Ce chapitre fournit un aperçu des motivations de la recherche sur l'autoéchauffement des matériaux polymères, du point de vue des intérêts industriels et académiques. L'importance de l'investigation de l'incompressibilité des caoutchoucs est également abordée. Les objectifs de ce travail, qui varient légèrement pour deux matériaux différents, sont résumés. Enfin, l'organization de la thèse est présentée.
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Résumé

Les polymères structuraux soumis à des chargements complexes (monotones, cycliques d'amplitude et de fréquence élevées) peuvent générer l'échauffement en raison de la conversion partielle de l'énergie mécanique en chaleur. Cela peut entraîner une variation de température importante due à la faible conductivité thermique des polymères. La conséquence consiste en une modification des propriétés thermo-mécaniques de ces composants. L'objectif de ce travail de thèse est d'étudier l'effet de l'hétérogénéité et de la multiaxialité de contrainte sur l'auto-échauffement sur deux matériaux differents: un thermoplastique semi-cristallin PolyAmide 11 (PA11) net ou renforcé par des fibres de verre courtes; un caoutchouc naturel (NR) chargé de noir de carbone. Une attention particulière est portée sur la compressibilité des caoutchoucs sous contrainte hydrostatique.

Pour étudier l'auto-échauffement du PA11, trois géométries d'éprouvettes plates (lisses, entaillées et pré-fissurées) ont été soumises à la traction. Des caméras infrarouges et optiques ont été utilisées pour mesurer l'élévation de la température et le champ de déplacement des éprouvettes en cours de déformation.

Pour le caoutchouc, des essais de compression oedométrique monotones et de fluage-recouvrance à différentes températures pré-étudiées ont permis d'analyser la dépendance du module de compressibilité à la température et au temps.

La théorie de Bridgman, sur les éprouvettes entaillées, établit le champ de contrainte multiaxiale. La plus grande contrainte principale est à sa valeur maximale à mi-épaisseur et à mi-largeur. Pour l'éprouvette pré-fissurée, le champ de contrainte de Hutchinson-Rice-Rosengren a été modifié par Rice-Johnson pour prendre en compte l'émoussement de la pointe de la fissure. La valeur maximale de la plus grande contrainte principale est située à mi-épaisseur, mais à une petite distance de la pointe de la fissure. L'intérêt de ces éprouvettes réside donc dans cette différence de localisation et donc de profil de la contrainte. Ces théories supposent des éprouvettes 2D en contrainte ou déformation plane.

L'évolution du module de compressibilité du caoutchouc vis-à-vis du temps et de la température a été interprétée par un modèle constitutif de type Maxwell généralisé avec des séries de Prony.

La modélisation par la méthode des éléments finis a permis d'étendre en 3D et de vérifier les théories en 2D contrainte/déformation planes, ainsi que les champs de contrainte et de déformation. De plus, cette modélisation numérique tient compte de l'échauffement adiabatique pour évaluer l'augmentation de la température en surface et au coeur.

Le travail consiste ainsi à comparer l'expérimental, la théorie et la simulation numérique. La bonne corrélation entre ces trois types de données a permis d'exploiter les champs de contrainte et de température au coeur, issus de la modélisation numérique. Rappelons que ces données, qui ne sont pas mesurables, tiennent pleinement compte de l'effet 3D. Une bonne corrélation a été montrée entre le champ de température et celui de la plus grande contrainte principale pour le PA11.

En guise de perspectives, un modèle thermo-mécanique en couplage fort est suggéré pour prendre en compte les conditions limites thermiques réelles dans la modélisation numérique du PA11. De même, afin d'obtenir un modèle constitutif complet qui décrit à la fois la réponse sous contrainte hydrostatique et déviatorique, il reste à caractériser la dépendance temporelle du module de cisaillement des caoutchoucs. La modélisation numérique en thermo-mécanique du caoutchouc naturel pourra s'ensuivre.

Abstract

Structural polymers subjected to complex loadings (monotonic, cyclic with high amplitude and frequency) may generate a temperature rise due to the partial conversion of mechanical energy into heat. This temperature rise might be high enough due to the low thermal conductivity of polymers, resulting in a modification of their thermo-mechanical properties. This PhD work aims at studying the effect of stress heterogeneity and multiaxiality on the heat build-up for two different materials: a semi-crystalline thermoplastic Polyamide 11 (PA11), either neat or reinforced by short glass-fiber; a natural rubber (NR) filled with carbon black. Particular attention is paid to the compressibility of rubbers under hydrostatic stress.

To study the heat build-up of PA11, three flat specimen geometries (smooth, notched, and pre-cracked) were subjected to tension. Infrared and optical cameras were used to measure the temperature rise and the displacement field of the specimens during deformation.

For rubbers, monotonic and creep-recovery oedometric (confined) compression tests at various pre-determined temperatures were performed to analyze the dependence of the bulk modulus on temperature and time.

Bridgman theory on notched specimens is used to describe the multiaxial stress field. The highest principal stress reaches its maximum value at mid-thickness and mid-width. For the pre-cracked specimen, the Hutchinson-Rice-Rosengren stress field was modified by Rice-Johnson to take into account the blunting of the crack-tip. The maximum value of the highest principal stress is located at mid-thickness, but at a small distance ahead of the crack-tip. The interest of these specimens therefore lies in the difference in localization and stress profile. These two theories assume 2D specimens in plane stress or strain conditions.

The evolution of the bulk modulus of the rubber with time and temperature was modeled using a generalized Maxwell constitutive relationship along with a Prony series.

Finite Element analysis allowed for the extension in 3D and assessment of 2D plane stress/strain theories of the stress and strain fields. Additionally, this numerical modeling accounted for adiabatic heating to estimate the temperature rise at the surface and in the core.

The work consisted of comparisons between the experiment, the theory, and the numerical simulation. Good agreement among these three types of results allowed for the determination of stress and temperature fields in the core based on numerical modeling. An excellent correlation was obtained between the temperature field and the highest principal stress of the PA11.

For future work, it is suggested to use a thermomechanical model with strong coupling to account for the actual thermal boundary conditions in the numerical modeling of the PA11. Moreover, to obtain constitutive relationships that can better describe both hydrostatic and deviatoric stresses, it remains to characterize the time dependence of the shear modulus of rubbers. The numerical thermo-mechanical modeling of the rubber should then be carried out.

Chapter I

Introduction

Résumé PA11 | Stress heterogeneity and Heat build-up

The study on PA11 investigates the effect of stress heterogeneity and multiaxiality on heat build-up. Three typical stress states were considered: uniform stress, multi-axial stress, and stress singularity. Each state was represented by a different geometry: smooth (UT) for uniform stress, notched (NT5) for multi-axial stress, and fracture mechanics (DENT) for stress singularity.

Tensile tests will be conducted on each geometry at room temperature to characterize the surface temperature rise. Different crosshead speeds and glass-fiber contents will be tested to determine their influences on the mechanical response, deformed shape, and surface temperature rise of PA11 specimens. Theoretical stress states of notched and fracture mechanics geometries will be compared with experimental temperature fields to establish a correlation between stress and surface temperature rise. To achieve this, 2D and 3D numerical modeling using the finite element method will be performed on each material using Gurson-Tvergaard-Needleman (GTN) and elasto-visco-plastic (EVP) models to describe the response of neat PA11 and reinforced PA11, respectively. Adiabatic heating will be considered to estimate the temperature rise. The modeling aims to verify the correlation between stress and temperature rise and to provide a better understanding of the stress/strain and temperature rise fields inside the sample.

Rubbers | Heat build-up and Compressibility

To study rubbers, basic mechanical parameters such as Young's modulus E, shear modulus G, and bulk modulus K will be determined through different types of experiments. The stabilized temperature rise due to heat build-up under stepwise cyclic loading will also be characterized. Based on these temperatures, monotonic and creep-recovery oedometric compression tests will be conducted to investigate the temperature and time dependence of rubbers bulk modulus under hydrostatic stress configuration. This response will then be modeled using a generalized Maxwell constitutive relationship along with Prony series.

Thesis organization

This dissertation consists of seven chapters, which are organized as follows:

• Chapter I provides brief context and motivation for this study and presents the major objectives for both thermoplastics and rubbers.

• Chapter II reviews literature related to continuum mechanics and heat build-up of polymers and rubbers. Theoretical stress/strain solutions will be highlighted for notched and fracture mechanics samples, using Bridgman and Rice-Johnson theories, respectively.

• Chapter III presents two materials under study (PolyAmide 11 and rubber), from physico-chemical characterization to microstructure observation. A profound investigation on the initial microstructure, especially the spherulites of PA11, was carried out using several observation techniques.

• Chapter IV presents experimental results of tensile tests on neat/reinforced PA11 in three geometries. The mechanical response, deformed specimens shape, and surface temperature rise will be analyzed. The dependence of these results on crosshead speed and glass-fiber content will also be discussed.

• Chapter V presents experimental results for the characterization of mechanical parameters and surface temperature rise of rubbers. The time-dependence of bulk modulus and calibration with an analytical constitutive model will be highlighted.

• Chapter VI consists of modeling on PA11 using the EVP/GTN models, in which adiabatic heating is considered. The numerical spatial distribution of stress/strain and surface temperature rise will be analyzed and compared with theory and experimental results.

• Chapter VII summarizes the original contributions of this dissertation on both PA11 and rubbers. Some perspectives will be given for future work.

Chapter II

State-of-the-art Résumé

Ce chapitre est dédié à l'état de l'art concernant les notions de mécanique des milieux continus et de mécanique de la rupture ainsi que les phénomènes d'autoéchauffement associés à la déformation aussi bien des thermoplastiques sans ou avec renfort, que les caoutchoucs. La théorie de Bridgman pour les éprouvettes entaillées mais plates, donc en 3D, est détaillée. De plus, la singularité de contrainte modifiée en pointe de fissure émoussée, décrite par la théorie de Rice-Johnson dans le cadre de la mécanique de la rupture est appliquée sur des matériaux polymères. Les spécificités des propriétés mécaniques des caoutchoucs, telles que l'hyperélasticité en quasi-incompressible et la visco-élasticité sont également revues. La littérature qui traite du phénomène d'auto-échauffement, ses sources ainsi que les facteurs influants est résumée, incluant quelques travaux dédiés aux simulations thermo-mécaniques permettant d'évaluer l'élévation de température.

Abstract

This chapter provides a literature survey on the concept of continuum and fracture mechanics, as well as heat build-up phenomena associated with deformation in thermoplastics (with or without reinforcement) and rubbers. The theory of Bridgman theory is detailed for notched but flat, hence fully 3D specimens. Furthermore, the Rice-Johnson theory for the modified stress singularity ahead of a blunted crack tip is applied to polymer materials in the context of fracture mechanics. The unique mechanical properties of rubbers, such as quasi-incompressible hyperelasticity and viscoelasticity, are also reviewed. The literature on the heat build-up phenomenon, its sources, and key influencing factors are summarized, along with selected thermomechanical simulations estimating the temperature rise. 

