterion is no longer met. In order to enable the use of ∆t ≥ 10s, the definition of p (t , T, ∆t ) = G N (t , T ) ∆t must then be corrected with an adaptation function f a (∆t ). The corrected nucleation probabilistic law reads:

p (t , T ) = G N (t , T ) ∆t × f a (∆t ) (3.21)
The time increment correctional factor f a (∆t ) is expressed as:

f a (∆t ) = 1 0.833 + 0.00458 -0.00167 T -T r e f T r e f -T d ∆t r e f -∆t (3.22) 
The reference ∆t r e f was set at 30s as to conveniently fit the experimental data while not being too large to capture progressive mesostructural changes. Fig. 3.18 shows that results do not depend on ∆t , provided it be lower than 60s.

Given the high time-rate of evolution of the porosity content as obtained experimentally, even for the lowest temperature causing the polymer matrix decomposition, ∆t larger than 60s would lead to a lack of accuracy. Therefore this upper bound of ∆t is not the source of any reduction in the efficiency of the thermomechanical computations. 

Sensitivity to mesh size

As the probabilistic approach consists of a series of random draws, a bias might be introduced if the amount of elements is not large enough as it would not result in representative values of the asymptotic behavior. Eq. 3.15 was used to assess the convergence of the probability-based η p (t , T ) according to the number of elements N 0 m used. An arbitrary setting of T = 530°C and ∆t = 30s was chosen. Let the deviation from the theoretical value η ∞ p (t , T ) be defined as d N 0 m , t , T = RE η p (t , T ) . As each matrix element undergoes a Bernoulli trial at each time step with a probability p (t , T ) to turn into a porosity, the porosity content follows a step-by-step binomial random variable B n, p . Let X n be the amount of successes out of n possibilities so that the probability of achieving it reads:

P (X n = k) = n k p k 1 -p n-k (3.23)
Let the mean relative deviation D n p be defined as

D n p = E |X n -E (X n )| E (X n ) × 100 (3.24)
As for a binomial distribution B n, p E (X n ) = np, De Moivre showed in 1730 that D n p can be expressed as

D n p = 2n [np] n -1 p [np]+1 1 -p n-[np] × 100 np = 2n (n -1)! [np][np]! n -np -1 ! p [np]+1 1 -p n-[np] × 100 np (3.25)
As n tends toward high values, Stirling's formula stipulates that n! can be approximated as

l og (n!) ≈ n l og (n) -n + 1 2 l og (2πn)
After application of Stirling's formula and developments, Eq. 3.25 becomes

l og D n p = - 1 2 l og (n) + 1 2 l og 200 1 -p 2πp or d N 0 m = 100 π . 1 -p pN 0 m 1 2 (3.26)
For a calculation at 30s, numerical application renders the line equation

l og D n p = - 1 2 l og (n) + 2.11
which corresponds to what is observed on Fig. 3.19. It is to be noted that for n values lower than a 100, slight differences appear between the numerical and theoretical values as Stirling formula's assumption of a large N is no longer met. Fig 3 .19 shows the variation of d according to N 0 m for four exposure times at 530°C. Results show that the porosity content is only lightly affected by the number of elements. It appears that for a model with 10 6 elements, the dispersion is lower than 0.1%. As a realistic amount of matrix elements would be of this magnitude, it can be assumed that the randomness is limited to the location of porosity nucleation and does not reflect at the macroscopic scale.

A view on the decomposed subdomain is shown on Fig. 3.20 for two different refinements. The coarsest mesh corresponds to the one used in [START_REF] Carpier | Meso-structure-based thermomechanical modelling of thermoplastic-based laminates subjected to combined mechanical loading and severe thermal gradients[END_REF] for the determination of the laminates axial stiffness evolution in the temperature range from the ambient to the onset of decomposition T d . Whereas this mesh was fine enough to predict thermoelastic properties of the laminates up to T d , this qualitative comparison tends to show that the analyses for T ≥ T d are more demanding in terms of mesh size refinement. Further analyses on mesh size effect, from the quantitative point of view, are presented in Section 3.3.4.

Porosity growth

Growth strategy

As microscopic observations have shown, cavities can be present in the form of small of large voids. This latter case is obtained from the mechanism of growth. To introduce this mechanism in the modeling, it has been chosen to assign to each element of polymer matrix a supplementary probability of transforming into cavity which depends on its location with respect to existing cavities (or nuclei) following this principle: given a distribution of nuclei and the relative field of porosity density, the larger the porosity density in the surrounding of the considered element, the larger the probability to transform into a cavity. Let p g r ow t h (t , T, ∆t ) be this probability at time t , temperature T and during the time increment ∆t . The total probability of an element to transform into a cavity is then defined by Eq. 3.27.

p (t , T, ∆t ) = p nucleation (t , T, ∆t ) + p growth (t , T, ∆t )

(3.27) p g r ow t h at a given matrix element is determined from the density of porosities in its direct neighborhood. Let a domain occupied by matrix element be divided into cubic boxes where the local porosity densities are computed. All matrix elements belonging to a given cube could be considered to be influenced only by porosities located within the box of interest for the growth mechanism. However, preliminary results showed that such an approach leads to an overly quick saturation. Indeed, once a box is filled with cavities, the growth stops. Furthermore, as the nucleation probability drops, the amount of new porosity elements then becomes too low. Increasing the nucleation probability as a compensation results in a porosity volume fraction significantly higher than expected in the earlier times and a proper equilibrium was not found. The chosen approach also takes into account the surrounding boxes which are included into the definition of the local domain. As represented in Fig. 3.21, each box contains of the order of few matrix elements and three scales are considered to determined the probability of transformation of an element:

-Scale of an element: matrix/porosity finite element of the model -Scale of a box: it contains a fixed number of matrix elements defining its size. The example provided in this section considers 5 elements in each box. A difference is made between the box of interest containing the matrix element and the surrounding boxes. -Scale of a local domain: ensemble of boxes surrounding a given matrix element The boxes constituting a local domain are classified according to their distance from the central box: the 1 st order is the box of interest, the 2 nd order ones are the 26 boxes in the direct neighborhood, the 3 r d order ones are the next 98 etc..., see Fig. 3.21 for a two-dimensional simplified representation of the discretization up to the 3 r d order in which a matrix element and the porosities surrounding it are represented. The other matrix elements are not represented for clarity purposes. The effect of the neighborhood of a given element on its transformation probability is maximum for the elements located inside the box of interest and decreases as the order of classification increases.

LLet us note n the number defining the classification order of neighbours and d i the porosity density in the boxes i forming the local domain of a given matrix element. The probability of transformation of an element inside the box of interest is determined from a weighted average of the porosity densities in the local domain according to Eq. 3.28, where ω i stand for the weight constants for i ∈ (2k -3) 3 + 1, (2k -1) 3 , k ∈ {2, ...., n}.

d p = (2n-1) 3 i =1 ω i d i (3.28)
The weight constants (ω i ) i ∈[(2k-3) 3 +1,(2k-1) 3 ],k∈{2,....,n} then constitute the set of parameters governing the kinetics of growth. The form they have been given in order to introduce the dependence of the growth rate to temperature and time, and the identification that could be made from the experimental results of porosity content evolution through time for the different temperatures of exposure are presented in section 3.3.3.

In order to illustrate how this model works, let us consider the case where a box contains five elements, being either matrix or porosity, and n = 2, as depicted in 2D in Fig. 3.22, along with the corresponding densities of the constituent boxes of the local domain. Let us assume further that ω 1 = 0.2 and ω 2,...,9 = 0.1. Eq 3.28 then gives a probability of transformation in the central box of interest p growth = 0.38.

Strategy for the application in a FE thermomechanical computation

The question first rests on the compromise between the maximum order of influence considered and the amount of elements placed in each box. These considerations must rely on a reasonable computation time while preserving the chemico-physical aspect of the phenomenon:

-On the one hand, an ideal system would consist of considering each box containing only one matrix element influenced by the other elements directly connected to it. It is however not numerically feasible. On the other hand, an extremely cost effective discretization considering too many elements in each box would not be representative enough. -Taking into account too many orders would result in (i) large calculation times and (ii) loss of accuracy as elements would interact from a large distance.

It was hence chosen first to use the second order approach. The local domain then consists of the central box and the 26 surrounding it. The impact of the number of elements in each box on the porosity content evolution was then assessed using arbitrary values for the probability and the ω i . To this end, a cubic domain consisting only of 40,000 matrix elements was created. A 5% porosity content was initially included, and the growth model was tested with a 30s time step using various box sizes. Fig. 3.23 and 3.24 show that the porosity content increases with the number of elements before stabilizing after 10 elements. It can be observed (especially on Fig. 3.24 which represents the porosity content values after 5 minutes) that the porosity content decreases with a large number of elements. It originates from boundary effects: the boxes on the borders are not fully surrounded by matrix and porosity, therefore the local density is necessarily lower. As a result, since with large numbers of elements a majority of the boxes are located on the borders, the porosity content decreases. The second order approach was then coupled with considering 10 elements in each box, which represents between 2 and 3 elements in each directions of the cubes.

Comparison with JMAK growth model

The JMAK model (Johnson-Mehl-Avrami-Kolmogorov) provides a reference kinetics law of the macroscale porosity content since it relies also on the mechanisms of nucleation and growth of a product phase within a parent one. From the instantaneous initial nucleation of a certain nuclei volume fraction z (t = 0), and given an isotropic and time-independent growth rate, the rate of transformation to the product phase can be integrated in the form of Eq. 3.29, where z (t ) (assimilated to η p (t )) stands for the volume fraction of the product phase:

z (t ) = 1 -exp -K t n (3.29)
K is a constant depending on z (t = 0) and the interface growth velocity. n is an integer no larger than 4, usually set at D + 1, D being the dimension of the geometrical Let us set as an example z (t = 0) = 0.1% and K = 1.3E -9. Let us suppose that the nucleation only occurs at the initial time in the proposed finite element growth model so that only the growth governs the porosity content evolution. A cubic domain of matrix containing 1,000,000 elements was used. It was found that the weights of the present approach (as described in Eq. 3.30) can be adjusted as to fit the JMAK-predicted evolution (Fig. 3.25). This shows that the proposed numerical growth model, although established on a local scale, has the capacity to reproduce JMAK-like macroscale kinetics.

Growth model identification

In the modeling of porosity formation from nucleation and growth, G N (t , T ) must be lowered with respect to its identification in the modeling based only on nucleation. In the case of exposure where porosities form large pockets (high temperature and rather long time of exposure), the porosity formation can be assumed to be governed by the growth mechanism. To address this situation, as a first approach to demonstrate the capabilities of the growth model, the nucleation probability was arbitrarily divided by 2.5 so that 40% of the porosity content corresponds to nuclei and 60% originate from the growth.

As mentioned in Section 3.3.3, it is necessary to account for the second order neighbours for the welfare of the modelling. However their influence (or weight) can be reduced to a minimum. To that end, it was chosen arbitrarily to set the weight of the central box 80 times higher than the surrounding ones. Doing that, the combined weight of the 26 surrounding boxes is around 3 times lower and represents 25% of the total weight. As for the determination of G N , the weights ω i must follow a similar trend: a high value at the initial times to initiate the growth process, before decreasing with time. The proposed definition of ω i reads:

ω i (t , T ) = 1 τ 1,i + τ 2,i T -T d T r e f -T d t c
with t>0 (3.30)

As the growth occurs after the nucleation and the first iteration is at the end of the first time step of the finite element calculation, t > 0. The various parameters and their roles are presented in Table 3.2, and the evolution of ω 1 over time for different temperatures is shown of Fig. 3 The parameters from the definition ω i (t , T ) were identified in order to fit the experimental data, and the obtained porosity content evolution is depicted on Fig. Although quantitatively the modelling with or without including the growth process yields similar results, qualitatively major differences in the porosity distribution can be observed. Fig. 3.28 shows the porosity distribution in a simplified cubic domain initially composed only of matrix elements. The first result presented is from a pure nucleation model and the second by initially nucleating a 2% porosity content before letting only the porosity formation through the growth mechanism. For a similar porosity content (around 54%) the nucleation case shows porosity uniformly distributed within the matrix, while the growth mechanism creates large clusters of porosities embedded within large matrix areas as well. 

Thickness expansion: porosity-induced swelling

In order to reproduce the observed macroscopic swelling-induced expansion of the laminates, the simulation of porosity formation has to be completed by a mechanical simulation to include the mechanism of swelling at the scale of porosities. As to mimick a gas, a porosity is treated as a solid isotropic elastic material with a Young Modulus of 10 -3 MPa. The fiber bundles and the matrix are assigned the same mechanical properties as those used in the previous work [START_REF] Carpier | Meso-structure-based thermomechanical modelling of thermoplastic-based laminates subjected to combined mechanical loading and severe thermal gradients[END_REF]:

-temperature-independent isotropic transverse elasticity for the fiber bundles; it is assumed that oxidization of the fibers does not occur; -temperature-dependent isotropic elasticity for the matrix; in the molten state, its Young

Modulus is set at 1MPa; it corresponds to the upper bound below which the set value does not impact the mechanical properties of the laminates, as explained in [START_REF] Carpier | Meso-structure-based thermomechanical modelling of thermoplastic-based laminates subjected to combined mechanical loading and severe thermal gradients[END_REF].