Continuum mechanics

Thermoplastics in different stress states

In industrial applications, the components made of semi-crystalline thermoplastics often have irregular geometries that significantly affect their mechanical response. This section presents typical stress states that result from three geometries: 1) uniform stress state exhibited in a representative volume element like structure as in a uniaxial tensile sample, and 2) multi-axial stress state that manifests in a structure containing geometrical irregularity like notches, flaws or defects such as notched and fracture mechanics samples.

Uniaxial tensile tests on smooth sample

The mechanical response of semi-crystalline thermoplastics is often studied by conducting uniaxial tensile tests on smooth specimens. The engineering stress-strain curve is a typical result used to evaluate mechanical response, providing access to Young's modulus, yield stress, ultimate strength, and stress/strain at break. It is important to note that polymers are highly sensitive to changes in strain rate and operating temperature.

a Strain rate effect

The stress-strain response of various polymers across a wide range of strain rates was reviewed in [START_REF] Siviour | High strain rate mechanics of polymers: A review[END_REF]]. An increase was found in yield stress (the limit of the deviation of the linearity of the stress-strain curve) and peak stress with increasing strain rate. The effect of strain rate on strain softening has been examined in numerous works, including [G'sell and [START_REF][END_REF], Walley, 1989, Boisot et al., 2008]. Generally, the overall stress flow after peak stress increases with increasing strain rate, as shown in figure 2.1.1. b Temperature effect

Compared with the strain rate, the temperature has an inverse effect on the mechanical response of polymers. As shown in figure 2.1.2 and reported by [Bauwens-Crowet, 1973], the higher the temperature, the lower the overall stress flow. Additionally, a decrease in yield stress was observed with increasing temperature.

c Necking phenomenon

Most uniaxial tensile tests are performed until failure, during which necking phenomenon frequently occurs after the peak stress. Necking leads to deformation localization at a random axial position of the specimen, as shown in figure 2.1.3. This phenomenon is often accompanied by stress softening, and can be attributed to factors such as microstructure imperfections or geometry inaccuracies.

d Heterogeneous stress distribution after necking

The engineering stress, defined as the load F divided by the initial area of cross section S 0 , is often used for tensile tests. However, due to necking, the cross section of the smooth specimen is no longer uniform along the gauge length, which invalidates the engineering stress after peak load.

In the work of [START_REF] Song | Tensile testing of polymers: Integration of digital image correlation, infrared thermography and finite element modelling[END_REF], the true stress and true strain were investigated experimentally and numerically at different positions of a smooth specimen under uniaxial loading. The resulting true stress-strain curves, see figure 2.1.4, at different positions superimpose before peak load, but deviates after peak stress. This provides strong evidence of a uniform stress distribution in the smooth gauge length before necking, and a heterogeneous stress distribution after the peak stress. Not only does the stress distribute heterogeneously along the axial direction, but also along the transverse direction in the necked zone.

CONTINUUM MECHANICS

Bridgman [Bridgman, 1943] studied the heterogeneous stress distribution in the minimum cross section of a notched geometry, which will be detailed in the following. 

Tensile tests on notched samples a Cavitation induced by multi-axial stress state

As discussed previously, the mechanical response of most polymeric components is highly influenced by their geometry, in which different stress states are exhibited. Two parameters are commonly used in the literature to describe these states: the stress triaxiality ratio τ σ and the Lode parameter L. The stress triaxiality ratio is defined as the ratio of the macroscopic hydrostatic stress and the equivalent Mises stress, while the Lode parameter is defined in terms of the third invariant of the deviatoric stress.

The fracture mode depends highly on these two parameters. When stress triaxiality is low or negative, materials responses are dominated mostly by the Lode parameter [Bao and [START_REF] Bao | On fracture locus in the equivalent strain and stress triaxiality space[END_REF]. When stress triaxiality is high, materials responses are more governed by the stress triaxiality ratio [Danas and Ponte Castañeda, 2012]. A uniform stress state distributes evenly in a smooth geometry, while a more complex multi-axial stress is exhibited in a complex geometry that is commonly used in industrial applications today. Therefore, understanding the effect of multi-axial stress on the mechanical response of polymers is of prime importance.

Abundant experimental and numerical investigations have been carried out in the laboratory over a wide range of semi-crystalline polymers using notched axisymmetric specimens, which exhibit a multi-axial stress state in the notch. The main experimental focus was on the effect of multi-axial stress on either macro mechanical response (load vs. applied displacement) or microstructural evolution. Using image processing techniques, [START_REF] Challier | Damage and fracture of polyvinylidene fluoride (PVDF) at 20c: Experiments and modelling[END_REF], Laiarinandrasana et al., 2009] measured the macro volume variation at the notch of PVDF. A significant volume increase was measured after the load limit (load corresponding to the yield of the net cross section). The damage of semi-crystalline polymers under multi-axial tensile loading is assumed to be due to void growth induced by high stress triaxiality ratio. Boisot et al. [START_REF] Boisot | Experimental investigations and modeling of volume change induced by void growth in polyamide 11[END_REF] quantified the void distribution of deformed PA11 along the notch radius at the minimum cross section. The porosity was measured by SEM observation on microtomed slice from interrupted testing specimen. A porosity gradient was obtained from specimen center towards notch root, see figure 2.1.5. Similar void distributions were obtained for PA6 in [START_REF] Laiarinandrasana | Effect of multiaxial stress state on morphology and spatial distribution of voids in deformed semicrystalline polymer assessed by x-ray tomography[END_REF], Cayzac et al., 2013, Selles et al., 2017]. For a given minimum cross section diameter, the stress triaxiality ratio increases with decreasing notch root radius [Bridgman, 1943]. Several notch root radii were tested in the work of [START_REF] Boisot | Experimental investigations and modeling of volume change induced by void growth in polyamide 11[END_REF], and the results showed that the porosity was enforced by a higher stress triaxiality ratio. The effect of multi-axial stress on macroscopic plastic dilatation, i.e., volume change, of two polymers (PVC and HDPE) was investigated by Ognedal et al. [START_REF] Ognedal | Behavior of PVC and HDPE under highly triaxial stress states: An experimental and numerical study[END_REF]. Uniaxial tensile tests were performed on notched axisymmetric bars. A significant plastic dilatation was found to be related to a higher hydrostatic stress. [START_REF]EXPERIMENTAL RESULTS ON UT SAMPLE[END_REF] mm [START_REF] Boisot | Experimental investigations and modeling of volume change induced by void growth in polyamide 11[END_REF].

A more comprehensive investigation of cavitation induced by multi-axial stress 11 2.1. CONTINUUM MECHANICS was carried out in [START_REF] Laiarinandrasana | Effect of multiaxial stress state on morphology and spatial distribution of voids in deformed semicrystalline polymer assessed by x-ray tomography[END_REF]. 3D X-ray tomography scans were performed on deformed PolyAmide 6 to quantify the distribution of void diameter and void shape factor. Later, in-situ tomography observation was performed on PA11 [START_REF] Poulet | Observations by in-situ x-ray synchrotron computed tomography of the microstructural evolution of semi-crystalline polyamide 11 during deformation[END_REF], which provided access to the 3D evolution of cavitation inside a notched specimen during the entire deformation until rupture. From the in-situ results, it was observed that the void growth primarily takes place after the peak load. 

b Bridgman analysis

Notched samples were used to study the multi-axial stress effect on the temperature rise of PA11 [START_REF] Ovalle | Effects of stress triaxiality ratio on the heat build-up of polyamide 11 under loading[END_REF]. The local stress of notched sample was developed analytically by Bridgman in terms of notch root radius and notch root width [Bridgman, 1943]. The major hypotheses of Bridgman theory are: 1) the material is perfectly plastic, 2) elastic deformation is negligible compared with plastic deformation, and 3) the equivalent strain is uniform at the minimum cross section.

Bridgman's theory proposes analytical stress solutions for a flat geometry under two hypotheses: axisymmetric equivalence and plane strain. In most cases, a flat geometry is either considered in plane strain or in plane stress conditions. Nevertheless, the plane stress condition was not considered by Bridgman. The three principal stresses (σ xx , σ yy , σ zz ) in plane strain assumption, for a geometry as shown in figure 2.1.7, read:

σ xx = σ eq log[1 + a 2R
(1 -x 2 a 2 )] (II.1)

σ yy = σ eq log[1 + a 2R (1 - x 2 a 2 )] (II.
2)

σ zz = σ eq {1 + log[1 + a 2R (1 - x 2 a 2 )]} (II.3)
with z the loading direction, x the transverse direction, y the out-plane direction. The net stress σ net is defined as the ratio between load F and minimum cross section 2a×2t:

σ net = F 2a × 2t (II.4)
with a and t respectively the half-width and half-thickness at the minimum cross section.

The equivalent stress σ eq equals to σ net corrected by the geometrical dependent ratio a/R, it reads:

σ eq = σ net (1 + 2 R a ) log(1 + a 2R )
(II.5) The stresses were determined using equations II.3, with given values of a and R (a = 1, R = 1), and then normalized by σ eq . All three stresses exhibit an inverted parabolic profile along the width, with the maximum principal stress located at mid-width and decreasing towards the notch root. Additionally, σ zz is higher than σ xx , σ xx is equal to σ yy . Bridgman did not provide the analytical solution for strain, but assumed a uniform distribution in the minimum cross section of a notched specimen. Stress distribution along the thickness In 2D analysis of a flat geometry, the stress state is assumed to be homogeneous throughout the thickness (y-axis). However, the actual stress state differs between the mid-thickness (y = 0) and the surface (y ± t). At the surface, the stress state is in plane stress condition (σ yy = 0), while at the mid-thickness, it is under plane strain condition (σ yy = 0). As a consequence, the stress is higher at mid-thickness under plane strain condition than at the surface under plane stress condition. Bridgman theory is rarely used in real applications because the values of a and R change with deformation, requiring an accurate recalculation of stress with the updated values. In this study, the authors made an effort to measure a and R using image processing techniques and determined the theoretical stress as a function of deformation.

Tensile tests on DENT sample

The fracture mechanics sample studied in this study is a double-edge-notched-tensile (DENT) specimen, its geometry will be presented in section 4.1.3.

a Fracture mechanics

The tests on DENT samples aim at studying the stress state with high stress concentrations that occur during many manufacturing processes and industrial applications of complex-shaped components.

Classical linear elastic fracture mechanics (LEFM) is insufficient to describe the deformation at the vicinity of a crack tip due to the large plastic deformation. The deformation of a crack under increasing monotonic loading of mode I undergoes several stages: 1) elastic deformation, 2) crack-tip blunting, 3) crack initiation and propagation, and 4) rupture. The elastic deformation ahead of a crack tip for a semi-crystalline material is almost negligible. Crack-blunting consists of a phenomenon where the crack opens several times wider than its original width without crack advancement. After crack propagation begins, the material degrades rapidly, eventually leading to failure due to void growth and coalescence. This study will focus on the deformation before failure.

b J-integral

Various approaches have been used to analyze bodies with defects or cracks. Rice's introduction of the path-independent integral J [Rice, 1968] was a significant contribution to fracture mechanics. This parameter is identical to the strain energy release rate [START_REF] Budiansky | Conservation laws and energy-release rates[END_REF] and has been used as the non-linear fracture mechanics load parameter since its derivation. A critical value, Jc (fracture toughness), has been defined and can be determined experimentally. Its role is to determine whether crack initiation is imminent. Analytical methods for determining J-integral have been proposed in the EPRI code [START_REF] Kumar | The pokerchip experiments of gent and lindley[END_REF] for different cracked geometries. The J-integral of DENT geometry is given by:

J = ασ 0 0 ch 1 ( a b , n)( P P 0 ) n+1 (II.6)
with α, σ 0 , 0 and n parameters of the stress-strain curve, a, b and c sample geometry parameters (see geometry in [START_REF] Kumar | The pokerchip experiments of gent and lindley[END_REF]), h 1 material dependent parameter, P is the load per unit thickness, P 0 is the limit load per unit thickness. P 0 differs in plane strain and plane stress conditions:

P 0 = (0.72 + 1.82 c b )σ 0 b, plane strain P 0 = 4 √ 3 cσ 0 , plane stress (II.7) 14 2.1. CONTINUUM MECHANICS
Similar to Bridgman, the accuracy of J-integral depends highly on the measurement of geometrical parameters. Optical cameras and advanced image processing techniques can make these measurements easier. However, the conventional J-integral criterion often fails for ductile polymers due to the inaccuracy of crack propagation measurement [START_REF] Hale | J-fracture toughness of polymers at slow speed[END_REF]. A simpler phenomenological method called the load separation criterion (LSC) was proposed by [START_REF] Baldi | Determination of the fracture resistance of ductile polymers: The ESIS TC4 recent experience[END_REF]. This method proposes a novel fracture criterion for ductile polymers that does not require the measurement of crack growth. It is based on tensile tests on two types of notched geometries: shape notched geometry and blunted geometry. A critical fracture limit can be obtained by the ratio of the load on two geometries as a function of plastic strain. The load ratio as a function of plastic deformation demonstrates a plateau at the first deformation part, then decreases significantly. During the former stage, crack blunting occurs, and during the latter stage, crack propagation occurs.

Another experimental approach to determine J-integral is based on the load-crack mouth opening displacement curve, as illustrated in figure 2.1.10. A p represents the plastic deformation area, while A el represents the elastic area. The J-integral equation is given by:

J = η el A el T (w -a 0 ) + η p A p T (w -a 1 ) (II.8)
where T is sample thickness, η el and η p are respectively elastic and plastic factors depending on the crack depth ratio, A el and A p are respectively the elastic and plastic area of F-CMOD curve. w is the half-width of sample. c HRR stress field J-integral plays an important role in quantifying the magnitude of stress, strain, and displacement ahead of a crack on a ductile structure. Hutchinson [Hutchinson, 1968] and Rice and Rosengren [START_REF] Rice | Plane strain deformation near a crack tip in a power-law hardening material[END_REF]] derived an approximate solution of the stress/strain field, known as the HRR field, for a plastic-rigid strain hardening material under monotonic increasing loading. The Ramberg-Osgood [START_REF] Ramberg | Description of stress-strain curves by three parameters[END_REF] power-law constitutive model was used to describe the strain hardening behavior, with such expression:

0 = σ σ 0 + α( σ σ 0 ) n (II.9)
where σ 0 and 0 are respectively the yield stress and yield strain of the material, α is a material constant, n is the strain hardening exponent.

The stress σ ij , strain ij and displacement u i fields ahead of the crack tip are expressed respectively by the following equations:

σ ij = σ 0 ( J ασ 0 0 I n r ) 1 n+1 σij (θ, n) (II.10) ij = α 0 ( J ασ 0 0 I n r ) n n+1 ˜ ij (θ, n) (II.11
)

u i = α 0 ( J ασ 0 0 I n r ) n n+1 r 1 n+1 ũi (θ, n) (II.12)
where n is a strain hardening exponent (elastic when n = 1, perfectly plastic when n → ∞), I n is a n-dependent dimensionless integral. σij , ˜ ij , ũi are θ-and n-dependent functions. I n , θ-and n-constants are also different on plane strain and plane stress conditions, their values are provided in [Shih, 1983].

As seen in the equations, HRR stress field exhibits a singularity of 1

r 1 n+1
, where a decrease in stress subtends from the crack tip towards the specimen center. In such configuration, the stress and strain tend towards infinite as they approach the crack-tip. However, the HRR stress theory is not valid when the crack-tip is either too far or too close. This is because the crack has no effect when it is too far, and no deformation concentration is considered at the crack-tip, i.e. no crack-blunting phenomenon.

Crack-tip blunting: slip-line field theory

It is important to note that the HRR field is based on the small-scale yielding condition, while the crack-tip blunting phenomenon significantly affects the stress/strain state at large geometry changes. Slip line theory is used to analyze the stress field of a perfectly plastic material under plane strain conditions. Prandtl slip line theory was applied by [START_REF] Rice | The Role of Large Crack Tip Geometry Changes in Plane Strain Fracture[END_REF] to analyze the stress field in the vicinity of a blunted crack. Rice-Johnson made two modifications compared with the HRR field: 1) an intense strain concentration ahead of the crack tip, instead of no strain concentration, and 2) a limited maximum achievable stress which lies at a distance from the tip, instead of an infinite stress at the crack tip. Figure 2.1.11a presents the slip line field of a crack under small geometry changes. The stress state is divided into three regions by slip lines: in regions A and B, constant stress is exhibited; in the centered fan region C, stress evolves steadily from region A to B. Under large geometry changes, a strain concentration zone D emerges with crack-tip blunting, as shown in figure 2.1.11b. The boundary between regions B and D characterizes the location where stress decreases towards the crack tip and the center. Analytical stress distribution along the width Similar to notched specimens, a flat DENT specimen can be considered in either plane stress or plane strain conditions. Figure 2.1.12 shows the Rice-Jonson stress distribution along the axis of the crack-tip of a DENT specimen. The overall σ is higher in plane strain condition than in plane stress condition. The Rice-Johnson stress exhibits an M-shape, with a limited maximum stress located at a small distance ahead of the crack-tip that decreases towards mid-width and the crack-tip root, which agrees well with the simulation results presented in section VI.

The distance at which the maximum stress is located depends on the material hardening, including the hardening exponent n and the yield strain σ 0 /E. This conclusion is similar to that drawn from the study of [McMeeking, 1977] on the stress/strain field analysis around a smoothly-blunted crack. McMeeking found that the distance between the maximum stress and crack-tip decreases as the power-law hardening exponent increases. A factor of 2 was also obtained from the maximum stress distance from the crack-tip and the crack-tip opening displacement.

Analytical stress distribution along the thickness Similar to flat notched specimens, the stress in DENT specimens is constant along the thickness in both plane stress and plane strain conditions. The stress level is higher in plane strain condition than in plane stress condition.

Continuum mechanics of rubbers

Incompressibility

Poisson's ratio v is defined as the ratio between the lateral contraction and elongation during tensile test, it may be dependent on the loading frequency and time [START_REF] Mott | The bulk modulus and poisson's ratio of "incompressible[END_REF]. A material is considered incompressible when v is equal to 0.5, in such situation materials deform with constant volume, or from the point of view of mechanics, the (a) (b)

Figure 2.1.12: Rice-Jonhson stress distribution along the width of a DENT specimen, in both plane strain and plane stress conditions [Rice and Johnson, 1969a].

ratio between bulk modulus and shear modulus is significant. Rubber is such a material with a Poisson's ratio close to 0.5 that it's often assumed to be incompressible in most constitutive models.

However, a rubber-like material can undergo an ineligible change in volume within a finite deformation range. Whether this volume variation is reversible or not depends on its deformation mode [START_REF] Cantournet | Experimental investigation and modelling of compressibility induced by damage in carbon black-reinforced natural rubber[END_REF]. Extensive experimental evidence shows that the volume change in rubbers is attributed to a competition between two factors: 1) volume decrease caused by stress softening and crystallization [Gent, 1954], and 2) volume increase accounted for internal cracking [START_REF] Gent | Internal rupture of bonded rubber cylinders in tension[END_REF], Cho and Gent, 1988, Le Cam and Toussaint, 2009].

In most applications, the compressibility of rubbers is associated with the volume increase due to cavitation under hydrostatic stress [START_REF] Dorfmann | Shear, compressive and dilatational response of rubberlike solids subject to cavitation damage[END_REF]. Farris [Farris, 1968] observed that highly nonlinear stress-strain relationships are governed by the formation of cavities, which reduces the reinforcement capacity of fillers. [START_REF] Dorfmann | Experimental and computational aspects of cavitation in natural rubber[END_REF]] provided a complete assessment of internal cracking under sufficiently high hydrostatic tensile stress.

Gent and his coworkers [START_REF] Gent | Nucleation and growth of gas bubbles in elastomers[END_REF] investigated the cavitation initiation in terms of two interrelated elastic parameters: Young's modulus (E) and shear modulus (G) (E = 3G if incompressible). Cavitation initiates when the hydrostatic pressure reaches 5G/2 [START_REF] Gent | Nucleation and growth of gas bubbles in elastomers[END_REF], or when the local triaxial tensile stress reaches 5E/6 [START_REF] Cho | Cavitation in model elastomeric composites[END_REF]. Subjected to cyclic loading, cavitation can be prevented if the stress is kept below the critical cavitation formation value [Pond, 1995]. 18

CONTINUUM MECHANICS

For rubbers in thin disk-shaped geometries, a hydrostatic stress state is created close to the center. A critical stress is required to form cavitation for such geometries, and the cavitation density is strongly influenced by the shape ratio (disk diameter to thickness). According to Gent [START_REF] Gent | Internal rupture of bonded rubber cylinders in tension[END_REF], more numerous but smaller cavities were observed across the entire cross-section of a higher shape ratio disk, while only limited larger cavities were found in the neighborhood of a thicker sample. Additionally, Zimmermann et al. [START_REF] Zimmermann | The mechanical behaviour of rubber under hydrostatic compression and the effect on the results of finite element analyses[END_REF] used the finite element method to demonstrate that the bulk modulus has an important influence on the response of rubbers under hydrostatic compression.