In this configuration, the value of the imposed internal pressure becomes the only input governing the extent of the macroscopic swelling-induced expansion. Before addressing the question on how the value of the internal pressure was adjusted, a preliminary attention needs to be paid to the effect of mesh refinement. Fig. 3.30 shows the geometry of the subdomain in its swollen state after a 5 minute exposure at 530°C for two mesh refinements depicted in Fig. 3.20. With the coarse mesh (corresponding to that in [START_REF] Carpier | Meso-structure-based thermomechanical modelling of thermoplastic-based laminates subjected to combined mechanical loading and severe thermal gradients[END_REF]), the large size of the voids is at the origin of significant irregularities in the geometrical representation of the fiber bundles. A fine enough mesh, e.g. such as the one in Fig. 3.30(b), should thus be used in order to minimize the sources of artifacts in the thermomechanical modelling during the matrix decomposition.

Having defined the mesh refinement, further analyses were conducted on the qualitative effect of the imposed pressure on the thickness expansion. As a consequence of the rapide decrease of the matrix rigidity upon temperature increase, it was observed that the imposed internal pressure should be defined as a function decreasing through time at rates depending on the temperature of exposure. This function further needs to converge to a saturated value, such as to reproduce the stabilization of the thickness expansion to a constant value. Let us note P int this imposed internal pressure. The form of P int given in Eq. 3.31 enables to describe these trends: 

P int (t ) = D 1 exp -D 2 (t -1) D 3 + D 4
(D i ) i =1,.
..,4 are constant parameters which enable to introduce the dependencies to the temperature of exposure. Table 3.3 defines their respective roles and provide the values which were identified. Fig. 3.31 presents the simulated evolution of thickness expansion over time for three temperatures of exposure, to be compared with the experimental measurements. The form which has been set for P int (t ) is certainly arbitrary, but it produces a phenomenology which is consistent with physics. And Fig. 3.31 shows that the modelling thereby constructed is capable of correctly representing thickness expansion evolutions for different temperatures of exposure. 

Parameter

Towards the modelling of the interface debonding

A preliminary experimental study was carried on the third and final identified porosity formation mechanism, i.e. the debonding at the interface between the fiber bundles and the matrix, without pursuing numerical modelling. The main influence of debonding is located at the interply due to the presence of porosities resulting from the processing of the material [START_REF] Amedewovo | A methodology for online characterization of the deconsolidation of fiber-reinforced thermoplastic composite laminates[END_REF]. This was also observed in the literature in works such as [START_REF] Sihn | Laser-induced heating, property changes, and damage modes in carbon fiber reinforced polymer matrix woven composites[END_REF]. The thickness expansion observed on Fig. 3.5a actually originates from (i) the pressurization of the pyrolysis gas within the porosities and (ii) the interface debonding. These two phenomena can therefore be differentiated as to how they influence the swelling of the laminates.

In order to quantify the role of each mechanism, the protocol detailed in Section 3.1.2 was applied to thermal exposures for temperatures in the range from 250°C to 450°C as it was observed that the interface debonding onset is for temperatures lower than that of the thermal decomposition (as it can be observed on Fig. 3.32 at 350°C). The interface decohesion can then be isolated and the trend of its evolution over time and temperature determined. The obtained trend was then assumed to stay similar throughout the decomposition process. As a result, the thickness expansion originating from the interface debonding was obtained for the whole range of temperatures [250; 600] °C, and the one resulting from the pressurization was directly deduced. The experimental results of this method is presented on Fig. 3.33 for various times of exposure. The debonding-related expansion was found to have a converging tendency, while a clear increase was observed at the onset of the thermal decomposition. 

Conclusion

First, it should be recalled that the present modelling is aimed at describing how through thickness thermal transfers and polymer matrix decomposition evolve concurrently during one-sided thermal irradiation of the laminates. This description is a prerequisite for any representation of the load transfers and their consequences on the degradation of the mechanical properties of the laminates over time. It requires an accurate spatio-temporal representation of the porosity formation process. Its motivation is not so much to account for thermodynamics based mechanisms of solid-state transformations, but to reproduce the phenomenology of porosity formation kinetics at the mesoscale of the laminates. This is the reason why thermal decomposition mechanims, as enclosed in the modelling, are not fully representative of the involved physico-chemistry. Instead, they are locally incorporated in the numerical modelling according to a phenomenological time and temperature dependent probabilistic law. Two kinds of porosities are observed experimentally: small ones, heterogeneously distributed, resulting from the nucleation, and large ones resulting from the growth mechanism. Both of these mechanisms were numerically reproduced by progressively transforming matrix elements of finite element model into porosity elements, based on a probabilistic approach. The nucleation law was first implemented and was able to precisely reproduce the porosity content experimentally determined. However, the porosity distribution was not as representative without the growth mechanism, which was then included in the modelling based on local porosity density computation. This porosity distribution should have an influence especially on the thermal transfers, as large porosity areas will act as thermal insulators.

Such an approach has shown its ability and robustness to reproduce both the evolution of the porosity content at different temperatures and the swelling induced expansion. Limitations were found for high temperatures (around 530°C) and times (over 5 minutes), when the laminates collapses. This phenomenon is due to internal structural effects associated with the decomposition of fiber bundles. Neither this intra-bundle decomposition mechanism nor its consequences are included in the numerical model. Such improvements will be the subject of future modelling developments.

The tendency for delamination at the matrix/fiber bundle interface was also noted, for temperatures above 250°C. However, as the current approach results in an accurate porosity content and swelling induced expansion, it fulfills the two main requirements for a correct prediction of the thermomechanical properties evolution of the laminates under thermal irradiation for temperatures up to at least 600°C, which is the ultimate purpose of this study.

From a qualitative point of view, the porosities were found to be homogeneously distributed within the laminates after swelling. This can be compared to micrographs of the laminates decomposed with same temperature (530°C) and time of exposure (5 min), as provided in Fig. 3.34a and 3.34b.

The changes in the thermal decomposition of QI C/PPS laminates as a function of time and temperature under homogeneous temperature exposure has been investigated in an initial step in Chapter 3. This knowledge can be used to understand the direct influence of the gradual pyrolysis of the polymer matrix on the thermomechanical behavior of the laminates, which is the ultimate purpose of this study. Indeed, the composite part should maintain a sufficient loading capacity to ensure the safety of passengers in a plane. The following sections present experimental and numerical studies on the influence of high temperature exposure on the thermomechanical properties, both in homogeneous and heterogeneous / fire exposure conditions. Post-exposure mechanical tests and combined thermomechanical ones are considered. The focus in terms of mechanical property was set on the axial stiffness as it can be estimated both experimentally and numerically. Additionally, a preliminary study was carried on the thermomechanical response of a ±45°laminates as this stacking configuration highlights the role of the matrix. Therefore, further characterization of the influence of the thermal degradation / decomposition can be performed.

Mechanical response after homogeneous temperature exposure: case of QI laminates

First, in the continuity of the previous chapter, a homogeneous temperature was considered.

Experimental post-exposure response

The failure mechanisms and residual mechanical properties after thermal decomposition were obtained applying the following protocol:

-Preparation of tensile samples (water cutting, cleaning, drying), as shown in Fig. 4.1 -Exposure in the muffle furnace at the setpoint temperature -Removal of the sample after a given exposure time -Post-exposure microscopic observations -Post-exposure axial tensile tests to failure -Microscopic observations after failure and assessment of the axial stiffness -Use of three samples for each (time,temperature) testing conditions Temperatures and durations of exposure were chosen in agreement with the ones studied in Chapter 3, with temperatures up to 530°C. Therefore, the porosity contents were known and could be directly correlated to the residual properties.

However it is to be noted that a systematic self-ignition of the samples occurred during thermal decomposition. Indeed, the pyrolysis gas concentration increases within the furnace as the sample thermally decompose. At some point, the concentration becomes too important and the ignition occurs. This was not observed during the heating of smaller samples of Chapter 3. Furthermore, the failure primarily occurred within the grip area. These phenomenona significantly influences the reliability of the quantification of stiffness and tensile strength degradation as the 

Qualitative analyses on the failure mechanisms

As a high portion of the matrix (insuring the integrity of both the yarns and the plies) has thermally decomposed, a clear fracture path could not be observed. It was however a combination of a multitude of small fiber bundle fractures which ultimately led to the failure of the samples, as shown in Fig. 4.2. The front view shows the striction, rotation and crushing of the fiber bundles described in Section 1.2.3. It appears that the thermal decomposition of the matrix does not alter the elastic brittle response to a axial strain loading .

Quantitative analyses of the residual mechanical properties

After thermal degradation/decomposition under homogenous temperature conditions, the residual tensile mechanical behaviour is investigated using a uniaxial servo-hydraulic machine MTS, equipped with hydraulic grips and a load cell with a 100kN capacity. The tensile tests are conducted in displacement-controlled mode (1mm/min) at Room Temperature (RT). The tensile mechanical properties were determined according to the European standards EN 6035 (Test standard EN 6035, 1996). The axial modulus (E ax ) and tensile strength (σ u ) were calculated from the following definitions:

E ax = ∆F S∆ϵ ax σ u = F u S (4.1)
with -∆F is the difference in the tensile loads at (ϵ a ) 2 = 0.25% and (ϵ ax ) 1 = 0.05%, As the porosity content was previously identified in Chapter 3 as a function of time and temperature , the stiffness loss can be directly correlated to the increase in the porosity content. Fig. 4.4b shows that the temperature of exposure (at least within the considered range) influences the porosity content but the stiffness evolution is only driven by the porosity formation. It is then possible to reduce the dimension of the function space characterizing the stiffness evolution from (t , T ) to η p . It is to be noted that the tensile strength follows exactly the same trend.

Numerical modelling

The mesoscopic model described in Chapter 3 was used (using the thermomechanical properties described in Chapter 2) to assess the residual axial stiffness due to the thermal decomposition. It was numerically possible to reproduce post-exposure tensile tests as well as combined thermomechanical loadings. To that end, an axial displacement resulting in an axial strain ε i mp 11 was applied to the 1/28 t h RVE model (see Fig. 3.6) on one of its lateral sides during (combined) or after (post-exposure) the heating process depending on the loading. The numerical loading is applied according to the following procedure:

-Weak thermomechanical coupling -At each time increment of the calculation:

-Computation of the thermal problem -Extraction of the temperature field -Nucleation / growth of the porosities -Computation of the temperature-dependent mechanical problem in which the mechanical properties of the matrix vary according to the loading case: solid room temperature properties for post-exposure tests and temperature-dependent properties for combined loading -Use of different temperatures and times of exposure Let us denote the axial stiffness of the laminates E a cl defined from the axial stress σ 11 averaged over the domain volume V :

E a cl = 1 V V σ 11 dV ε i mp 11 (4.2)
Preliminary simulations carried on a RVE model (geometry presented in Fig. 1.33) have estimated a E a cl value of 43.4MPa at room temperature, which can be compared to the 42.0MPa value obtained experimentally [START_REF] Aucher | Etude comparative du comportement composites à matrice thermoplastique ou thermodurcissable[END_REF]. The 3% difference may stem from (i) the chosen mechanical behaviors of the constituents, and (ii) a lack of interaction within the crossing areas of the fiber bundles. Selecting a 1/28 t h subdomain of the RVE did not influence the representativity of the model as far as the thermal decomposition process was concerned as it is solely influenced by the matrix volume fraction at the pristine state. However, it is not the case for the mechanical properties. 19 additional 1/28 t h subdomains were selected from random positions within the RVE. Their matrix volume fraction as well as their axial stiffness at room temperature and after melting of the matrix (combined thermomechanical loading) were assessed. The results are presented in Fig. 4.5. The matrix volume fraction was normalized according to the RVE one (39.75%), as well as the axial stiffness (42.0MPa at room temperature and 22.9MPa after melting of the matrix). It appeared that only the original subdomain has precisely the same matrix volume fraction at the pristine state, although six others are within a ±5% which confirms the possibility to accurately reproduce the thermal decomposition of the matrix. However, it is quite different in the case of the mechanical response. Results show large differences in the model axial stiffness which are over 10% for every subdomains (apart from the one having a low matrix volume fraction). Stiffnesses associated with pristine and molten matrix present different tendencies:

-In the pristine state, the stiffness evolution over matrix volume fraction seems to follow a linear trend as expected, with the low-percentage matrix domain having higher stiffnesses and vice versa. However the linear curve does not cross the origin at (1.0,1.0), but rather around (1.0,0.85) which means an overall underestimation of 15%. -In the molten state the differences are more significant and no trend can be observed whatsoever.

These major differences may be attributed to the lack of interaction within the weave pattern. Indeed, as the model domain is too small to consider several fiber bundles in each ply, no influence of the weave pattern on the mechanical behavior is included. This would explain the discrepancies at the molten state. Indeed, the fiber bundle interaction becomes necessary to ensure the cohesion of the laminates as the matrix no longer does. It was chosen to keep the original subdomain used in Chapter 3 and not to increase its size as it would be too time consuming. Therefore this modelling error must be kept in mind, especially when quantitatively discussing the stiffness decrease due to high temperature exposure. In the remaining sections of the study, two approaches were considered to present the numerical results:

-A normalization by the initial value at room temperature -An artificial increase in the stiffness to replicate that of the RVE at room temperature. This compensates for the post-processing the difference observed due to the lack of representativity of the 1/28 t h RVE subdomain. surements at different times of exposure in order to cover a wide range of porosity contents. The results show that only the porosity content and the matrix state have a first order effect on the stiffness decrease as little variation is brought by the temperature and the growth process. However higher temperatures mean higher porosity contents and hence a more important property degradation. Quantitatively, the stiffness shows a larger relative decrease with the post-exposure simulations than with the combined ones (10% against 2%). It can be explained by the fact that stiffness decrease resulting from replacing solid matrix by a gas is larger than in the case of liquid matrix replaced by gas.

By comparing the experimental results to the numerical ones obtained with this approach (see Fig. 4.7), the thermal decomposition appears to be less detrimental in the modelling. It is attributed to several reasons:

-On one hand the influence of the decomposition is in the modelling lower as debonding is not fully taken into account as previously explained -On the other hand the decrease was accentuated in the experiments by the self-ignition of the samples -The intra-fiber bundle porosities, as observed experimentally on Fig. 3.2, were not modelled. An example of a 530°C exposure for 5min was taken: it was observed that 10% of the fiber bundles consisted of voids. These voids were inserted within the model by randomly transforming 10% of the yarn elements into porosities, and they contributed to decrease the stiffness (about 11%). However this procedure has not yet been automatically implemented. Given that including the growth process does not directly influence the resulting axial stiffness while increasing the computation time, it was chosen not to consider it for pure quantitative simulations. However, it is compulsory for an adequate simulation of the physics put into play.

Mechanical response after fire exposure: case of QI laminates

In the previous section, isothermal conditions lead to a homogeneous temperature distribution within the laminates' plies. But thermally-induced damages are characterized by heteregeneous effects depending on the plies orientation and the spatial distribution of PPS matrix and carbon fibers. Once the mechanisms of porosity formation is better understood under isothermal conditions, the next step consists in studying the influence of a heterogeneous temperature distribution within the laminates subjected to one-sided fire conditions.

Experimental response to fire exposure

Heterogeneous thermal decomposition

An approach similar to the one used in homogeneous temperature conditions was considered to expose C/PPS samples to a fire scenario. To this end, a small scale kerosene burner was used to apply a localized flame on one side of the samples. The kerosene burner shown in Figure 4.8a is a domestic device (Cuenod manufacturer), built during the AEROFLAMME project and has already been used in previous works [START_REF] Carpier | Meso-structure-based thermomechanical modelling of thermoplastic-based laminates subjected to combined mechanical loading and severe thermal gradients[END_REF][START_REF] Philippe | Modelling the gradual through thickness porosity formation and swelling during the thermal aggression of thermoplastic based laminates[END_REF]. The kerosene is injected in a nozzle generating a hollow cone spray with an angle equal to 80°and a maximum flow rate of 0.3 g/s. This flow rate is controlled with a mass flow meter (MINI CORI-FLOW™ -Bronkhorst), and it can be adjusted. Airflow is also controlled with a mass flow meter (EL-FLOW® Prestige -Bronkhorst). The air to fuel ratio has been selected at 0.85 of the stoichiometric value, in order to obtain heat flux and temperatures values close to the standard values (116kw/m 2 and 1100°C) at the sample location. The flame at the exit of the turbulator is a wide and turbulent jet. Therefore, a 50 mm diameter steel tube is installed after the turbulator to channel the hot combustion gases on the exposed area of the sample. The heat flux applied was measured at 116kw/m 2 as per the FAA instructions. The experimental bench is also equipped with a 100kN tensile load cell which allows a coupling of the thermomechanical loadings, see Fig. 4.8b.

Under fire conditions, the temperature on the back surface is measured by a thermocouple stuck on the laminates with thermal tape. To a first approximation, this allows the back surface of C/PPS laminates subjected to a kerosene flame to be measured as a function of exposure time (Fig. 4.9). After about 10 and 40 seconds, the back surface temperature has reached T g transition and T m , respectively. The temperature is stabilized after 120 seconds to reach about 380°C < T d . It therefore suggests that the thermal decomposition has not started in the plies opposed to the flame. In addition, the thermal gradient through the thickness is about 300°C, meaning that the state of the PPS matrix differs from one ply to another. From the load bearing capability standpoint, it also means that the ±45°oriented plies have little contribution to bear a tensile load. One may speculate that the portion of the tensile load borne by the 0°plies gradually decreases from the exposed to the back surface. An accurate estimate of these portions cannot be quantified experimentally, but the role played by each of the seven plies of the C/PPS laminates can be determined qualitatively by means of post-mortem fractographic analyses. 11 present optical microscopy observations on QI laminates for 30s and 60s of flame exposure from different views: (i) through-the-thickness, (ii) exposed surface and (iii) back surface. Results show a clear decomposition gradient through the thickness. About half of the laminates remains at temperatures lower than T d after 30s of exposure while only the opposed ply seems undamaged after 60s. However matrix rich areas are still embedded between the fiber bundle crossing areas. The microscopic observations show that the back surface is virtually unchanged with respect to its virgin state. On the contrary, the exposed surface is characterized by the occurrence of a few bubbles resulting from the formation of pyrolysis gases -After 30s, some of the PPS between the fiber bundles has been decomposed. Furthermore, a majority of the matrix embedded within the yarns turned into gas, then exposing the fibers to the flame and possible oxidization. -After 60s, some fiber debonding is observed. The pyrolysis of the matrix occurred and the matrix was transformed into char due to direct fire exposure. A few pyrolysis gas pockets can be observed at the exposed surface which were formed within the higher plies.

Thermally-induced damages are more extensive under the flame area as was suggested by a more important swelling of the laminates through the thickness and a less extensive delamination along the axial direction. Of course, such thermally-induced damages are expected to have a significant influence on the residual tensile behavior of C/PPS as is discussed in the next section. 

Post-exposure mechanical behavior

The same mechanical testing protocol as the one described in Section 4.1.1 was used for exposure times of 30s and 60s to a 116kw/m 2 flame heat flux. Fig. 4.12 presents the microscopic observations of the QI samples after 60s of exposure. It appears that the failure occurs in the most decomposed area. Contrary to the post-exposure tests carried out after homogeneous temperature exposure, a clear crack path can be noticed, especially on the back surface. It is due to the fact that the opposed plies are not decomposed, and their structural integrity is rather well preserved.

Quantitatively, the fire exposure appears to have a limited influence on the axial stiffness of the QI laminates for exposure times up to 1min (see Fig. 4.13). It is explained by the fact that the back plies are almost not decomposed and still contribute to maintain a portion of the laminates' stiffness. The tensile strength is however lower as the stresses are extremely concentrated on the back area which induces a faster failure of the material.

Modelling of the thermal decomposition

The experimental setup was numerically reproduced by applying a 116kW/m 2 heat flux and considering the thermal transfers described in Section 2.1.2. First and foremost, the thermal properties of the porosities were set. Although a gas does not physically have a thermal con- ductivity coefficient, similarly to Section 3.3.4 the gas was assumed to transfer heat as a solid material. This approach was also used in works such as [START_REF] Cheung | Thermal conductivity of gas mixtures[END_REF] or (Mirabolghasemi et al., 2019). The selected property and its evolution as a function of temperature was extracted from (The Engineering ToolBox, 2009). Fig. 4.17 shows the selected almost linear evolution of the porosity thermal convection with temperature.

Heterogeneous thermal decomposition

Fig. 4.14 shows the case of a 116kW/m 2 heat flux imposed on the bottom surface during 90s. It presents the distribution of porosities on the contour of the mesh with or without accounting for the porosity-induced swelling through internal pressure. Both numerical decomposition gradient and swelling are in good agreement with those observed experimentally in the same conditions of thermal aggression (see Section 4.2.1).

A more detailed view of the laminates is presented by Fig. 4.15 in the case of porosity formation through the nucleation mechanism only. The through thickness gradient clearly appears, From this full-field representation of thermal transfers and porosities, it is possible to extract characteristic measurements of the state of the laminates from ply to ply. Fig. 4.18 depicts the average temperature and induced swelling per ply, highlighting the decomposition state reached ply). Depending on the discretization degree chosen (here 1, 3, 5 and 10), the overall tendencies on the out-of-plane displacement and the porosity content are similar with an increase from one ply to another as temperature increases (from the back surface to the exposed one), see Fig. 4.19. However, to a refinement of the discretization corresponds an increase in the variations within each ply. This variations stem from the mesostructure of the plies, as the matrix is primarily concentrated in the lower and upper parts of each pristine ply. As a result, the porosity con-tent as well as the out-of-plane displacement are much higher at the ply borders. This intra-ply variation can be overcome by excluding the fiber bundle volume from the total volume used in the calculation of the porosity content so that the porosity content corresponds to the amount of porosities within the matrix (see Fig. 

Preliminary study on ±45°laminates

±45°laminates are charaterized by a matrix-dominated thermomechanical response. Some of the experimental tests conducted on QI laminates were also performed on ±45°specimens. The differences observed provide an overview on the possibility to further characterize the influence of the matrix melting and thermal decomposition. It is to be noted that the microscopic observations presented in this section are based on 0/90°s pecimens. These samples were used only for the study of the thermal decomposition process, without being subjected to a mechanical loading, in order to spare specimens.

Thermal decomposition process under homogeneous temperature

The same procedure as the one followed with QI specimens (Section 3.1) was used. The selfignition of a few samples occurred within the furnace due to the high concentration of pyrolysis gas, hence they were removed from the analyses. Suspicion of ignition exists for most of the specimens as large amounts of char has formed on the upper surface, which is a typical consequence of flame exposure. This probably influences the presented results, at least quantitatively. The microscopic observations are shown on Fig. 4.21 for various temperatures. Regarding the influence of the stacking sequence, porosity formation in ±45°laminates is associated with larger gas pockets. It could be explained by the fact that matrix-rich areas are initially localized at the crimp (where weft fibers undulate over warp fiber bundles), which is less noticeable in QI laminates (see Fig. 3.2 for the QI observation in the pristine state). It can also be observed that intra-yarn porosity formation remains almost equivalent between 530°C and 600°C, as opposed to larger porosity content in fiber bundles observed in QI laminates at 600°C. The porosity content evolution was then determined and its evolution over time for different temperatures is presented on Fig. 4.22 along with the thickness increase and the mass loss on Fig. 4.23. Overall, the results show a higher porosity content in ±45°laminates than in the QI ones (over 10% increase). This originates from the extensive thickness expansion. Indeed, the final thickness is larger and it is to be noted that the thickness collapse does not appear even after 10 minutes. One can assume that the matrix-rich areas at the crimp (responsible for large porosity pockets) are governing this different response, along with a better fiber bundle cohesion observed. Different trends can be observed at different temperatures. While the porosity content converges extremely rapidly during the first 2 minutes at 465°C and 600°C, the 530°C evolution does not allow a faster saturation to be concluded. These differences could be explained as follows:

-At 465°C, the thermal energy is not large enough to promote the decomposition for a porosity content higher than 30% -At 530°C, the thermal energy is sufficient for the thermal decomposition to carry on at a slow rate -At 600°C, the temperature is high enough and the material almost instantaneously reaches its maximum decomposition state It can also be observed that the pyrolysis kinetics do not depend on the stacking sequence as the mass loss remains quite similar to the one observed in QI laminates. Overall, the experimental results show a lower dispersion in ±45°laminates.

It was attempted to find a probability law reproducing the porosity formation through nucle- for different temperatures of exposure considering the nucleation process in ±45°l aminates ation as performed in Section 3.3.2 for QI laminates. However, due to the drastically different time-dependence of the 530°C results, a proper fit could not be identified with the simple expression of G N (t , T ) as given in Eq. 3.18. An example of a numerical optimization is shown in Fig. 4.24, which clearly indicates that although the fitting is accurately representing the minimum and maximum temperatures, it is not at all the case at 530°C. One possible solution would be to enrich or improve the G N (t , T ) law by considering new parameters.

Mechanical response after homogeneous temperature exposure

The homogeneous exposure was followed by tensile tests. The deformation leading to fracture appears to be more gradual in ±45°laminates compared to QI ones (Fig. 4.25). Indeed, structural effects allow larger strains to be reached as the fiber bundles reorient themselves along with the loading direction (see Fig. 4.25b). Failure occurs when the intertwined fiber bundle network prevent further rotation to take place.