Hyperelasticity

Rubbers have an exceptional ability to maintain its original configuration without significant permanent deformation, even after undergoing large deformation of up to nearly 10 times its original length. This property is known as hyperelasticity that describes the highly nonlinear response of rubbers under large deformation. In this state, it undergoes a significant shape change without a change in volume. Due to the highly nonlinear stress-strain response of rubber-like materials, a linear elastic model is not suitable. Instead, a hyperelastic stress-strain relationship is derived from a strain energy density function to model such behaviors.

Several hyperelastic models [Ogden, 1972, Arruda and Boyce, 1993, Gent, 1996] have been developed based on the strain energy density function, which depends on either strain invariants or stretches.

Numerical micro-mechanical modeling is typically more complicated due to the homogenization requirements of molecular chain structures. Nevertheless, it is attracting more and more attention because of its ability to relate the mechanical response at macrostructural scale to physical microstructures. Distinguished micro-mechanical models include 3-chain [START_REF] Wang | Statistical theory of networks of nongaussian flexible chains[END_REF], 4-chain [START_REF] Flory | Statistical mechanics of crosslinked polymer networks i rubberlike elasticity[END_REF], 8-chain [START_REF] Arruda | A three-dimensional constitutive model for the large stretch behavior of rubber elastic materials[END_REF], and micro-sphere [START_REF] Miehe | A micro-macro approach to rubber-like materials-part i: the non-affine micro-sphere model of rubber elasticity[END_REF] network models.

[ [START_REF] Hoss | A new constitutive model for rubber-like materials[END_REF] compared the predictability of 40 constitutive models for three types of deformation modes (uniaxial tensile, shear, and biaxial). The advantages and inadequacies of each model were summarized in their work. Other authors have also provided excellent comparison reviews on hyperelastic models, including [START_REF] Marckmann | Comparison of hyperelastic models for rubber-like materials[END_REF], [START_REF] Boyce | Constitutive models of rubber elasticity: A review[END_REF], and [START_REF] Hossain | More hyperelastic models for rubber-like materials: consistent tangent operators and comparative study[END_REF].

Despite numerous models, there has not yet been an individual model suitable for every deformation mode that covers both small and large deformations. Several authors have proposed hybrid models that aim to combine the advantages of different models. For example, [START_REF] Beda | Hybrid continuum model for large elastic deformation of rubber[END_REF] presented a hybrid hyperelastic model that combined Gent-Thomas theory for small deformation and Ogden for large deformation. Furthermore, [START_REF] Boyce | Constitutive models of rubber elasticity: A review[END_REF] combined the Gaussian statistical Flory-Erman model [START_REF] Flory | Theory of elasticity of polymer networks[END_REF] with the 8-chain Arruda-Boyce model [START_REF] Arruda | A three-dimensional constitutive model for the large stretch behavior of rubber elastic materials[END_REF]. Their models showed good accuracy and prediction on Treloar's data over the entire extensibility and for all deformation states.

Viscoelasticity

Viscoelasticity is a material behavior frequently considered for rubbers, it describes the rubber's response as a function of strain rate and time. The special response linked to viscoelastic behavior is relaxation (stress decreases with time at a given deformation) and creep (strain increases with time at a given load). 

Time-dependent bulk modulus

The stress is decomposed into volumetric and deviatoric parts:

σ = σ deviatoric + σ volumetric (II.13)
The Cauchy stress σ is time-dependent: ω i should be equal to 1. The analytical time-dependent bulk modulus K(τ ) was described by Prony series as in the following equation:

σ(t) = t 0 2G(t -τ ) ėdτ + I t 0 K(t -τ ) ∆dτ (II.
K(τ ) = K ∞ -(K ∞ -K 0 ) i=n i=1 ω i exp( -τ τ i ) (II.15)
with : [Christensen, 1980] derived a simple solution to describe the nonlinear creep response of viscoelastic materials under hydrostatic stress. The compliance in creep, J k , is defined as the change in volume over time under instantaneous application of a constant hydrostatic pressure. This is inverse to the bulk modulus. The expression of J k reads:

K ∞ = K 0 * ∞ max (II.16) max = K(τ ) K 0 (II.17) Time τ 1 τ 2 τ 3 ω 1 ω 2 ω 3 ϵ ϵ max ϵ ∞ ϵ max

Time-dependent compliance in creep

J k (t) = ∆V (t) V 0 F S 0 = (t) σ 0 (II.18)
with ∆V (t) the instantaneous volume change, V 0 the initial volume, F the constant load, S 0 the surface under hydrostatic pressure, (t) the strain, σ 0 the constant pressure.

Heat build-up

Subjected to mechanical loading, both polymers and rubbers dissipate heat and may result in a significant temperature rise due to low thermal conductivity.

2.2.1

Polymers: sources, effects and constitutive models...

Significant temperature rise in literature

At low levels of stress or strain, thermoplastics follow the classical law of thermoelasticity, where their temperature drops in tension and rises in compression. However, under larger deformations, the material may experience significant temperature rises for dynamic and cyclic loading. For example, Rittel [Rittel, 1999a] measured a temperature rise of 70 • C at the crack tip of PMMA subjected to dynamic loading, while [START_REF] Bellenger | Thermal and mechanical fatigue of a PA66/glass fibers composite material[END_REF]] obtained a temperature elevation of more than 120 • C for cyclic tests on fiber glass-reinforced polymers.

In addition to experimental measurements of surface temperature rise, many studies have made theoretical estimations. Based on energy balance, [Döll, 1976] established an equation to calculate the heat output resulting from plastic deformation of a running crack. Under adiabatic assumption, [START_REF] Williams | Crackblunting mechanisms in impact tests on polymers[END_REF]] estimated a temperature rise of 110 • C ahead of the crack tip of HDPE. A temperature rise of approximately 600 • C was calculated based on the amount of dissipated energy at the crack tip of Polystyrene (PS) [START_REF] Dickinson | Temperature measurements of the gaseous emission during the fracture of polystyrene: A determination of the fracture energy and fracture surface temperature[END_REF]. Melt-like features were observed at the fracture surface.

Effect of heat build-up

When the temperature rises and approaches the glass transition temperature Tg, microstructure modification and the degradation of mechanical properties may be accelerated due to heat build-up. The stress-softening that commonly occurs for polymers under loading was attributed to increasing temperature rise [START_REF] Chou | The effect of strain rate and heat developed during deformation on the stress-strain curve of plastics[END_REF]. Similar results were presented in the work of [START_REF] Fager | Neck propagation in polymers with adiabatic heat generation[END_REF], where strain-induced heating seems to prompt the initiation and propagation of necking under uniaxial tensile loading at adiabatic heating. Heat build-up also accounts for one of the causes of 22 2.2. HEAT BUILD-UP fracture, in addition to mechanical failure [START_REF] Ratner | Mechanical and the thermal fracture plastics under cyclic strains[END_REF]. In [Katunin, 2017], the effect of heat build-up temperature on the lifetime of polymer-based composites was investigated. The lifetime was shortened from the order of 10 5 cycles to the order of 10 4 cycles with a mere increase of 25 

Heat build-up regime

Experimental evidence presented in the work of [START_REF] Renshaw | The sources of heat generation in vibrothermography[END_REF] explains the heating mechanism. The sources of heating include frictional rubbing, plastic deformation, and viscoelasticity. Similar conclusions were drawn in the work of [Basu and Van der Giessen, 2001], where two heating sources were suggested: plastic work and the rupture of overstressed macromolecules. The relative importance of these two sources depends on fracture mode [START_REF] Tomashevskii | Thermal effects during fracture in polymers[END_REF]. Plastic dissipation dominates during slow crack growth, whereas molecular scission at quick brittle fracture contributes significantly to heating. Heat build-up is most commonly due to plastic deformation.

Different strain rates lead to different heating regimes, ranging from adiabatic to isothermal heating, where thermal conductivity approaches zero or infinity. In the thermomechanical transition regime, both metals and polymers can dissipate heat during loading. According to Taylor and Quinney [START_REF] Taylor | The latent energy remaining in a metal after cold working[END_REF], around 90 % of plastic deformation converts into heat for metals, while Adams and Farris [START_REF] Adams | Latent energy of deformation of bisphenol a polycarbonate[END_REF] found only 50 % to 80 % of deformation work conversion for polycarbonate. A similar mechanical energy conversion percentage (45 % to 85 %) was confirmed by Rundnev [START_REF] Rudnev | Plastic deformation kinetics for glassy polymers and blends[END_REF] for a larger range of glassy semi-crystalline polymers and blends. The conversion fraction depends on the strain and strain rate. The effects of strain rate were first analyzed by [START_REF] Adams | Latent energy of deformation of bisphenol a polycarbonate[END_REF], while Rittel [START_REF] Rittel ; Rittel | On the conversion of plastic work to heat during high strain rate deformation of glassy polymers[END_REF], Mason et al., 1994] later studied the dependencies of strain and strain rate.

Heat build-up is mostly studied in the adiabatic regime for two reasons. First, the temperature rise is easier to measure with less energy dissipation at high strain rates. Second, the boundary condition is simpler as it does not consider thermal conduction and radiation. Many studies have investigated adiabatic heating [START_REF] Garg | Temperature rise in polymeric materials during high rate deformation[END_REF]. Adiabatic heating has a destabilizing effect on mechanical behavior, causing craze and deformation to become unstable [START_REF] Hillmansen | Adiabatic failure in polyethylene[END_REF]. The magnitude of adiabatic heating decreases with increasing starting temperature.

Temperature estimation by simulation

Experimental measurement and analytical calculation of temperature rise have limitations in providing a full temperature field. Therefore, thermomechanically constitutive-based simulation is an efficient tool for estimation. The Boyce model [START_REF] Boyce | Large inelastic deformation of glassy polymers. part II: numerical simulation of hydrostatic extrusion[END_REF] takes into account the effects of temperature, strain, pressure, true strain softening, and strain hardening for glassy polymers under large inelastic deformation. Later, coworkers [START_REF] Arruda | Effects of strain rate, temperature and thermomechanical coupling on the finite strain deformation of glassy polymers[END_REF] implemented a strain and temperature dependent model in a FE simulation code. This model was used to describe the large inelastic response of PMMA and estimate the temperature rise during deformation.