The fiber bundle rotation was quantified by means of a Digital Image Correlation using the VIC-2D software. A white paint was sprayed on the black surface of a ±45°decomposed laminates and the speckle changes were tracked by a CCD camera during the tensile tests. The software post-processed the images to compute rotation fields similar to the ones shown in Fig. 4.26. The fiber bundle rotation is a direct consequence of the spatial distribution of the +45°and the -45°-oriented fiber bundles which rotate to align with the loading direction.

The thermal decomposition times were limited to only 5min to spare specimens. The obtained stress / strain curves are presented on Fig. 4.27 along with the corresponding fiber bundle rotation. An almost bi-linear behavior is observed, first in the elastic range and then during the Tests at temperatures up to the onset of the thermal decomposition are instrumental to decreasing the stiffness, the stress to failure but not the strain to failure as they enable higher levels of fiber bundle rotations. However, as temperature increases further to 530°C, the behavior is drastically altered with a failure almost instantaneous after the elastic regime. The axial stiffness and the tensile strength are highly influenced by the temperature increase, lowering respectively by 44% and 75% at 530°C (see Fig. 4.28). This decrease is of the same order of magnitude as the one observed in QI laminates. The observations for the ±45°laminates after exposure to the flame for 30s and 60s are presented on Fig. 4.29 and 4.30. Although the overall decomposition gradient is similar to the QI case, the process appears to slightly differ as more residual PPS pockets within the matrix-rich areas remain (Fig. 4.29a and 4.30a). While the void distribution is almost uniform within each ply in the QI, the ±45°voids follow matrix-rich paths in the crimp. Furthermore, the char formation seems to be limited. It can then be speculated that large matrix pockets act as a barrier and delay the direct consequences of fire contact. Finally, tensile tests after fire exposure were conducted. Fig. 4.31 shows the failure profile observations. Differences with QI laminates can be noticed as the failure does not occur abruptly but rather by destructuring the weave pattern. Fiber bundles are rotating from their initial position and this scissoring effect results in a larger delamination of the plies.

The fire exposure does not appear to have a significant influence on the residual axial stiffness (at least for these short duration tests), see Fig. 4.32. However, the tensile strength largely decreases as the fiber bundle rotation is increased. 

Current limitations of the ±45°laminates study

Although this preliminary study has better emphasized the influence of the matrix decomposition on the thermomechanical response (importance of the matrix-rich areas at the crimp, protection of the fiber bundles, rotation of the fiber bundles), the thermomechanical coupling (either under homogeneous temperature or fire exposure conditions) has not been performed yet on ±45°laminates. This limits the comparison with QI laminates.

In addition, the modelling of the thermomechanical behavior of this laminates with an angle ply stacking sequence is more challenging. As explained in Section 4.3.1, the thermal decomposition modelling through nucleation would require important modifications of the probabilistic law. The bigger issue was encountered when performing mechanical tests on the RVE. The axial stiffness appeared to be much larger than expected, especially as the temperature increased and the matrix's stiffness decreased. For instance, at 120°C, the numerical stiffness was 18GPa vs 6GPa experimentally. At this temperature, the Young's modulus of the PPS is of 757MPa [START_REF] Carpier | Meso-structure-based thermomechanical modelling of thermoplastic-based laminates subjected to combined mechanical loading and severe thermal gradients[END_REF]. To obtain a similar stiffness, the matrix Young's modulus should be around 75MPa (Fig. 4.33). This would mean decreasing the matrix's stiffness by a factor 10. The remaining of the analyses focus on the QI laminates. The coupling between thermal and mechanical behavior for QI laminates exposed simultaneously to a flame and a mechanical loading was studied. Indeed, although little influence of fire exposure was observed on the axial stiffness during post-exposure tensile tests (as the matrix on the unexposed plies transformed back into the solid state), the load transfer via the molten matrix is not possible anymore during combined fire exposure tests. As a result, it may significantly change the role played by constituents on the mechanical response of composite laminates. Thus, combined thermomechanical tests were carried using the following protocol:

-Preparation of the samples (water cutting, cleaning, drying), see Fig. To better understand the contribution of the plies to the mechanical behavior of quasi-isotropic laminates, it is necessary to know the temperature distribution within the laminates during flame exposure. The temperature changes were monitored on the backside of the specimen by means of thermocouples stuck to the surface. Although this technique provides a reliable and stable measurement, other experimental means are available such as pyrometer, thermoluminescence or infrared camera, which will be used in future studies.

The 2min exposure case shows the evolution of the temperature on the back surface along with the mechanical response (Fig. 4.35). It appears that the 116kw/m 2 heat flux tends to induce a convergence of the temperature of the back surface only up to 380°C after approximately 100s due to the heat flux exchanges with the outside environment combined with the conduction decrease during thermal decomposition (delamination and char production). It is to be noted that this temperature is 70°C below the thermal decomposition onset, confirming the conclusions made from the post-exposure optical microscopy observations that the opposed plies are not decomposed. The tensile load was applied after 2min and the failure of the sample results in an increase in the temperature as the flame impacts directly the back surface where the thermocouple is stuck. The temperature measurement on the backside of the specimen provides two important information on the state of the PPS matrix within the laminates. First, all the plies have reached the PPS melting temperature after a 2 min flame exposure and before the application of the mechanical load. Second, the thermal decomposition has not started in the opposed plies until the tensile load is applied. With the present experimental set-up, it is not possible to know the temperature distribution through the thickness of the laminates, and the post-mortem examination of the specimens is the only way to investigate the role played by the constituents within each ply, depending on the fiber bundles orientation and the PPS matrix state. Numerical modelling is required for a sounder understanding of the deformation mechanisms at play in the laminates.

As expected, the mechanical response under combined loading differs a lot from the postexposure one. Fig. 4.36a shows that the combined loading dramatically decreases the axial stiffness and the tensile strength while the strain to failure remains similar. Furthermore, the tensile behaviour tends to gradually change from elastic-brittle to elastic-plastic depending on the exposure time, though the non-linearity of the behavior remains limited. Fig. 4.36b shows that the first minute of flame exposure is the most degrading for the mechanical properties of the laminates as the axial stiffness decreases by 74% and the tensile strength by 70%. With respect to the initial values, both properties have a similar evolution (see Table 4.3): magnitude, quick decrease within the early stage and a stabilization. To further analyze these results, it is worth recalling that these tensile tests were conducted on seven plies C/PPS laminates, such as the temperature of the plies are at least above the melting onset. It means that the mechanical properties of the PPS matrix are severely degraded. In agreement with the conclusions drawn in the case of carbon fibers reinforced PPS laminates [START_REF] Carpier | Study of thermomechanical coupling in carbon fibers woven-ply reinforced thermoplastic laminates: Tensile behavior under radiant heat flux[END_REF], for temperatures higher than T m , significant changes in the mechanical response and failure mechanisms are observed. Before melting, the fibers of 0°fiber bundles are maintained together by the matrix and elongate evenly within the fiber bundles. After melting, the cohesion of the fiber bundles is no longer insured by the matrix, allowing significant transverse contraction of the fibers and a more significant elongation (Fig. 4.37). As tensile load increases, the elongation of the 0°fiber bundles comes along with the generalization of the necking along the 0°direction. This necking ultimately results in a generalized buckling of the 0//90°oriented plies, which significantly increases the bending force at the crimp and leads to the misalignment of 90°fibers bundles (Fig. 4.37c). The generalization of necking is such as the transverse fiber bundles are strongly crushed by the longitudinal fiber bundles. This crushing leads to significant out-of-plane displacements resulting in surface bending effects and extensive delamination. Once the 0°plies fail, the tensile load is taken up by the ±45°plies resulting in the rotation of initially ±45°oriented fibers bundles. This reorientation of fibers comes along with a scissoring effect (represented by blue dashed lines in Fig. 4.37a) that also contributes to the extensive delamination of the laminates as is clearly shown by the edge's views of the specimens (Fig. 4.37b). 

Numerical modelling

The simulation of the coupled thermomechanical behavior was performed to assess the influence of property degradation and thermal decomposition on the mechanical response of the laminates. The thermal model introduced in Section 4.2.2 was used. A 116kw/m 2 heat flux combined with a 100MPa axial mechanical loading were applied to the 1/28 t h RVE laminates. The focus was put on the first 50 seconds of the exposure as the temperature increase and mechanical behavior were found to be significantly altered within that time range. This quick decrease is in agreement with the experimental conclusions (Section 4.4). Fig. 4.39a shows that the average temperature within each ply gradually decreases from the exposed to the opposed plies. Although it is not possible to compare the temperature of the first ply to experimental results, the temperature of the back surface converges to a value of about 380°C as was observed during the tests. This change in the temperature results in a decrease of the axial stiffness depending on the plies position with respect to heat exposure. The exposed ply's stiffness totally decreases within the first 10s while it takes up to 30s on the opposed one, see Fig. 4.38. Overall, the laminates stiffness almost linearly decreases until reaching its minimum. Quantitatively, the C/PPS stiffness decreases by 70%, which is similar to experimental tests (82%). The accuracy of the numerical model is acceptable considering its limitations. This decrease mainly occurs due the melting of the matrix. Indeed, the solid-to-liquid transition is critical from the mechanical property standpoint. It is expected that the porosity formation has more influence on the fiber bundle behavior as the resulting fiber debonding leads to an early failure of the laminates. Modelling such debonding could then provide further insights on the role played by the porosities on the mechanical behavior. Fig. 4.39b shows the axial stress distribution in the plies as a function of the exposure time. It can be divided into two categories: (0/90°), bearing most of the mechanical loading, and (±45°) ensuring the quasi-isotropic behavior. It appears that the axial stress in the first ply (directly exposed to the heat flux) drops drastically during the first 10 seconds, while the other (0/90°) plies tend to take up the axial load. The difference between the plies gradually decreases as the temperature in the plies reaches the melting temperature of the matrix (Fig. 4.39a). Although the load bearing capacity of the (±45°) plies is not significant, a similar trend can be observed. The stress/strain mechanical fields in the laminates can also be considered. The results are presented after 10s, 20s (initial times during which the fields quickly evolve) and 100s (final stabilized time). The strain values were rescaled by a factor five using a homothety in order to emphasize the local gradients. At first, Fig. 4.40 shows the axial strain distribution in the laminates. A concentration of the axial strains gradually appears in the plies, primarily located in the matrix-rich areas at the crimp (where warp fiber bundles undulate over weft fiber bundles). This strain concentration is present in the first two, five and all of the plies after respectively 10, 20, and 100s (which is the direct consequence of PPS melting). Moreover, once the laminates is severely decomposed after 100s of exposure, large strain gradients (even compression) appear in the largest of the matrix areas. However, the quantitative strain measurements should be considered with caution due to the small strain formulation and the linear elastic behavior.

Similarly to the axial strain case, Fig. 4.41 shows the out-of-plane strain fields. Large outof-plane strains (twice as large as the axial ones) appear gradually. However they tend to be localized in the small matrix areas between adjacent fiber bundles. Focusing on the 0°fiber bundles, it appears that the matrix covering them is either in compression (on the inside of the curvature) or in tension (on the external part of the curvature). It shows that the curvature of the 0°fiber bundles gradually decreases as they tend to become straight, fully aligning with the axial loading. A similar behavior is observed for the other orientations of fiber bundles (at a lower scale), although it is not not as easily noticeable as they are not well oriented for a direct visual observation (their longitudinal direction is not in the selected plan).

As expected, it appears from Fig. 4.42 that the 0°fiber bundles mainly bear the axial loading. The stress redistribution shown in Fig. 4.39b points out that the stress carried by the 0°yarns becomes higher as a function of temperature. The effect of the gradual straightening of the fiber bundles (mentioned in the previous paragraph) can also be observed here. Indeed, while the axial stress at the core of the 0°fiber bundles is about 500MPa, significant compression and tensile stresses appear in the curvature areas (about 1.5GPa in compression and 3GPa in tension, values which, as for the strain ones, have to be considered with caution due to the mechanical hypothesis of the model).

From the numerical analysis performed, it is possible to conclude that the numerical model is promising to simulate the thermal transfers within the QI C/PPS laminates, especially consid- ering the strong assumptions made: the representation of porosities as a solid material and the thermomechanical properties are considered as constants for temperatures above T d ). This temperature gradient induces thermomechanical property degradation and thermal decomposition resulting in a stiffness decrease which is of the same magnitude as the one obtained experimentally. As the load is mainly borne by the 0/90°plies, the stiffness error observed with the ±45°l aminates model is of the second order. Furthermore, the use of a numerical model gives better insight into the understanding of the mechanical response at lower scales as local fields can be computed. However, the predictive capabilities of the model are limited in the present form as damage is not explicitly taken into account, nor viscosity and plasticity.