A numerical model of thermo-elasto-viscoplasticity was developed in [Basu and Van der Giessen, 2001] for glassy polymers to study the stress and temperature fields ahead of a blunted notch at several strain rates covering the adiabatic and isothermal regime. [START_REF] Boukamel | A thermo-viscoelastic model for elastomeric behaviour and its numerical application[END_REF] developed a thermo-viscoelastic model in which the dissipation in shear deformation was simulated. Highly dissipated zones were simulated where the shear concentrates. [START_REF] Maurel-Pantel | A thermo-mechanical large deformation constitutive model for polymers based on material network description: Application to a semi-crystalline polyamide 66[END_REF] proposed a coupled viscoelastic-viscoplastic model to describe the temperature rise of semi-crystalline polymers. Different strain rates and temperatures were tested on tensile and shear stress states. [START_REF] Shen | Thermo-elastic-viscoplastic-damage model for self-heating and mechanical behavior of thermoplastic polymers[END_REF] took into account material damage in addition to the thermo-elastic-viscoplastic constitutive behavior, aiming at describing the thermomechanical responses of thermoplastics at finite deformation. The model was then implemented in a finite element code to reproduce the heat build-up for flat smooth samples under uniaxial tensile loading. A good agreement was obtained between experimental and numerical surface temperature fields. Another thermo-viscoelastic model was implemented in Abaqus by Maximilian et al. [START_REF] Ly | Modeling self-heating under cyclic loading in fiber-reinforced polymer composites[END_REF] by taking into account the heat dissipation for fiber-reinforced polymer composites under cyclic loading.

25 2.2. HEAT BUILD-UP

Temperature rise concentration

A concentration of temperature rise was observed at locations of stress concentration under dynamic impact [START_REF] Bougaut | On crack-tip cooling during dynamic crack initiation[END_REF] or uniaxial tensile loading [START_REF] Ovalle | Effects of stress triaxiality ratio on the heat build-up of polyamide 11 under loading[END_REF], as shown in figure 2.2.16. Numerical calculations [Basu and Van der Giessen, 2001] have also shown similar results: the temperature rise concentrates ahead of the crack tip, accompanied by stress concentration. A peak temperature is located at a small distance from the crack tip, which correlates well with the theoretical Rice-Johnson stress, as shown in figure 2.2.17.

The concentration of the heating zone around the crack tip reveals that heat build-up is strongly related to the stress state. However, few studies have investigated the effects of stress gradient and triaxiality on heat build-up, except for [START_REF] Ovalle | Effects of stress triaxiality ratio on the heat build-up of polyamide 11 under loading[END_REF]. In this study, experimental methods were employed to investigate the stress triaxiality effects on heat build-up using notched and pre-cracked samples at different strain rates. A numerical model was also used to reproduce the heat build-up under adiabatic conditions, and good agreement was found between experimental and numerical results. [START_REF] Renshaw | The sources of heat generation in vibrothermography[END_REF] In summary, heat build-up is a phenomenon exhibited by polymers during deformation that can modify the mechanical response of the polymer. If a significant heat build-up is attained, the mechanical properties of polymers can be severely altered, significantly reducing their lifetime. Experimental tests were conducted to investigate the heat build-up under different loading types and at various strain rates for different samples. A wide range of constitutive models were developed and implemented in finite element codes to reproduce and predict the thermomechanical response of polymers, Figure 2.2.17: Temperature profile ahead of crack-tip [Basu and Van der Giessen, 2001] taking the temperature-dependent mechanical properties and intrinsic heat dissipation into account. However, the relationship between the stress and heat build-up fields

has not yet been explained, even though a strong correlation between them has been revealed. Therefore, this study aims at finding the correlation between the theoretical stress field and temperature distribution, as well as the stress state effects on the heat build-up of polymers, using theoretical and experimental methods.

2.2.2

Rubbers: sources, effects and constitutive models... Gough (1805) was the first to describe the heating phenomenon of a stretched rubber. Joules later quantitatively studied the temperature variation under uniaxial tensile loading, and found a slight temperature decrease at small deformations. This decrease, known as the thermoelastic inversion phenomenon, is a consequence of the volume change resulting from the competition between thermal expansion and the entropic effect of rubber elasticity [START_REF] Anthony | Equations of state for natural and synthetic rubber-like materials. i. unaccelerated natural soft rubber[END_REF]. Under larger deformations, temperature increases continuously. Thermocouples used by [START_REF] Dart | Rise of temperature on fast stretching of butyl rubber[END_REF]] measured a temperature rise of around 5 • C in heavily stretched rubbers (up to 800 % deformation). For reinforced rubbers under cyclic loading, a temperature rise of approximately 50 • C was measured by [Lion, 1997].

Temperature rise origin

The physical nature of heat build-up is the same for rubbers as for polymers; it is attributed to the partial conversion of mechanical energy into heat. In polymers, the mechanical energy is present in plastic deformation, while in rubbers, it is present in hysteresis. Due to the thermal movement of internal molecule chains under external force, molecular friction causes hysteresis, resulting in a delay of strain compared to stress. According to [START_REF] Kar | Hysteresis loss in filled rubber vulcanizates and its relationship with heat generation[END_REF], the heat build-up of carbon black 27 2.2. HEAT BUILD-UP reinforced rubbers increases, but not proportionally with the hysteresis. This may be attributed to irregular breakage and re-formation of inter-aggregate bonds of carbon black. Some studies suggest that the hysteresis of natural rubbers is due to strain-induced crystallization and melting, rather than the viscoelastic properties of cross-linked rubber networks [START_REF] Toki | Strain-induced crystallization of natural rubber as detected real-time by wide-angle x-ray diffraction technique[END_REF], Trabelsi et al., 2003].

Recently, Le Cam and coworkers have made significant efforts to investigate the temperature rise origin of natural rubbers. According to [Le Cam et al., 2015], the entropic elasticity and viscosity promoted by fillers are responsible for the heat dissipation of filled rubbers. Meanwhile, [ Le Cam, 2017] concluded from an energy balance investigation that the hysteresis loop is neither due to intrinsic nor thermal dissipation, but is entirely used for microstructure change of natural rubbers.

Carbon black effect on heat build-up

The temperature rise of rubbers depends on various factors, with an important one being the commonly used filler: carbon black. Carbon black has a significant effect on the mechanical properties of rubbers due to its high modulus, which is much higher than that of rubbers. It can be assumed to be a rigid body compared to the rubber matrix. The addition of carbon black also locally amplifies the microscopic strain. [Meinecke, 1991] investigated the effect of carbon black on dynamic modulus and loss energy. They found that the higher the carbon black volume fraction, the higher the dynamic modulus and loss energy, which leads to higher heat generation (see figure 2.2.18). The contribution of carbon black to the hysteresis relies on the specific surface of carbon black and its volume fraction. Higher values mean a more extensive network and more inter-aggregate bonds, which lead to more significant heat generation. [Medalia, 1991] found that the heat generation attributed to carbon black is often related to the breakdown of carbon black aggregate bonds. Under small deformation, breakdown seldom occurs, thus the effect of carbon black on heat generation is negligible. However, under larger deformation, the inter-aggregate bonds break and re-form at a new position, making a major contribution to the heat generation.

Crosslinking effect on heat build-up

Crosslinking is an important factor that affects the heat build-up of rubbers. Different crosslink structures lead to different temperature rises (see figure 2.2.19). Crosslinking affects the mobility of molecular chains by preventing the separation of molecular segments. Higher crosslink density leads to less molecular friction and less hysteresis, resulting in less heat build-up. According to [START_REF] Park | Heat generation of filled rubber vulcanizates and its relationship with vulcanizate network structures[END_REF], lower sulfur systems generally cause less heat generation under compressive tests due to the higher degree of network stability they provide. 

Temperature estimation by simulation

The measurement of temperature rise in rubbers provides information about material defects, but is limited to surface temperature. The temperature field of the entire material is of prime importance because it provides information on potential failure initiation and in-service temperature. Although efforts have been made to measure the interior temperature by embedding thermocouples inside specimens [Lion, 1997], the measurement accuracy is not assured as the micro-structure may have been affected. A more reliable way is to predict the temperature field using numerical methods.

Several thermomechanical constitutive models have been proposed to predict the 29 2.2. HEAT BUILD-UP temperature rise of rubbers, including uncoupled and coupled methods. Under cyclic assumption, a simplified heat equation was formulated by [Le Chenadec et al., 2009], based on which an uncoupled thermomechanical model was developed to simulate the temperature rise of rubbers. Using this simplified heat equation, [Le Saux et al., 2013] proposed an uncoupled phenomenological approach to predict the temperature rise of less than 20 • C. However, the accuracy of the simulation using the uncoupled method is not always assured as the calculation is based on a fixed volume. Accordingly, many researchers have made efforts to develop coupled models in the framework of thermodynamics. Some of the models that provide satisfactory results will be reviewed.

[ Ovalle Rodas et al., 2014] proposed a thermo-viscoelastic constitutive model to describe the self-heating of rubber under low-cycle fatigue. This model was later extended into a thermo-visco-hyperelastic model [START_REF] Ovalle | A thermo-visco-hyperelastic model for the heat build-up during low-cycle fatigue of filled rubbers: Formulation, implementation and experimental verification[END_REF], in which a stretch amplification factor was added to take into account the effect of carbon black on heat build-up. At the same time, [START_REF] Dippel | Thermo-mechanical couplings in elastomers -experiments and modelling[END_REF]] formulated a thermo-mechanically coupled model for carbon black-filled rubbers based on relaxation tests under different temperatures. This model was used to investigate deformation-induced self-heating.

The calculated temperature rise increases with lower environmental temperature and higher loading frequency, and a good agreement was obtained with experimental measurements. [START_REF] Johlitz | Dissipative heating of elastomers: a new modelling approach based on finite and coupled thermomechanics[END_REF] presented a thermoviscoelastic model to simulate the dissipative heating of elastomers under dynamic deformation. More examples of constitutive models are reported elsewhere [Ovalle Rodas et al., 2015, Li et al., 2018, Guo et al., 2018]. One classic condensation polymer is PolyAmide, the detailed synthesis process of PA11 is illustrated in figure 3.1.1. The 11-aminoundecanoic acid is first produced from castor oil through a series of chemical treatments from methanolysis, pyrolysis, hydrolysis to the substitution of Bromine (Br) and Azane (NH 3 ). The final step is the polycondensation of 11-aminoundecanoic acid, with the removal of water as by-product. 

Contents

Forming process

Numerous forming technologies are available for thermoplastics, each is adapted for particular needs on components geometry, functionality, working conditions, etc. The most common techniques include extrusion (tubes), injection molding (complex electrical components), blow molding (hollow bottles), rotational molding (storage tanks), vacuum forming (agricultural components), etc. For interested readers, a complete review on polymers processing techniques was given by [Xanthos, 2000].

PA11 specimens under study were provided by Arkema. Specimens are formed by injection molding method, the schematic representation of which is shown in figure 3.1.2. PA11 matrix/composite solid granules are fed inside the hopper, then conveyed by the rotational screw and melted simultaneously by the heater, finally squeezed into the empty mold through the nozzle. The specimens can be removed from the mold after cooling. Injection molding is a simple polymer processing technique that makes it possible to manufacture complex shaped components.