It is to be noted that in the experiments the temperature exceeds the upper limit of the developed model of 600°, especially in the exposed ply. However it was assumed that, considering an almost instantaneous thermal decomposition in this ply, it should not change significantly the results in terms of matrix behavior. However, a few differences could be observed on the fiber behavior as the temperature reached in the exposed ply is high enough to start their oxidization. The consequences on the local scale of the exposed ply can be studied experimentally by means of X-Ray tomography analyses, as introduced in the next section.

Towards comprehensive porosity formation analyses through X-Ray tomography

In this section, the first step of the experimental characterization of the thermomechanical response using X-Ray tomography is presented. As a prerequisite to future works focusing on the thermomechanical coupling, tomography analyses were carried out after thermal aggression considering the technical means described in Section 3.1.1. The porosity distribution was determined from the segmentation in the Avizo software (black/white threshold differentiating the components), and then compared with the numerical results. The voxel characteristic dimensions (cubes with side length of 6µm) provides a high resolution (even higher than the numerical model, each finite element having a length of 20µm). It emphasizes the gradual and local decomposition of the laminates' mesostructure.

Porosity formation during fire exposure

First of all, let us focus on the formation of porosities during fire exposure in terms of shape, size, spatial distribution and network. Fig. 4.43 shows a plane parallel to the exposed surface extracted from a tomography reconstruction in which the fibers have been removed to observe more precisely the porosities embedded within the matrix. The observed porosities can be categorized into several categories and it was chosen to highlight four different shapes and sizes:

-1: Small circular porosities which have just nucleated -2: Intermediate circular porosities which have grown/coalesced -3: Large macro-porosites which originate (at least partly) from the interface debonding -4: Intra-fiber bundle porosities whose shape are mainly longitudinal along the fiber direction Second of all, until they reach a certain size, the porosities located in the matrix-rich areas appear to have a spherical shape, as expected from gas bubbles forming within melted polymer. However, the growth and coalescence processes are not entirely understood, as well as their interaction with the delamination. Is there a minimum/maximum size for a nucleated porosity? Does it occur instantaneously and is followed by the growth? How does the external surface of the porosities exactly grow, or does it consist in a coalescence of many smaller pockets? Hence, the exact contribution of all three porosity formation mechanisms is not fully explained.

All these porosities form a gradient through the thickness, as observed in Fig. 4.44 after 15s and 30s of flame exposure. It is shown that after 15s, the porosities are limited to the first half of the laminates. However, after 30s, porosities have appeared throughout the whole sample despite the temperature being lower than T d in a large volume of the laminates, as was previously shown. This further highlights the magnitude of the debonding at the matrix / yarn interface. One can look at the porosity network building as a function of time, especially when the porosities have appeared throughout the whole sample. Indeed, the porosity network shows the thickness of the connected region starting from the exposed ply in which the pyrolysis gas can circulate. Furthermore, the time to reach a decomposition state in which the porosity network thickness is such that both sides are connected through porosities is of particular interest to the industry as it can be considered as a failure criterion. To this end, the porosities were isolated in Avizo and their connectivity was processed. The results after 1min of exposure are shown in Fig. 4.45. When the whole sample is considered, the porosity network shows a major connectivity throughout the whole laminates. The volume is large enough to find paths from one ply to another. Small isolated cavities appear in between, which are the ones located within the fiber bundles and are therefore isolated. However, when the domain of study is limited to a volume similar to the one of the numerical model, no connectivity is detected between the third and fourth plies, and the remaining four plies are mainly divided into two connected regions. It can therefore be concluded that the concept of porosity network length strongly depends on the scale at which the study is conducted. It is to be noted that a part of what is considered as porosities on the borders of the samples is actually air as it is difficult to properly fully isolate it from actual porosities. Finally, the connected porosities can be classified according to their volume. Fig. 4.46 shows, that after a 60s exposure, a large number of small porosities is detected. This number progressively decreases as the volume grows larger and similar trends are observed for QI and ±45°l aminates. It is to be noted that the graph does not show porosity networks larger than 500 voxels, as they are not numerous. Fig. 4.47a shows that the contribution of the porosity networks (to the whole porosity volume) as a function of their volume after 60s of exposure almost follows a bilinear trend in logarithmic scales. Indeed, the amount of small porosities counterbalances their low volume, whereas larger ones are not numerous enough. The decrease occurs for volumes up to 1000 voxels, before a significant increase. For clarity purposes, only 2% of the porosity volumes are shown between 20 and 100000 voxels. Overall, the larger porosity network accounts for the majority of the total volume (around 92%). The evolution of the contribution of this macro-porosity with time (and the one of the remaining porosities) in QI and ±45°laminates is presented in Fig. 4.47b. The contributions show a gradual saturation, although quicker for the ±45°laminates. It confirms (with the observations from Section 4.3.1) that the various porosity formation mechanisms occur at a higher rate in ±45°laminates. 

Quantification of the porosity content and thickness expansion

The evolution of the porosity content and thickness expansion throughout the thickness can be determined and presented as it was performed for the numerical model in Fig. 4.19. Fig. 4.48 shows their gradient for different exposure times ranging from 15s to 60s of QI laminates. Considering the comparison of the porosity contents obtained by tomography and by the numerical modelling (Fig. 4.49 after 60s of exposure), several observations can be made: -First, the value of the porosity content on the exposed ply can be slightly overestimated due to the presence of the outside air detected as porosity in the process of selecting phases from the grey levels (as previously mentioned). A few unexpected fluctuations appear which are due to the lack of accuracy in the segmentation. -The high values at the borders between the plies and the lower ones in the core are obtained again from tomography reconstruction, confirming the influence of the fiber bundle volume fraction on the porosity content. -The porosity content is similar in the exposed ply when comparing numerical and experimental analyses. -Discrepancies are also observed, the porosity content being much lower for the numerical model in a majority of the cases. It originates from two identified limitations of the model: -The overall underestimation stems from the debonding at the matrix / fiber bundle interface that is not predicted by the numerical model. Indeed, at lower times and / or for plies further from the flame impact, the temperature is lower than T d . Experimentally, the porosity formation only results from this debonding in a large part of the laminates. It points out the importance of considering this mechanism in the model as it highly governs the porosity formation under the flame exposure, and the subsequent thermomechanical response of the laminates. -The lower values at the core of the plies may also result from the porosity formation within the fiber bundles which is not considered by the model. As these areas are mainly filled with fiber bundles, this underestimates the actual porosity content A few differences can be observed in the ±45°laminates (Fig. 4.50). Overall, the decrease in the porosity content through the thickness of the laminates (and as temperature decreases) seems lower in the ±45°laminates, meaning that the delamination probably contributes more to the thickness expansion. The values are of the same order of magnitude, although they are lower in the ±45°laminates, which may result from the uncertainties of the computation method. It can also be observed that after 15s, 4 plies contain porosities in angle ply laminates as compared to only 3 in QI laminates. It may corroborate the more extensive and faster debonding in ±45°l aminates.

This preliminary study on X-Ray tomography analysis emphasizes the potential of this method, as it provides very accurate information on the porosity formation process and the porosity / thickness expansion. In addition, it allows for the numerical model to be compared with experimental results. Ultimately, both the physical representativity and the identification of the model should be improved. While this first approach has mainly dealt with the observation of porosities after they are formed through their distribution, X-Ray tomography analyses will be very relevant to further understand the porosity formation mechanism in itself.

Conclusion

This final chapter presents the influence of temperature above the thermal decomposition onset on the mechanical properties of QI C/PPS laminates and the predictive capabilities of the proposed model. Firstly, tensile tests were performed after a homogeneous temperature exposure. Experimental and numerical results showed that the stiffness decrease can be directly characterized by the porosity content in the laminates. The model showed a lower influence of porosity content on the axial stiffness than the experimental conclusions. It could result from the model's assumptions (yarn decomposition, representativity of the subdomain) as well as the lack of temperature control due to the self-ignition of the samples in the furnace.

Secondly, the heterogeneous temperature case was studied. It was conducted experimentally by means of a kerosene burner and numerically by applying a 116kw/m 2 heat flux on one side of the laminates. The model is accurate enough to simulate the thermal response as the temperature on the back surface is similar. The temperature gradient leads to a thermal decomposition gradient which can be directly compared to the experimental results.

Thirdly, the coupled thermomechanical tests under flame aggression, which were the ultimate purpose of the study, were performed. The kerosene burner exposure was combined with an axial tensile loading. Contrary to the post-exposure approach, the numerical results are in agreement with the experimental data, albeit some discrepancies on the decomposition influence on the thermomechanical response of the laminates. This suggests that the differences observed in the homogeneous post-exposure simulations mainly stem from the self-ignition of the samples. The results showed that the axial stiffness mainly decreases during the initial 30s of heat flux exposure. During that rapid loss, the stress distribution in the plies changes according to their thermal decomposition state. Although no clear-cut conclusion can be made on the accuracy of the model for strong assumptions reasons (absence of debonding, thermomechanical properties constant for T > T d , fiber bundle decomposition, representativity of the subdomain and linear elastic behavior of the matrix), this model is promising to account for the coupling between thermal and mechanical behaviors.

Preliminary post-exposure tests conducted on ±45°laminates showed an influence of temperature exposure on the axial stiffness and tensile strength. They decrease with the same magnitude as in the QI laminates. However, the strain distribution and failure mechanisms differ as the behavior is primarily driven by the reorientation of the fiber bundles. Coupled thermomechanical tests have not been performed yet for practical reasons (availability of ±45°laminates) and the modelling is not satisfactory as significant errors are observed in terms of subdomain stiffness.

Finally, a preliminary study based on post-exposure X-Ray tomography provided additional information on the porosity distribution and the induced thickness expansion. It pointed out potential improvements of the numerical model: necessity to consider the fiber bundle / matrix interface debonding and the formation of intra-fiber bundle porosities.

CONCLUSIONS AND PERSPECTIVES

Conclusions

Under the conditions of a one-sided exposure to a high thermal energy source such as a flame, the tensile strength of a polymer matrix composite laminates is considerably reduced, but it can remain significant for a period of time long enough to avoid a catastrophic outcome. One of the major degradations in thermomechanical properties occurs during the pyrolysis of the matrix. The work presented in this thesis was motivated by previous work carried in the ERMECA team of the GPM laboratory, especially carried out by Carpier Carpier (2018) through a previous PhD study. It has shown promising results in terms of modelling of the thermomechanical behavior of C/PPS QI laminates for temperatures below the onset of the thermal decomposition of the polymer matrix. In particular, it has established a methodology for identifying the full set of thermomechanical parameters and their variations in the considered temperature range. And it has led to a very good agreement with experiments concerning the drastic evolution of the laminates stiffness upon thermal aggression.

This study is then aimed at extending the capabilities of the numerical approach by presenting an original modelling of this progressive thermal decomposition of the polymer matrix within a composite laminate i.e. with new mechanisms, following different stages:

-Accurately reproduce the mechanical behavior of the laminates constituents -Accurately describe the thermal gradients -Reproduce the kinetics of porosity formation during the thermal decomposition of the matrix to account for the rapid and dramatic evolution of the polymer state -Explicitly represent the presence of voids acting as thermal insulators -Create a model compatible with further coupled thermomechanical considerations In order to fulfill these requirements, the second and third chapters present the creation and identification of the numerical model while the fourth one uses the developed model to deal with the case of the thermomechanical coupling and the resulting mechanical properties. Comparisons were made with experimental analyses to assess the predictive capabilities of the model. It is to be reminded that only a model of QI laminates was developed. Indeed, the creation of the model of ±45°laminates was not successful as the axial stiffness was over two times higher than what was experimentally expected. It could originate from the lack of fiber rotation in the numerical model, which, as it has been explained, has a major role on its mechanical response.

Firstly, the second chapter presents the influence of temperature on the thermomechanical properties of the laminates constituents. This experimental characterization was required due to the lack of bibliographic information for temperatures above the glass / melting transition of the matrix, depending on the properties. The polymer matrix mechanical behavior was modelled as linear elastic along the fiber bundles, although an elasto-viscoplastic model was developed for the matrix for lower temperature considerations, and the thermal properties were estimated to reproduce the numerically considered thermal transfers.

Secondly, in the third chapter a comprehensive set of experimental analyses has been performed in the regime of polymer matrix decomposition (homogeneous temperature above that of polymer decomposition) for C/PPS laminates. These analyses highlighted the rapidity of the porosity formation process and its strong dependence on exposure temperature. For the targeted case of strong thermal gradients, this implies having a reliable kinetics law of porosity formation through nucleation and growth over the entire temperature range involved. A representation of void formation at the local scale of the laminate must also be possible. Indeed, it is a prerequisite to tackling local heat transfers occurring during a unidirectional thermal aggression, especially considering a strongly heterogeneous material.

A meso-scale FE model where fiber bundles and matrix are explicitly represented has thus been adopted; a kinetics law has been developed and identified from the experimental analyses; each finite element of the matrix phase were attributed temperature-dependent thermomechanical properties and a probability of nucleation determined from the kinetics law; the growth process was implemented by adapting the probability according to the local porosity density; the processes of thermally driven transformation of a matrix element from solid to glassy, liquid and gas state were further completed by the application of an internal pressure to reproduce the mechanism of swelling due to pyrolysis gases. The model replicates correctly the porosity content within the laminates as a function of time and temperature as well as the thickness expansion due to porosity-induced swelling.

In the fourth chapter, the analyses have demonstrated the ability of the model to reproduce a gradient of polymer decomposition through the thickness of the laminates and the corresponding gradient of the swelling from one ply to another. The precision of the meso-scale approach enables to highlights intra-ply inhomogeneity. This results were compared to X-Ray tomography observations which showed similar trends. Differences could however be observed due to the absence in the model of debonding at the matrix / fiber bundle interface and intra-fiber bundle porosities.

The model was used to assess the axial stiffness evolution over time and temperature and the major decrease it showed was compared to experimental results as a validation. These experimental tests were also used to estimate the failure mechanisms in tension as it is not included in the numerical model. The developed model has shown a promising representativity of the stiffness decrease governed by the porosity content and it has provided insights on the temperature gradient and stress redistribution within a single-sided thermally irradiated laminates.

Preliminary tests on ±45°laminates highlighted the influence on the thermomechanical response of the matrix degrading and decomposing during the heating process. It showed large matrix areas at the crimp inducing a higher porosity content as well as the progressive fiber bundle rotation leading to the failure of the material. The modelling of this stacking sequence was however not performed.

Perspectives

This manuscript presents the study of the thermomechanical coupling and a numerical model accurately representing the behavior of QI C/PPS laminates during the first instants of a heat flux exposure. Their is still however plenty of possibilities to increase the representativity, the precision and the versatility of the FE model. They can be classified into two categories, detailed below:

-Numerically integrate new thermal decomposition phenomena and their consequences -Extend the experimental and numerical analyses to new loading cases First of all, several leads come to mind in order to better represent the thermal decomposition:

-The preliminary steps for the modelling of the decohesion at the matrix / fiber bundle interface were performed by identifying the thickness expansion originating from it. New experiments should be carried out, especially close to the thermal decomposition onset (between 400°C and 450°C) as the thermal decomposition progressively takes over. This could lead to the identification of a proper law depicting the thickness expansion evolution over time and temperature due to the decohesion. Initial simulations on a much simplified model using cohesive elements have shown the feasibility of the method. It however requires to be adapted to tackle the complexity of the laminates geometry, to identify the proper cohesive element constitutive law and to finally fit the numerical expansion to the numerical one. -The development of voids within the fiber bundle observed in the microscopic observation was reproduced in one example by explicitly representing the embedded porosities. The porosity content within the fiber bundles could be determined, either through 2D microscopic observations or X-Ray tomography. A first estimation was carried out using microscopic observations. The large increase over time and temperature for both QI and ±45°laminates is presented on Fig. 4.51. This approach could then be extended to a probabilistic law similar to the one developed for the porosity formation in the matrix. It may however not be the most representative choice. Indeed, in the numerical model the fibers and the matrix are not differentiated within the fiber bundles. Following that method 4.8. Perspectives would then mean that a large portion of the voids are replacing fibers (representing 83% of a fiber bundle volume), whereas only the matrix is decomposing (at least until the oxidization of the fibers occurs). Another approach would be to alter the thermomechanical properties of the fiber bundles with temperature, which would replicate the behavior but unfortunately not the structural changes. To this effect, a lower scale could be considered, in which only a fiber bundle is represented (a model similar to the one developed for the Chamis model verification). This multiscale approach could lead to the most appropriate method.

(a) (b) The following studies can also be directed towards the inclusion of new loading cases:

-New mechanical behavior could be introduced within the numerical model. Large strain formulation could be used for instance to better represent the fiber bundle rotation during mechanical loading. This approach may solve the issue encountered with the modelling of the ±45°laminates. Moreover, it was experimentally shown for instance that the tensile strength largely decreases with the porosity formation. A failure model could be implemented to account for the brittle failure of the fibers. Large strain formulation could as well to reproduce failure mechanisms relying on large strains (strain localization, fiber bundle rotation, interface debonding). An other interesting point of view, albeit probably difficult to implement both theoretically and in terms of computation time, would be to follow the crack propagation through a decomposed and swollen laminates to assess the influence of the decohesion and the pressurization on this behavior. To that extent, a numerical software such as Z-cracks (an extension of Z-set) could be used, which possesses necessary tools to tackle the problem, such as post-processing, remeshing and field transfer from one mesh to another. -The study could be extended to new composite material configurations which are used as well in the aeronautical industry. New matrix such as PEEK, changing the number of layer or adding a glass fiber layer on each sides (usually considered to protect from fire exposure) could highlight the general trends similar between the various TP-based materials and expose the extent of the influence of the material choice on the thermal decomposition and the thermomechanical coupling. Furthermore, the model of ±45°laminates which were experimentally investigated could be further developed as it is ideal to show the matrix-dominated phenomena. Although the precise reason for the stiffness increase was not determined for sure, introducing the fiber rotation may solve the problem. -Finally, to keep up with the increasing tendency to use hydrogen, a hydrogen burner instead of a kerosene one might be used. If notable differences are observed, the numerical model could be updated to account for this new heat flux source and the specificities of the heat transfers at the exposed surface (convective / radiative contributions, presence of H 2 O.

Along with these perspectives, the recently acquired X-Ray tomography equipment could be used further to provide a deeper understanding of the various phenomena and directly obtain more volumetric data which could be directly compared to the numerical results to properly develop the model. The Avizo software can also reconstruct the fiber within the yarns and highlight their orientation, as is presented on Fig. 4.52a. This will be of particular interest to study the progressive postexposure failure of the laminates as the X-Ray tomography machine is equipped with a 5kN tensile loading cell. An example of crack observation provided by Avizo developers is shown on Fig. 4.52b, which highlights the large possibilities of this method. 
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This model therefore requires a great amount of parameters which need to be determined, depending on the chosen number of relaxation times. These relaxation times are often chosen logarithmically, but other more advanced methods can be found [START_REF] Jalocha | Revisiting the identification of generalized maxwell models from experimental results[END_REF].

First of all, it was necessary to select the number of characteristic times considered. The amount of times should be large enough to insure an accurate response of the model while not so much as to overly and unnecessarily complicate the parameter identification. A compromise of three relaxation times was found. Such a number introduces sixteen parameters in the model (Table A.1).

Volumic parameters K

0 K ∞ ω K 1 τ K 1 ω K 2 τ K 2 ω K 3 τ K 3 Shear parameters G 0 G ∞ ω G 1 τ G 1 ω G 2 τ G 2 ω G 3 τ G 3 TABLE A.1.
-Parameters of the Generalized Maxwell model with three relaxation times Second of all, to assess the nature of the viscosity introduced by the model, the mechanical properties were defined: the elastic components were selected as to reproduce the stiffness of the PPS at 20°C (i.e. 2.6GPa), while the viscous components were arbitrarily selected to introduce a variety of behaviors ranging from a low viscosity to a higher one. Fig. A.1 shows the comparison between a low/high viscous behavior under a relaxation loading of 1e -3 applied to the PPS matrix for 100s (see Table . A.2 for the parameter vaules). The obtained results show a gradual decrease in the stress due to the relaxation of the matrix.

K 0 K ∞ G 0 G ∞ ω 1 τ 1 ω 2 τ 2 ω 3 τ 3
Low viscosity 2.55e3 1.3e3 1.2e3 6e2 0. It was therefore concluded that this model may be used to account for the viscoelasticity of the PPS matrix.

A.1.2. Parameter identification

The identification of the sixteen parameters was performed based on previous creep tests by [START_REF] Albouy | De la contribution de la visco-élasto-plasticité au comportement en fatigue de composites à matrice thermoplastique et thermodurcissable[END_REF] However, it was the model could not replicate higher stress levels, as the numerical results strongly differ from the experimental ones at 15 and 20MPa (see Fig. A.5).

K 0 K ∞ G 0 G ∞ ω 1 τ 1 ω 2 τ 2 ω 3 τ 3 3.
It could be explained on the one hand by an identification process too complicated to be performed manually, which could be solved by using an adapted optimisation algorithm. On the other hand, it could also originates from the fact that the Generalized Maxwell model only considers the viscoelastic behavior and not the viscoplasticity. However, the latter might not be negligible for stresses larger than 10MPa at 120°C as it appears that the PPS is then no longer within its elasticity range (see Fig. A.6).

The first possible explanation was removed from consideration as optimisation through a genetic algorithm implemented in Z-set did not yield more conclusive results. The attention was hence set on including a viscoplastic constitutive model. with K , w, h, n model coefficients

In order to avoid a numerical issue for v=0, an ϵ 0 term is added so that the mv product becomes m(v + ϵ 0 ) -A Drucker Prager criterion which is a non-associated criterion (meaning that the flow direction is not the same as the normal to the yield surface ∂ f ∂σ . Let us note (i) K the tension to compression yield ratio, (ii) β the internal friction angle and (iii) ψ the dilatation angle. Let us define the following intermediate variables: 
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A.2.2. Parameter identification

The same genetic algorithm provided with Z-set was used to optimize the various parameters based on the creep tests at 10MPa and 20MPa while the results at 15MPa were used as a verification of the optimisation process. The optimized parameters at 120°C are depicted in Table A It was therefore proven that such a constitutive model can numerically reproduce the material's viscosity. However, the identification was not extended to a wide set of temperature as it was chosen to focus this study on temperatures above T m . In these cases the matrix is either molten or decomposed, either case leading to negligible bearing capabilities of the matrix, K (MPa) 1.94e2 G (MPa) 4.31e2 
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 1 Figure 1. -Evolution of the mass percentage of composite material in civil aircrafts from 1965to 2015[START_REF] Loukil | Experimental and Numeriacal Studies of Intralaminar Cracking in High Performance Composites[END_REF] 
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 2 Figure 2. -Distribution of the different material categories in the Boeing 787 structure in terms of mass percentage. Data of 2009 (Naghipour, 2011)
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 3 Figure 3. -Composite material structure: (a) long fibers, (b) short fibers, (c) particular[START_REF] Gendre | Matériaux composites et structures composites[END_REF] 
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 45 Figure 4. -Stress / strain schematic curves representing the axial tensile loading of a fiber-matrix composite : (a) ϵ f >ϵ m ; (b) ϵ f <ϵ m (Aucher, 2011)
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 6 Figure 6. -Examples of fiber bundle possible weave patterns[START_REF] Samaro | Samaro vous propose une mise à jour de son guide de sélection dédié aux composites[END_REF] 
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 8 Figure 8. -Aircraft crash causing the death of 41 people in May 2019
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 9 Figure 9. -5-harness satin weave pattern. Each color represents a fiber bundle
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 11111 Figure 1.1. -Presentation of the five representativeness levels for thermomechanical coupling experimental study
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 1 Figure 1.2.-General principle of a dilatometer(Linseis, 2021) 
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 13 Figure 1.3. -Cone calorimeter diagram (Carpier et al., 2022)
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 1 Figure 1.4. -BLADE laser bench of the ONERA (Leplat et al., 2016)
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 1 Figure 1.5. -Reaction to a fire exposure of a polymer composite[START_REF] Mouritz | Fire Properties of Polymer Composite Materials[END_REF] 
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 11 Figure 1.6. -Comparison of the influence of kerosene and propane flames on the evolution of the thermal state of C/epoxy laminates. (a) Back side temperature, (b) residual mass (Chazelle et al., 2019)

Figure 1 .

 1 Figure 1.9. -Temperature influence on a thermoplastic's stiffness (AZO Materials, 2018)
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 1 Figure 1.10. -Characteristic response in traction of a thermoplastic polymer[START_REF] Christian | Polymères : structure et propriétés[END_REF] 
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 1 Figure 1.11. -(a) Idealized creep test and responses (b) viscoelastic (c) elasto-viscoplastic (Bouscarrat, 2019)
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 1 Figure 1.12. -Schematics of the thermal decomposition process in polymer-based laminates
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 1 Figure 1.14. -Evolution of a TP's Young's modulus according to temperature and degree of crystallinity (Combette and Ernoult, 2005)

Figure 1 .

 1 Figure 1.15. -Evolution of carbon fibers Young's modulus across a temperature range (Sauder et al., 2002)
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 1 Figure 1.16. -Isothermal stress / strain curves of Glass/PP serge at various temperatures under tensile loading (Gibson et al., 2010)
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 1 Figure 1.18. -Evolution of the thermal expansion over temperature of (a) carbon fibers (Pradère et al., 2009; Pradère, 2004) and (b) polymer matrix / CFRP (Schulte-Fischedick et al., 2007)
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 1 19 represents failure tensile tests of QI C/PPS up to thermal decomposition.
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 1 Figure 1.19. -Tensile response of C/PPS with a QI lay-up for different temperatures of exposure (Carpier, 2018)
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 111 Figure 1.20. -Fracture facies in tension at 220°C (Carpier, 2018)

Figure 1 .