It is to be noted that a heterogeneous microstructure distribution, known as skin-core structure [START_REF] Zaidani | Coupling of injection molding process to mechanical properties of short fiber composites: A through process modeling approach[END_REF], Raphael et al., 2019], is formed through specimen thickness attributed to the cooling rate gradient from the mold/material interface to specimen center. This microstructure will be discussed later in the observation section. 

Physico-chemical characteristics

Temperature-dependent behavior

Some mechanical properties of semi-crystalline polymers are strongly influenced by the temperature due to their amorphous phase in the microstructure, whose molecule mobility increases when heated. Exceeding a certain temperature leads to a transition from the rigid state to the pliable and flexible state, such transition temperature is defined as glass transition temperature T g . Figure 3.1.3 shows the variation of PA11 Young's modulus E with increasing temperature, a dramatic drop in E occurs during the glass transition period.

Differential Scanning Calorimetry

Several characteristic temperatures are commonly investigated such as the melting temperature T m , the glass transition temperature T g . Differential Scanning Calorimetry 34 (DSC) is one of the most used techniques because it allows not only to measure these temperatures, but also to analyze the thermal response of polymers over a large temperature range. For detailed theory of DSC technique, reader is invited to refer to the publication [Freire, 1995], where several basic concepts are recalled. A DSC system works as shown in figure 3.1.4, a test sample and an empty reference are placed inside a closed heated chamber, whose heating rate remains constant (for example, 10

• C/mm). The temperature of both the reference and the test sample are measured, their difference is controlled to zero by a temperature control system.

Since the heat capacity of polymers is different from that of the reference, a relative heat is absorbed or generated by the test sample, which causes the heat flow to vary while heated. The classical heat flow evolution as a function of the temperature is represented in figure 3.1.5a. For semi-crystalline polymers, three characteristic temperatures are supposed to be obtained by DSC: T g , crystallization temperature T c and T m . Each transition temperature corresponds to a characteristic microstructural evolution: 1) the amorphous phase of polymers becomes more flexible after T g , 2) the disordered structure reorganizes as regular crystallites at T c accompanied by both a release of heat and a heat flow peak if the material still have the ability to crystallize, 3) the crystallites are totally melted at T m and accompanied by the absorption of heat and a minimum heat flow.

T g & T m

Three specimens at different positions through sample thickness (skin, sheet, core) were cut from the initial bulk neat PA11 and tested by DSC. Their experimental heat flows The reinforced PA11 weren't test by DSC, but an increase of T g with the increasing reinforcement concentration was obtained in the work of [START_REF] Droste | The glass transition temperature of filled polymers and its effect on their physical properties[END_REF], this observation was interpreted as a result of the loss of molecular mobility and flexibility due to the reinforcement.

Index of crystallinity

The index of crystallinity is the volume fraction of the crystalline phase in a given sample and can be obtained by a DSC measurement. The mechanical, thermal, electrical and optical properties of polymers are greatly influenced by their index of crystallinity X c , e.g. the higher the crystallinity, the stiffer the polymers [McKeen, 2012]. The crystallinity is highly related to the crystallization rate, the slower the crystallization, the more it is possible to form larger crystals. X c can be calculated using the following formula [L.H., 2005]:

X c = ∆H f ∆H 0 f (III.1)
where ∆H f is the relative enthalpy of fusion of the entire test sample, ∆H 0 f is the enthalpy of fusion for 100 % crystalline PA11 (244 J/g [Blaine, 1899]). Through the results of DSC and equation III.1, the X c of neat PA11 is about 19.8 % at core and 19.0 % at skin (slightly lower than at the core). 

Initial microstructure

Matrix and reinforcement a Spherulite in PA11 matrix

During the cooling process of a melt semi-crystalline polymer or solution, the crystals nucleate and grow radially from an origin and develops into a spherical structure until they encounter the neighbor crystals. Such a structure is known as spherulite, shown in figure 3.1.6, in which most of the space is filled with organized crystallite lamellae, the rest is occupied by empty or random polymer chains (amorphous phase). The size of the spherulite depends on the cooling condition, the density of the nucleating sites and the structure of the polymer molecules. The magnitude varies in the order of µm to mm.

Since the structure of the amorphous phase and the crystalline phase are different, the mechanical response of a semi-crystalline polymer is strongly influenced by the crystallinity index (described above), as well as the size of spherulite [START_REF] Way | The effect of spherulite size on the fracture morphology of polypropylene[END_REF]. Several spherulite observation techniques will be reviewed in next section, the observation results will also be discussed. b Glass fiber reinforcement

In industrial applications, reinforcement is often required to increase polymers stiffness. More crack initiation/damage sites may be induced by reinforcement, which consequently weakens polymers rupture property, a compromise should therefore be made between reinforcement content and mechanical properties in terms of stiffness and rupture. This work uses short glass fiber to reinforce PA11 matrix, the glass fiber is called short because of its submillimeter length opposed to the mm order length of long glass fibers. In addition to neat PA11, PA11 is reinforced by two contents of short glass fiber: 8 wt.% (PA11GF8) and 30 wt.% (PA11GF30).

c Skin-core microstructure

For a reinforced thermoplastic made by injection molding, the microstructure is heterogeneous through thickness due to the gradient of the cooling rate and the injection flow velocity, where cooling rate decreases but flow velocity increases from skin towards core. A distinct skin-shell-core layered structure is exhibited in thickness, as shown in figure 3.1.7: 1) at the skin layer, fibers are frozen to a random orientation caused by the cold metal mold. The skin layer is significantly thin, only 100 µm out of 3.2 mm (the total thickness) was measured in the work of [START_REF] Rolland | In situ x-ray tomography investigation on damage mechanisms in short glass fibre reinforced thermoplastics: Effects of fibre orientation and relative humidity[END_REF], 2) the second layer, also the thickest one, is the shell layer where most of fibers are parallel to the flow direction due to the dominant shear effect, 3) the third one is the core layer whose fibers are perpendicular to the flow direction caused by an extensional flow and lower shearing.

In many publications, the skin and shell are assumed as one single layer considering the negligible thickness of skin layer, a typical skin-core microstructure is thus commonly defined for a thermoplastic composite. 

Observation techniques

The above mentioned elements (spherulite, reinforcement, skin-core structure) that characterize the microstructure of neat/reinforced PA11 will be investigated by different observation techniques.

The observation of polymers spherulites relies mainly on microscopes, all the possible microscopy observation techniques and corresponding sample preparation methods can be referred to [Michler, 2008]. A complete review on polymers spherulites was also given by [START_REF] Crist | Polymer spherulites: A critical review[END_REF], it summarizes two types of spherulite observation studies: 1) the kinetics of spherulite formation during the process of crystallization from a polymer solution or melt, 2) the structure of spherulite of a crystallized bulk polymer. The most used microscopes, for the observation of spherulites, are: Polarized Light Microscopy (PLM), Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM [START_REF] Way | The effect of spherulite size on the fracture morphology of polypropylene[END_REF], Lu et al., 2007]) and Atomic Force Microscopy (AFM [START_REF] Ferreiro | Shear banding in polyamide 6 films as revealed by atomic force microscopy[END_REF], Detrez et al., 2011]). Besides microscopies, advanced spherulite observations were performed recently by tomography technique [START_REF] Selles | Voiding mechanisms in deformed polyamide 6 observed at the nanometric scale[END_REF], Raphael et al., 2019], which provide high resolution results at the tens of nanometer scale.

The spherulite observation on neat/reinforced PA11 under study is particularly difficult due to several reasons. On the one hand, one difficulty lies in the small size of spherulites in PA11 matrix, most of the spherulites observed successfully in the literature have larger size, e.g. the spherulite size of Polypropylene is on the order of several tens of microns [START_REF] Way | The effect of spherulite size on the fracture morphology of polypropylene[END_REF]. On the other hand, the observation is based on the bulk polymer where the amorphous chains are well mixed within the spherulite structure. To solve this inconvenience, chemical etching is often employed in order to dissolve the amorphous polymer chains. To be able to eliminate the amorphous phase without damaging the structure of the spherulite, a good choice of chemical solution and perfect control of the etching time are essential. [Regrain, 2010], [Devilliers, 2012] and [Lefebvre, 2004] detailed respectively the etching protocol, see appendix A, for PolyAmide 6, PolyEthylene and PA11. Their etching results are displayed in figure 3.1.8a, 3.1.8b and 3.1.8c. Different chemical solutions are needed for different semi-crystalline polymers depending on their solubility. For PA11, N-mythylpyrrolidone (NMP) is commonly used, the etching time varies from 1 hour to 16 hours. b) PE [Devilliers, 2012], and c) PA11 [Lefebvre, 2004].

Expecting to have a better observation, chemical etching was performed by following the exact etching protocol provided by [Lefebvre, 2004]. The observation results (figure 3.1.9), however, didn't shown any improvement, this shows that at some point the chemical etching is a very delicate method. Thus, PLM and SEM are chosen to observe the spherulite without chemical treatment, SEM will also be used to observe simultaneously the glass fiber and skin-core structure. The following content will present the principle of these observation techniques. The observation specimen was prepared by cryo-fractography technique, consisting of cooling (∼15 minutes of cooling) a pre-cracked material (pre-crack cut with a razor blade) in liquid nitrogen (-196 • C), then broke it into two halves. The obtained sample preserves the initial microstructure of material as its initial state was frozen in nitrogen. The fracture surface was then observed under SEM.

To ensure the electrical conductivity of the polymer samples, the observation surface was metalized by a coating layer of Au with a thickness of 4.5 nm. The lateral side of the sample is painted with silver to allow the exit of the electrons entered from the observation surface. It is suggested that the applied electron beam voltage for polymers be less than 10 keV to avoid overcharging (5 keV was applied in this study).

b PLM observation of spherulites

PLM allows the observation of spherulites due to the birefringent characteristic of the crystal structure. The schematic representation of PLM system is shown in figure 3.1.10a, the essential elements are a polarizer and an analyzer, they are twisted by 90 • . The principle of PLM is that: 1) the light source is polarized by a polarizer, 2) the polarized light wave is then divided into two propagation directions after crossing the spherulite (birefringent characteristic), 3) only one of the waves is able to cross the analyzer which finally reveals the spherulitic structure in a Maltese cross or in centric rings, as shown in figure 3.1.10b.

To be able to observe the spherulite by PLM, thin slices of specimens were cut with microtome from the polymer bulk. In order to avoid viewing several spherulites through the same thickness, the thickness of the sample must be less than the spherulite diameter. Slices of 10 µm and 15 µm were prepared in this work. ) the result of a thermoplastic poly-3-hyd roxybutyrate [START_REF] Barham | Crystallization and morphology of a bacterial thermoplastic: poly-3-hydroxybutyrate[END_REF].