 1 Figure 1.24. -Temperature difference between the exposed and back faces of a QI C/PPS laminates for different heat flux levels (Carpier, 2018)
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 1 Figure 1.26. -Evolution of the internal pressure within a laminates over time due to the pyrolysis of the matrix (Hariharan et al., 1990)
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 1 Figure 1.27. -Tensile curves of C/PPS at 40kW.m -2 and 60kW.m -2 heat flux[START_REF] Carpier | Contribution à l'analyse multi-échelles et multi-physiques du comportement mécanique de matériaux composites à matrice thermoplastique sous températures critiques[END_REF] 
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 1 Figure 1.28. -Creep response of C/PPS laminates subjected to a 60 kW.m -2 heat flux (QI case)(Carpier, 2018)
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 1 Figure 1.29. -Evolution of the damage factor as a function of time in QI C/PPS laminates for different heat flux densities (Carpier, 2018)
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 1 Figure 1.30. -Hysteresis curves of a viscoelastic material at different strain rates (Van Hartingsveldt and Van Aartsen, 1991)
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 1311 Figure 1.31. -Rheological models of Maxwell and Kelvin-Voigt
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 1 Figure 1.32. -Generalized Maxwell rheological model (Chae et al., 2010)
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 2 Fig 1.34 shows the two-step decrease in the axial stiffness of the laminates (normalized by the stiffness at the initial state). The simulation precisely reproduces the experimental stiffness loss during the phase transitions (glass transition and melting).
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 1 Figure 1.33. -Woven meso-structure of the RVE: (a) as generated with Texgen, (b) as meshed for the finite elements analyses (Carpier et al., 2022).
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 1 Figure 1.34. -Comparison experimental / numerical of the evolution of the normalized axial stiffness of QI C/PPS laminates with temperature (Carpier et al., 2022)
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 1 Figure 1.35. -Influence of a 20kw/m 2 heat flux exposure on the thermomechanical behavior of the different plies of QI C/PPS laminates. (a) Evolution of the average temperature over time, (b) evolution of the normalized axial stiffness over time (Carpier et al., 2022)
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 1 Figure 1.36. -Thermomechanical response of QI C/PPS laminates under a coupled 20kw/m 2 heat flux and a 60MPa axial tensile loading. (a) Evolution of the axial strain (after removal of the initial strain at room temperature), (b) evolution of the axial stress in the different plies (Carpier et al., 2022)

  1.37).
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 11 Figure 1.37. -Comparison of the pyrolysis degree as obtained experimentally and numerically through the modelistic and model-free (Vyazovkin) approaches. (a) From 465°C to 485°C, (b) From 500°C to 545°C (Carpier et al., 2022)
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 1 Figure 1.38. -Influence of the exposure to a 50kw/m 2 heat flux on the top surface during 150s on the thermal decomposition state of the C/PPS laminates. (a) Temperature field, (b) pyrolysis degree field (Carpier et al., 2022)
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 2 Figure 2.1. -Geometry and mesh of the 1/4 RVE QI numerical model. Colors represent different fiber bundles
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 2 Figure 2.2. -Schematics of the modelled thermal transfers to reproduce the thermal response of a laminate to a heat flux applied on its upper surface
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 2 Figure 2.3. -Evolution of the polymer matrix Young modulus according to temperature in the range [T 0 , 300°C]. The continuous line refers to both DMA results and Mahieux model. Dots represent predictions from the Mahieux model in the range of unavailable DMA results (Carpier, 2018)

  Figure 2.4. -Two-dimensional view of fiber bundle modelling geometry examples representing 3x3 fibers with the corresponding meshes
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 2 Figure 2.5. -Influence of the number of fibers considered for an explicit representation of a fiber bundle on the mechanical response
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 2 Figure 2.6. -Influence of the fiber volume fraction within a fiber bundle on Chamis model accuracy

  (a) Axial loading (b) Shear loading
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 2 Figure 2.8. -Comparison of axial the stress/strain obtained from full-field model and Chamis model at room temperature
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 2 Figure 2.9. -Evolution of the thermal expansion of the PPS matrix with temperature (average and 95% confidence interval) under: (a) air, (b) N 2 and (c) vacuum

Figure 2 .

 2 Figure 2.10. -Evolution of the thermal expansion of the C/PPS QI laminates over temperature in an air based atmosphere (average and 95% confidence bands)

  h m J /g PPS -air atmosphere 36 PPS -N 2 atmosphere 49 C/PPS -air atmosphere 12 C/PPS -N 2 atmosphere 19 TABLE 2.4. -Melting latent heats obtained with coupled DSC-TGA for PPS matrix and C/PPS laminates under air / N 2
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 2 Figure 2.11. -Temperature-dependence of the thermal heat capacity of the PPS matrix and C/PPS QI laminates under air / N 2 at 10K/min
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 2 Figure 2.13. -Modelling of the temperature-dependence of the thermal heat capacity under air with a bilinear approximation and the corresponding coefficients (a) of the PPS matrix, (b) of the fiber bundles

  al., 2022) for T ∈ [T 0 , T d ]. It is based on the assumption that: -The axial conductivity of the fiber bundles was estimated by a mixture law as discussed in Section 1.3.1. λ ax f b varies linearly as a function of temperature from 86W/m/K to 133 W/m/K at T = T d . -The matrix conductivity and the radial conductivity of the fiber bundles follow trilinear curves with a change in the linear coefficient during the glass transition and melting of the matrix. The changes with temperature are presented in Fig. 2.14.
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 2 Figure 2.14. -Evolution of the PPS matrix and radial carbon fiber bundle thermal conductivity with temperature
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 3 Figure 3.1. -QI C/PPS stacking sequence

  Figure 3.2. -Optical microscope observations of thermally decomposed QI C/PPS laminates under homogeneous thermal exposure at different temperatures and instants
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 3 Figure 3.3. -3D reconstruction from tomography slices obtained from C/PPS laminates -25 × 25mm 2 -530°C -7min -Porosity content: 42%. (a) Whole sample, (b) extracted porosities. Colors correspond to porosity network
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 3 Figure 3.4. -Evolution over time of porosity content in QI laminates for different temperatures of exposure, as measured with the geometry-based method

  Figure 3.5. -Evolution over time of the geometry-based method characteristic quantities (thickness and mass) in QI laminates for different temperatures of exposure

  Figure 3.6. -3D mesoscopic numerical model of the laminates. Colors are used to differentiate the fiber bundles
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 3 Figure 3.7. -Evolution of the nucleation probability p over time for different temperatures
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 3 8 to 3.15 quantify the impact of said parameters according to time and temperature.
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 339333333 Figure 3.8. -Influence of parameter values on d i (t , T ) according to time at 600°C
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 3 Figure 3.16. -Comparison of the experimental / numerical evolution over time of η * p for different temperatures of exposure considering the nucleation process in QI laminates
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 3 Figure 3.18. -Influence of the d t value on η p (t , T ) at 465°C, 500°C, 530°C and 600°C
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 33 Figure 3.19. -Evolution of the deviation of the porosity content from to the theoretical asymptotic value according to the number of initial matrix elements N 0 m for different exposure times at 530°C
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 3 Figure 3.21. -2D representation of the local domain around a given box of interest and the associated classification of the neighborhood from 1 st to 3 r d order.
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 3 Figure 3.22. -2D illustration of the porosity distribution within the boxes of a 2nd order local domain considering a box size of 5 elements. Calculation of the porosity density of the boxes forming the local domain
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 3 Figure 3.23. -Evolution of the porosity content over time at 530°C for different box sizes defined by the number of elements
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 3 Figure 3.24. -Dependence of the porosity content on the number of elements in each box at 530°C for 5 minutes
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 3 Figure 3.26. -Evolution of the growth weight ω 1 over time for different temperatures of exposure

2 Time

 2 .26. Although the temperature dependence appears to be limited, the term τ 2,i T -T d T r e f -T d is necessary to avoid an overly quick saturation at high temperatures. The evolution of ω { 2...9} is similar, only 80 times lower. -4 1.09e -2Affects ω i for T = T r e f τ 2. -Parameters used to define ω i (t , T ) as given by Eq. 3.30

  3.27. It appears that the optimized parameters accurately replicate the experimental results similarly to what has been obtained with the model based only on nucleation.
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 3 Figure 3.27. -Comparison of the experimental / numerical evolution over time of η * p for different temperatures of exposure considering the nucleation and growth processes
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 33 Figure 3.28. -Porosity distribution for a 54% porosity content in a domain of matrix elements (100%) (a) with nucleation, (b) with initial nucleation followed by growth
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 3 Figure 3.30. -Simulation of the porosity induced swelling on the laminates thermally decomposed for 5 minutes at 530°C. (a) coarse mesh (b) fine mesh
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 3 Figure 3.32. -Optical microscope observations of the porosities resulting from the debonding of C/PPS laminates after 5min of thermal exposure at 350°C
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 3 Figure 3.33. -Evolution of the thickness expansion over time, differentiating the pressurization and debonding mechanisms after (a) 2 min, (b) 3min, (c) 5min of exposure
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 4 Figure 4.1. -Samples for post-exposure tensile tests
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 4344 Figure 4.3. -Macroscopic strain / stress curves of QI laminates subjected to a tensile loading after isothermal exposure for different temperatures and durations
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 4 Fig.4.6 summarizes the evolution of the stiffness as a function of the porosity content for different temperatures (465°C and 530°C), loading nature (post-exposure or combined) and porosity formation mechanism (with or without growth consideration). This figure thereby collects mea-

Figure 4 .

 4 Figure 4.6. -Evolution of the axial stiffness of QI laminates as a function of porosity content as predicted by the numerical model for various temperatures, with (N & G) or without (N) growth mechanism and post-exposure / combined thermomechanical loading. Results at 465°C and 530°C for similar modelling case are juxtaposed

Figure 4 Fig. 4 .

 44 Figure 4.8. -In situ tensile behaviour of C/PPS laminates subjected to a kerosene flame during mechanical loading: (a) description of the experimental bench, (b) tensile testing during fire exposure

Figure 4 .

 4 Figure 4.10. -Optical microscopy observations of the heterogeneous thermal decomposition of QI laminates after exposure to a 116kw/m 2 flame heat flux for 30s. (a) Throughthe-thickness view, (b) exposed surface, (c) back surface

Figure 4 .

 4 Figure 4.11. -Optical microscopy observations of the heterogeneous thermal decomposition of QI laminates after exposure to a 116kw/m 2 flame heat flux for 60s. (a) Throughthe-thickness view, (b) exposed surface, (c) back surface

Figure 4 .

 4 Figure 4.12. -Optical microscopy observations of the post-mortem QI laminates under tensile loading after exposure to a 116kw/m 2 flame heat flux for 60s. (a) Through-thethickness view, (b) exposed surface, (c) back surface

Figure 4 .Figure 4 .

 44 Figure 4.13. -Post-exposure strain / stress curve of QI laminates under tensile loading after exposure to a 116kw/m 2 flame heat flux for different times

Figure 4 .Figure 4 .

 44 Figure 4.15. -Simulation of the thermal decomposition by nucleation of the porosities caused by exposure to a 116kw/m 2 heat flux for 60s. (a) Whole laminates,(b) volumic view

Figure 4 .Figure 4 .

 44 Figure 4.19. -Evolution of the numerically modelled out-of-plane displacement and porosity content in each plies after exposure to a 116kw/m 2 heat flux for 60s. Each ply discretized into a different amount of subvolumes: (a) 1, (b) 3, (c) 5 and (d) 10

  (a) Virgin sample (b) 465°C -5min -Porosity content: 32.5% (c) 530°C -5min -Porosity content: 51.3% (d) 600°C -5min -Porosity content: 56.9%

Figure 4 .

 4 Figure 4.21. -Optical microscope observations of thermally decomposed ±45°C/PPS laminates under homogeneous thermal exposure at different temperatures and exposure times. The plane of observation is a 0°plane

Figure 4 .

 4 Figure 4.22. -Evolution through time of the porosity content in ±45°laminates for different temperatures of exposure, as measured with the geometry-based method

Figure 4 .

 4 Figure 4.23. -Evolution as a function of time of the geometry-based method characteristic quantities (thickness and mass) in ±45°laminates for different temperatures of exposure

Figure 4 .

 4 Figure 4.24. -Comparison of the experimental / numerical evolution as a function of time of η * p

Figure 4 .

 4 Figure 4.25. -Post-exposure optical microscopy observations of ±45°laminates after failure under tensile test after exposure to 530°C for 5min. (a) Side view, (b) front view

Figure 4 .

 4 Figure 4.26. -Quantitative determination of the fiber bundle rotation in ±45°laminates during post-exposure tensile loading using DIC

Figure 4 .

 4 Figure 4.27. -Post-exposure strain / stress curve of ±45°laminates under tensile loading for 5min after an exposure to different temperatures. The fiber bundle rotation is represented along with the tensile loading (doted lines)

Figure 4 .