Observation results a Glass fibers

The initial states of PA11GF8 and PA11GF30 were observed by SEM and shown respectively in figure 3.1.11a and 3.1.11b, the observation specimen was prepared by cryofractography method. The diameter of a single glass fiber and the distances between fibers are annotated. The glass fiber has a diameter around 15 µm. Some fibers are observed to locate side by side, the largest distance between fibers exceeds 100 µm, for PA11GF8. The distance between fibers seems to be smaller, in general, for PA11GF30 than that of PA11GF8, as PA11GF30 is more reinforced by fibers. 12 shows the PLM observation results on neat PA11 on a specimen close to the sample surface. The concentric rings presenting spherulites are observed to fill in almost the entire viewing region; indeed, they are hardly in a perfect circular shape. The boundaries of spherulites were highlighted by hand on the figure, the growth of each single spherulite seems to be frequently stopped by its vicinity. This implies that the nucleation and growth of spherulites occur simultaneously at different positions and result in different sizes.

PLM | Spherulite size

The largest radius of each identifiable spherulite in the observation zone was measured. A histogram about spherulite radius is plotted in figure 3.1.13, the total number of spherulites in the observation zone is 104. The average, mode and median spherulite radius are annotated in the histogram, they are respectively 5.4 µm, 3.9 µm and 5.3 µm.

SEM | Spherulite distribution

The SEM observation of spherulites was performed not only on neat PA11, but also on reinforced PA11. Figures 3.1.14,3.1.15 and 3.1.16 3.1. NEAT AND SHORT-GLASS FIBER REINFORCED PA11 display respectively the observation results on neat PA11, PA11GF8 and PA11GF30. Despite the interference of amorphous chains, the spherulites are surprisingly identifiable especially when the nuclei of the spherulite is visible. Moreover, spherulites were observed as well in reinforced PA11 where the reinforcement was assumed to have an impact on them. To facilitate readers lecture, each spherulite in the observation region was outlined by lines. The same as observed by PLM, the spherulites are not perfectly circular, their growths are often blocked by the neighboring ones. Spherulites with different sizes appear to be distributed in the observation region. spherulite size of neat PA11 are only slightly higher than the ones of reinforced PA11. It is probably due to the effect of fibers that less room remains to be crystallized in reinforced PA11. However, from a general point of view, the average size of spherulite radius of PA11 is in the order of 3 µm for whatever glass fiber contents. The non-dependence on glass fiber content may be explained by the fact that there is enough room between glass fibers to develop such size of spherulites. The average spherulite radius measured by SEM (3 µm) is only the half size compared to the spherulite size observed by PLM (6 µm) which correlates well with observations in the literature [Poulet, 2017](5 µ m).

The difference may be attributed to the unclear border of the spherulite structure under SEM observation, while explicit border can be identified by PLM. 

Spherulite surface fraction

As the spherulite size seems independent on the glass fiber content investigated, one wonder if it has an influence on the surface fraction of spherulite. In order to calculate the entire surface of spherulites, the image obtained by SEM was post-processed by Image J [START_REF] Schneider | NIH image to ImageJ: 25 years of image analysis[END_REF]. The threshold of the image was regulated in order to highlight only the spherulite contour, see figure 3.1.18.

Then Analyse Particles function of Image J was applied to obtain the area of each closed contour (spherulite). The fraction of spherulite area over the entire observing area was then calculated.

Finally, the spherulite surface fraction of neat PA11, PA11GF8 and PA11GF30 are obtained, and they are respectively 65.2 %, 61.5 % and 58.3 %. The total spherulites area occupies more than a half of the entire observation area, and the higher the glass fiber content, the lower the spherulite surface fraction.

Zone where spherulite cannot be identified 

Skin-core effect a Fiber orientation

The SEM observation on the fracture surface of the cryo-fractography specimens of PA11GF8 and PA11GF30 are respectively shown in figure 3. 1.19a and 3.1.19b. The observation crosses the entire thickness, through which black holes and white cylinders are broken fibers, gray field represents PA11 matrix. Fibers of PA11GF8 and PA11GF30 are segmented by thresholding function of Image J, the results are displayed respectively in figure 3. 1.19c and 3.1.19d. From the results, the fiber distribution appears to be fairly homogeneously through the thickness, slightly more fibers are oriented randomly around the center. Nevertheless, distinct layered fiber orientation microstructure wasn't observed as defined in the literature. b Spherulite size

Injection Direction

The skin-core effect resides not only in the fiber orientation, but also in the spherulite size distribution. Under PLM, spherulite observations were performed on neat PA11 specimens at both the sample surface (presented above) and the sample center. The radius of spherulites was measured, their histograms are displayed in figure 3.1.20a and 3.1.20b for the skin and core respectively. The average, mode and median value of spherulite radius are annotated in each figure. Higher radius values were measured at the core than at the surface, e.g. the average radius is 6.7 µm at the core, and 5.4 µm at the surface. A spherulite diameter of the order of 10 µm (radius ≈ 5 µm) was also obtained in the work of [Poulet, 2017]. 

Sample conditioning

Conditioning

The initial PA11 samples provided by Arkema were nearly dry, before testing, a humidity conditioning is required to ensure the repeatability of their mechanical response. The specimens were conditioned to the experimental atmosphere condition with a room temperature of approximately 23 • C and a relative humidity of 50 %.

Conditioning at room atmosphere is possible but it takes more than a month to reach the moisture equilibrium due to the low absorptivity at 23 • C. Several accelerated approaches are suggested by ISO conditioning standard [ISO, 2012] such as the conditioning inside a closed desiccator or a ventilated and heated oven. Oven conditioning was chosen as it is the fastest method. The required conditioning time depends on the thickness of the sample. For our dogbone samples with a thickness of 4 mm, one week is needed while two extra weeks will be required if condition with a desiccator.

For the oven conditioning, dry PA11 samples were placed inside an oven with the air at 70 • C/50 % RH, until the moisture equilibrium was reached, i.e. the wighted mass of the sample no longer increases. The conditioned specimens were then stored in a conditioned room (23 • C/50 % RH) before testing.

Relative Humidity effects

Relative Humidity is the percentage ratio of the amount of water vapor in a volume of air at a given temperature. It has a significant influence on polymers physical and mechanical properties as it results in polymers water absorption. The influence of water concentration on polymers properties under tensile and fatigue loading were investigated respectively in [START_REF] Shen | Effects of sorbed water on properties of low and high molecular weight PMMA: 1. deformation and fracture behaviour[END_REF] and [START_REF] Chen | Effects of sorbed water on properties of low and high molecular weight PMMA: 11. fatigue performance[END_REF]. According to the work of [START_REF] Shen | Effects of sorbed water on properties of low and high molecular weight PMMA: 1. deformation and fracture behaviour[END_REF], the tensile strength of polymers decreases then increases with water concentration, ductility has an opposite trend to that of the tensile strength. Chen and coworkers [START_REF] Chen | Effects of sorbed water on properties of low and high molecular weight PMMA: 11. fatigue performance[END_REF] concluded that a low water concentration acts as a plasticizer, but the water molecule tends to cluster and aggregate at a higher value that interferes with no further mechanical responses.

Natural rubber filled by carbon black

Vulcanization -Crosslinking

The first application of natural rubbers dates back to the cultures of Amazonia and the Mesoamerica [Ximénez, 1857]. It's basically obtained from the latex of Hevea Brasiliensis. Natural rubbers are macromolecular chains composed by numerous repeated isoprene monomers, see figure 3.2.21. The unvulcanized natural rubber exhibits low mechanical strength due to the sliding and entanglement of rubber chains. It was until the development of the sulfur vulcanization process, discovered by Charles Goodyear in the 1830s, that the rubbers properties began to improve noticeably.

Vulcanization, also known as curing, is a process aiming at improving rubbers properties, e.g. elasticity, hardness, tensile strength, by forming three-dimensional cross-links from long rubber molecules. Various vulcanization systems have been developed since Charles Goodyear and can be divided into: 1) conventional thermal curing by chemical reagents [Cunneen et al., 1960, Krejsa and[START_REF] Krejsa | [END_REF]] like sulfur, and 2) physical curing by high-energy radiation [START_REF] Zin | Radiation vulcanisation natural rubber latex and its properties[END_REF] such as ultrasonic crosslinking. The material of investigation of this work is a natural rubber vulcanized by sulfur, thus the sulfur vulcanization system will be presented in detail.

For further information on the overview of vulcanization science and technologies, the readers are invited to refer to [Akiba andHashim, 1997, Coran, 2013].

As the use of single sulfur takes several hours to vulcanize, accelerators and activators are added so as to increase the vulcanization rate and efficiency. The vulcanization process is nowadays reduced to several minutes instead of several hours.

The sketch of sulfur vulcanization is shown in figure 3.2.22, the individual rubber chains are linked by a different number of sulfur atoms resulting in a C-Sx-C crosslink structure. The number of sulfur atoms x depends on many parameters such as vulcanizing temperature, time and curing compound. 

Physico-chemical characteristics

T g

The glass transition temperature T g of unfilled natural rubbers begins at -65 • C, it is delayed by about 45 • C for carbon black (CB) filled rubbers [START_REF] Bandyopadhyaya | The effect of carbon black content on viscoelastic properties of vulcanized natural rubber[END_REF], which makes the T g of CB filled natural rubber less than -100 • C (much lower than ambient temperature). Generally, the reinforcing filler content doesn't influence T g value, but it has an influence on the glass transition region [Smit, 1966].

PHR

PHR refers to part per hundred rubber, it is a measure of the amount needed of a gradient for hundred parts of rubber. 50 51
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Cross-linking density

The mechanical properties depend on the structure and the density of the crosslinking.

The study of the influence of crosslinking structure and density on rubbers mechanical properties and thermal aging was carried out in the work of [START_REF] Saville | Structural characterization of sulfur-vulcanized rubber networks[END_REF], where a clear correlation has been found: the relative tensile strength, elongation at break and thermal aging resistance increase significantly with crosslinking density.

Initial microstructure

Reinforcement

For most applications of rubbers, especially those that rely on the good mechanical performances of rubbers, reinforcement is required to improve its original properties. Carbon black, silica and kaolin are three dominant types of fillers. Compared to carbon black, silica has stronger particle-particle interactions, but weaker interaction with rubbers. The mineral fillers serve as cheaper fillers but have poorer fracture properties than carbon black.