 4 Figure 4.28. -Evolution of the residual axial stiffness and tensile strength of ±45°laminates after 5min as a function of temperature of exposure

4. 3 . 3 .Figure 4 .

 334 Figure 4.29. -Optical microscopy observations of the heterogeneous thermal decomposition of ±45°laminates after exposure to a 116kw/m 2 flame heat flux for 30s. (a) Through-the-thickness view, (b) exposed surface, (c) back surface

Figure 4 . 4 . 3 . 4 .

 4434 Figure 4.30. -Optical microscopy observations of the heterogeneous thermal decomposition of ±45°laminates after exposure to a 116kw/m 2 flame heat flux for 60s. (a) Through-the-thickness view, (b) exposed surface, (c) back surface

Figure 4 .

 4 Figure 4.31. -Optical microscopy observations of the post-exposure failure of ±45°laminates under tensile loading after exposure to a 116kw/m 2 flame heat flux for 60s. (a) Through-the-thickness view, (b) exposed surface, (c) back surface

Figure 4 .

 4 Figure 4.32. -Post-exposure strain / stress curve of ±45°laminates under tensile loading after exposure to a 116kw/m 2 flame heat flux for different times. The fiber bundle rotation is represented along with the tensile loading (doted lines)

Figure 4 .

 4 Figure 4.33. -Influence of the PPS Young's modulus on the mechanical behavior of the ±45°l aminates numerical model as compared with the experimental reference

  Figure 4.34. -Samples used during combined fire exposure / tensile tests

Figure 4 .

 4 Figure 4.35. -Evolution through time of the temperature on the back surface of C/PPS laminates exposed to a kerosene flame (116kw/m 2 ) for 2 minutes and a tensile loading

Figure 4 .

 4 Figure 4.36. -Mechanical response of Q I laminates under combined tensile loading and flame exposure. (a) Stress / strain curve for different times of exposure, (b) evolution of the axial stiffness and tensile strength as a function of time

Figure 4 .

 4 Figure 4.37. -Post mortem observations of C/PPS laminates after tensile testing under kerosene flame (5min exposure case): (a) exposed surface, (b) through-the-thickness view, (c) opposed surface

Figure 4 .

 4 Figure 4.38. -Simulation of the thermomechanical response of a QI laminates subjected to a 116kw/m 2 heat flux combined with a 100MPa axial mechanical loading. Changes in the axial stiffness of the plies during the first 50s: (a) raw values, (b) normalized values

Figure 4 .

 4 Figure 4.39. -Simulation of the thermomechanical response of a QI laminates subjected to a 116kw/m 2 heat flux combined with a 100MPa axial mechanical loading during the first 50s: (a) temperature distribution, (b) stress contribution of the plies

Figure 4 .Figure 4 .Figure 4 .

 444 Figure 4.40. -Axial strain field in QI laminates after exposure to a 116kw/m 2 heat flux combined with a 100MPa axial loading. After (a) 10s, (b) 20s, (c) 100s. (The axial loading direction is horizontal)

Figure 4 .

 4 Figure 4.43. -X-Ray tomography observation of porosities with various sizes and shapes embedded in the matrix. Colors represent the constituents (porosities in red, matrix in grey)

Figure 4 .

 4 Figure 4.44. -X-Ray tomography analysis of post-exposure QI laminates subjected to a 116kw/m 2 kerosene flame during (a) 15s, (b) 30s. Colors represent the constituents (porosities in red, matrix in grey, fiber bundles in blue)

Figure 4 .

 4 Figure 4.45. -X-Ray tomography computation of the porosity network after 1min of exposure to a 116kw/m 2 kerosene flame: (a) whole 25 × 25mm 2 sample, (b) restriction to an equivalent of the numerical model volume (1/28 t h of an RVE). Each color represents a connected group of porosities.

Figure 4 .Figure 4 .

 44 Figure 4.46. -X-Ray tomography computation of the porosity distribution according to their size after 60s of exposure to a 116kw/m 2 kerosene flame. Each voxel represents a 6.5 3 µm 3 cube.

Figure 4 .

 4 Figure 4.48. -Evolution of the out-of-plane displacement and porosity content in each plies of QI laminates as obtained by X-Ray tomography reconstruction after exposure to a 116kw/m 2 kerosene flame for: (a) 15s, (b) 30s, (c) 45s and (d) 60s

Figure 4 .

 4 Figure 4.49. -Comparison of porosity content in each plies of QI laminates as obtained by X-Ray tomography reconstruction and numerical modelling after exposure to a 116kw/m 2 kerosene flame for 60s

Figure 4 .

 4 Figure 4.50. -Evolution of the out-of-plane displacement and porosity content in each plies of ±45°laminates as obtained by X-Ray tomography reconstruction after exposure to a 116kw/m 2 kerosene flame for: (a) 15s, (b) 30s and (c) 45s

Figure 4 .

 4 Figure 4.51. -Evolution of the porosity content inside the fiber bundles over time for different temperatures in (a) QI laminates, (b) ±45°laminates, as obtained from 2D optical microscopy observations

Figure 4 .

 4 Figure 4.52. -X-Ray Tomography analysis of fiber orientation after loading (a) in QI laminates after 2 min of exposure to the kerosene flame. Each color represents an orientation. (b) Example provided by Avizo editors of a crack profile
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  These tests were carried at 120°C and under creep loadings (10, 15 and 20MPa) as shown in Fig. A.2.

Figure A. 1

 1 Figure A.1. -Relaxation of the PPS matrix submitted to a 1e -3 axial strain for two arbitrary viscoelastic parameter sets at 20°C

Figure A. 3

 3 Figure A.3. -Comparison between numerical and experimental results of pure PPS polymer creep behavior at 120°C under 10 MPa stress using a viscoelastic model with optimised parameters
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 52 Figure A.5. -Comparison between numerical and experimental results of pure PPS polymer creep behavior at 120°C under 15 and 20MPa stress using a viscoelastic model with optimised parameters
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 5 Results show on Fig. A.7 that this new viscoplasticity consideration allows the model to accurately reproduce the creep behavior of the PPS matrix for a wider range of stresses up to 20MPa.

  Figure A.7. -Comparison between numerical and experimental results of PPS creep behavior at 120°C under 10 MPa loading using an elasto-viscoplastic model with optimised parameters

4 . 1 .
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	state	Not degraded	Degraded	Degraded / decomposed
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		Thermal transfers	Mechanical property	Oxidization
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	Modelling	Mesostructure model Thermal model	Property degradation relations	Pyrolysis model Porosity growth
		Constitutive relations		

1. -Review of thermomechanical phenomena -Homogeneous temperature phenomena -Heterogeneous temperature phenomena

  1.2 for PPS and PEEK.

	Resin	T g	T m	T d	degree of crystallinity (%)
	PPS	90°C 280°C 450°C	10 -60
	PEEK 143°C 343°C 575°C	0 -40

TABLE 1 .
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2. 

-

[START_REF] Walther | An investigation of the tensile strength and stiffness of unidirectional polymer-matrix, carbon-fiber composites under the influence of elevated temperatures[END_REF][START_REF] Patel | Mechanism of thermal decomposition of poly(ether ether ketone) (peek) from a review of decomposition studies[END_REF][START_REF] Montaudo | Primary thermal degradation processes occurring in poly(phenylenesulfide) investigated by direct pyrolysis-mass spectrometry[END_REF] 

  LLorca, 2007; Zhang et al., 2010; Totry et al., 2010; Vaughan and McCarthy, 2011; Canal et al., 2009; Yang et al., 2012). No plasticity model will be presented here as they are rarely used at high temperatures.

TABLE 2 .

 2 .2 for room temperature.

		Parameter Fiber value Yarn value
	Parameter Matrix value E m (GPa) 2.6 G m (GPa) 1.0 ν m 0.36	E L (GPa) E T (GPa) G LT (GPa) G T L (GPa) ν LT	231.0 28.0 24.0 10.7 0.26	192.2 15.0 7.9 5.7 0.28
		ν T L	0.30	0.30

2. 

-Linear elasticity parameters of the constituents at room temperature, as used in the Chamis model

[START_REF] Chamis | Mechanics of composite materials: Past, present and future[END_REF] 

TABLE 3 .
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3. -Parameters used to define P int (t ) as given by Eq. 3.31 Figure 3.31. -Comparison experimental / numerical of the thickness expansion evolution over time for the different temperatures of exposure

TABLE 4 .
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	1. -Evolution of the residual axial stiffness of QI laminates as a function of exposure
	time and temperature
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 A 2. -Viscoelastic model parameters at 20°C
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 A 3. -Optimised viscoelastic parameters of PPS at 120°C
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1.2. Thermomechanical behavior -homogeneous temperature

-S is the specimen cross section after thermal exposure, -∆ϵ ax = (ϵ ax ) 2 -(ϵ ax ) 1 is the difference in the axial strains obtained from a blade extensometer, -F u is the maximum force borne by the specimen at failure. The obtained stress / strain curves are presented on Fig. 4.3 and compared with the behavior at room temperature (RT). The response of QI laminates remains mostly elastic brittle as the load is uniformly borne by the 0°fiber bundles. However for a 5min / 530°C exposure, the mechanical response is no longer purely elastic as the internal structure looses cohesion. Moreover, the failure of the laminates occurs in various steps, the stress decreasing step by step. This behavior is due to the fact that all the plies of the laminates do not fail simultaneously. Indeed, the decomposition of the matrix and its consequences on the internal structure is not fully homogeneous in all the plies. As a result, the 0/90°plies do not fail at the same time. When a ply fails, a drop is observed before it increases again when the remaining plies take up the loading. It replicates itself until the last ply fails.

The axial stiffness resulting from tensile tests conducted after thermal aggression is presented on Fig. 4.4a. Fig. 4.4a shows that this mechanical property is significantly influenced by the exposure to high temperatures. It is first to be noted that the figures only present results up to 3 minutes for the 465°C and 500°C cases due to a lack of sample material. As expected, the higher the temperature and time, the larger the stiffness decrease (see Table 4.1). The residual axial stiffness and the tensile strength even drops below 50% and 75% of their initial value after APPENDIX A

DETERMINATION OF AN ELASTO-VISCOPLASTIC MODEL FOR THE PPS MATRIX AT 120°C

A.1. Viscoelastic behavior modelling

A.1.1. Selected model

In order to be able to reproduce the creep behavior of C/PPS and in particular the one of the solid matrix, viscous models were considered, beginning with a viscoelastic one. The chosen model, Generalized Maxwell (GM) which defines a linear viscoelastic behavior, establishes a relashionship between the stress and the strain according to the following expression:

with e the deviatoric strain tensor ϵ. G and K are relaxtion functions defined by Prony series:

G 0 and G ∞ are shear coefficient whereas K 0 and K ∞ are volumic ones. It must be noted that the sum of the ω G i and the ω K i must be equal to 1.

These equations are implemented in Z-set with a differential form and internal variables α LIST OF TABLES About the thermomechanical behavior of thermoplastic composites under critical temperature conditions: a multiscale numerical analysis and experimental characterization Résumé L'exposition d'un matériau composite à matrice thermoplastique à une importante source de chaleur (telle qu'une flamme) induit la détérioration progressive de la matrice au travers de changements d'état ainsi que d'une forte variation des propriétés thermomécaniques. Ces matériaux étant grandement utilisés dans l'aéronautique, cette étude se penche sur la réponse thermomécanique à haute température de composites stratifiés C/PPS quasi-isotrope. La première partie se concentre sur l'évolution des propriétés thermomécaniques des constituants en fonction de la température, tandis que la seconde présente une modélisation originale de la décomposition thermique de la matrice, se basant sur des résultats expérimentaux, à l'aide d'une approche mésoscopique dans laquelle les éléments finis de matrice sont progressivement transformés en porosités. La troisième partie étudie expérimentalement et numériquement l'influence d'un chargement thermomécanique sur les distributions de température et de tenue mécanique. Finalement, des analyses préliminaires par tomographie par rayons X ont montré qu'il s'agit d'un moyen adapté pour affiner la connaissance de la cinétique de formation des porosités.

Mots-clés: Analyses numériques multi-échelle, composite thermoplastique, dégradation / décomposition thermique, porosité, couplage thermomécanique, caractérisation expérimentale

Abstract

Impacting thermoplastic-based laminates by a high thermal energy -e.g. a flame-essentially causes the progressive deterioration of the matrix, involving solid-state transformations and dramatic variations of the thermomechanical properties. As these laminates are increasingly used, this study focuses on thermomechanical response to high temperature of QI C/PPS laminates. While the first part investigates the thermomechanical properties evolution over temperature of the constituents, the second one presents an original modelling of the thermal decomposition of the matrix based on experimental results through a mesoscopic approach in which the matrix finite elements are progressively transformed into porosities. The third part studies the influence of a thermomechanical loading on the temperature / loading capacity distribution was experimentally and numerically assessed. Finally, preliminary X-Ray tomography analyses were carried out and proved to be an efficient mean to further understand the porosity formation kinetics.