Ultimate properties, e.g. the tensile strength, fracture (deformation at break, fracture pattern, etc), hysteresis, of rubbers are highly dependent on reinforcement although the mechanisms are not fully understood. The mechanism of modulus enhancement of reinforced rubbers was discussed in the work of [Roland, 2016], its increase can be explained by: 1) the hydrodynamic effect where the strain of inextensible particles are transferred to rubber chains, 2) the interaction between rubber chains and filled particles via covalent bounding or chemisorption, and 3) the formation of filler particle networks.

The rubbers samples in this work, supplied by Hutchinson, are sulfur-vulcanized natural rubbers reinforced by two grades of carbon black: 30 phr (NR-CB30) and 53 phr (NR-CB53).

SEM observation

Rubber is highly amorphous material that the microstructure observation is especially complicated. Besides, the arrival of rubbers was rather late that a profound microstructure study was hardly possible in terms of time. For further information on rubbers microstructure either initial states or deformed states, reader are invited to refer to [Saintier, 2001, Robisson, 2000]. Accordingly, simply SEM observation was performed on the fracture surface of rubbers prepared by cryofractography technique. The initial microstructure of NR-CB53 is shown in figure 3.2.23, similar results were observed in [ANDRE, 1998]. The white fiber-like material seems to be the rubber matrix. Primary carbon black particles are fused together in random cluster that forms aggregate entities in grape morphology. The aggregate size and apparent surface area play an important role on the rubbers properties as it influences the chains mobility, stress distribution, crack initiation, etc. 

Carbon black

Chapter IV

Mechanical response and surface temperature rise of PA11 Résumé

Ce chapitre présente les résultats expérimentaux d'essais de traction sur du PA11 net et renforcé. Trois géométries d'éprouvette plates, telles que : traction uniaxiale (UT), entaillée avec 5 mm de rayon en fond d'entaille (NT5) et Double Edge Notch Tensile (DENT), ont été testées à la température ambiante, avec trois vitesses de traverse ([1, 10, 100] mm/min). Pour chaque matériau et chaque géométrie, les mécanismes de déformation et la réponse mécanique sont étudiés, à l'aide des mesures des champs de déplacement, des élévations de la températures mesurées en surface et des observations des surfaces de rupture. Les effets de la vitesse traverse (vitesse de déformation) ainsi que du taux de fibres sont résumés dans des diagrammes de type Ree-Eyring.

Abstract

This chapter presents the experimental results of tensile tests performed on neat/reinforced PA11. Three flat geometries such as Uniaxial Tensile (UT), Notched specimen with 5 mm notch root radius (NT5) and Double Edge Notch Tensile (DENT), were tested at room temperature, under three crosshead speeds ([1, 10, 100] mm/min). For each material and each geometry, the deformation mechanisms and the mechanical response are investigated with the help of the measured full-field displacements, the temperature rise at the surface and the fracture surface observations. The effects of the crosshead speed (strain rate) and those of the fiber contents are summarized in Ree-Eyring type plots. 

Sample geometry

This study is partially interested in the stress heterogeneity effect on the heat build-up of the neat/reinforced PA11. Different stress states will thus be investigated: 1) uniform stress state exhibited in a representative volume element like structure as in a uniaxial tensile specimen, and 2) multi-axial stress state that manifests in a structure containing geometrical irregularity like notches, flaws or defects. The different stress states will be represented by a uniaxial tension geometry, notched geometry and fracture mechanics geometry. 

Smooth sample (UT)

The base sample is a standard ISO dogbone geometry (ISO 527-2 [ISO, 2012]) supplied by Arkema. It was processed by injection molding in which the PA11 matrix or composite granular (matrix + glass-fiber) were fed as fusion input.

The dogbone sample has a long straight gauge length at the center, it is named as Uniaxial Tension (UT) sample. Its dimension is shown in figure 4.1.1a: the total length is 170 mm, the gauge length is 80 mm with a width of 10 mm, the thickness of the sample is 4 mm. The sample subjected to uniaxial tension is supposed to have a uniform stress state within the gauge length as far as no presence of necking (formation of local notch).

Notched sample (NT5)

The multi-axial stress manifests in a localized notch. A round notched sample is, thus, a typical geometry used to study the effect of a multi-axial stress state on the materials thermomechanical response [START_REF] Challier | Damage and fracture of polyvinylidene fluoride (PVDF) at 20c: Experiments and modelling[END_REF], Castagnet and Deburck, 2007, Boisot et al., 2011, Laiarinandrasana et al., 2012]. Its stress state is heterogeneous along the radius, but circumferentially homogeneous, which is limited to a 2-dimensional stress state. The flat geometries, though, exhibit a stress heterogeneity in both width and thickness, it's therefore a more interesting choice, as it allows the stress heterogeneity in the third direction to be considered.

Using a milling cutter, symmetrical notches were machined at the central area of a UT sample, see figure 4.1.1b. The curvature radius of the notch R is 5 mm, the unnotched length 2a (5 mm) is a half of the initial width (10 mm). This notched geometry is named NT5.

Fracture Mechanics sample (DENT)

A stress singularity occurs in a fracture mechanics sample, i.e. pre-cracked geometry.

To have such a stress singularity, symmetrical pre-cracks were machined at the central area from the UT geometry, see figure 4.1.1c. The fabrication involves two steps: 1) a notch of 1 mm in width and 2 mm in depth was first machined with a milling cutter, 2) a crack of 0.5 mm was then introduced manually by forcing a blade razor. The same as notched specimens, the non pre-cracked length 2a (5 mm) occupies one half of the total width (10 mm) of specimen. This pre-cracked sample is nominated as DENT (double edge notched tensile) specimen.

Experimental protocol

This section will present the mechanical tests carried out on neat/reinforced PA11. The experimental set-up and principle will be detailed. 

Mechanical tests

Uni-axial tensile tests were carried out at room temperature T room . For each geometry (UT, NT5, DENT) and each glass-fiber content (0 %, 8 %, 30 %), three crosshead speeds, [1, 10, 100] mm/min, were tested at least twice. The specimens were stretched until failure except UT specimens at the lowest crosshead speed, as the test would take few more hours to fail without further interest. For UT specimens, engineering stress and engineering strain were applied because of its initial uniform stress distribution. The crosshead speeds, [1, 10, 100] mm/min, are equivalent to strain rates, 2 × [10 -4 , 10 -3 , 10 -2 ] s -1 with gauge length l 0 equals to 80 mm. The engineering stress was calculated 56 57
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by the ratio between the load F and the initial minimum cross section S 0 (S 0 = width × thickness = 10 mm × 4 mm), the engineering strain was calculated by the applied displacement divided by the gauge length l 0 . For NT5 and DENT specimens, load F and applied displacement were used for the analysis because of stress and strain gradient in the minimum cross section.

Experimental set-up

The tensile tests were carried out by an Instron machine with a load cell of 10 kN at room temperature T room , the experimental set-up is illustrated in figure 4.2.2. An optical camera was placed in front of the specimen in order to record the evolution of the shape of the sample. In order to measure the surface temperature along both width and thickness, two infrared cameras (IR) were initially used: one faced on the sample width, another faced on the thickness. For later tests, only one IR camera was used, the temperature in the width was recorded directly by the camera, the temperature in the thickness was reflected in a special mirror and recorded simultaneously. The special mirror, recycled from a computer component, has a perfect polished surface in platinum, the accuracy of temperature measurement was confirmed by the fact that the temperature is the same one recorded by IR camera and reflected in mirror for the same environment. The mirror was placed aside the sample with a twisting angle of ≈ 45 • to the thickness surface to avoid the thickness distortion in mirror. Some transparent PVC plastic plates were placed around the sample in order to avoid the interference of infrared radiation from the surroundings. One or two pairs (two pairs if the displacement at break is large) of lighting spots 1 were used to lighten the specimen. Based on the availabilities of equipments, they may differ for different tests, the detailed information is summarized in table 4.2.1. The optical camera was always Manta, with a resolution of 2048 × 2048 pixel and image acquisition frequency of 28.6 Hz. Three IR cameras have been used: Flir, Fluke TiX 560 and InfraTec 8350. Most of tests were carried out using InfraTec 8350, except the very first experiments on neat PA11 and PA11GF8 of NT5 samples, whose surface temperature was measured using Flir and Fluke TiX 560 camera, for width and thickness respectively. The Fluke camera is small enough to be placed aside the sample. Technical specifications of cameras are summarized in table 4.2.2. 

- ± 1 • C or 1 % ± 2 • C or 2 % ± 1 • C or 1 %

Observable parameters

Deformed specimen shape

After sufficient tensile stretching, PA11 specimen undergoes a specimen shape change, the initial and deformed geometry of UT, NT5 and DENT are illustrated in figure 4.3.3. For UT sample (figure 4.3.3a), a pair of notches appears at random position in vertical direction, known as necking, a phenomenon that induces a local non-uniform stress state; for NT5 samples (figure 4.3.3b), re-necking [START_REF] Laiarinandrasana | Temperature dependent mechanical behaviour of PVDF: Experiments and numerical modelling[END_REF], Boisot et al., 2011] occurs at the minimum section of the initial notch root with the formation of a smaller notch; for DENT sample (figure 4.3.3c), blunting happens at the crack tip 59 4.3. OBSERVABLE PARAMETERS (described in section 4.1.3).

The specimen shape change will be investigated in terms of: the sample width 2a t at the minimum cross section for all geometries (UT, NT5, DENT); the opening displacement ∆h (∆h = h t -h 0 ) at the root of notch or crack; the notch root radius R t . The minimum sample 2a t was measured by a home-developed tool Dm shadow that allows detecting the minimum horizontal distance of the sample contour. The width reduction ratio ∆a/a 0 (∆a/a 0 = (2a t -2a 0 )/(2a 0 ) × 100 %), was later calculated. ∆h is an important local parameter for the numerical simulation. For NT5/DENT samples, the notch/crack length h t was measured by a home-developed tool Ariane that follows the virtual markers placed at each notch corner, the notch/crack opening displacement ∆h was then calculated. The curvature radius R t at the root of necking (UT) or re-necking (NT5) was also measured. Using Fiji [START_REF] Schneider | NIH image to ImageJ: 25 years of image analysis[END_REF], R t was determined analytically based on the coordinates of three points on the notch profile and confirmed by the superposition between the corresponding circle with a radius of R t and the notch profile. 

Surface whitening

Whitening was observed at sample surface on necking or re-necking during tensile test.

The initial state and deformed state after peak load for notched sample (NT5) are shown in figure 4.3.4. This phenomenon results from the alteration of materials optical characteristic due to internal void growth [START_REF] Poulet | Observations by in-situ x-ray synchrotron computed tomography of the microstructural evolution of semi-crystalline polyamide 11 during deformation[END_REF]. The whitening seems to intensify and extend from the mid-width towards the specimen shoulders during the deformation. In order to make it more visible, the original binary images were converted, using a python code, into colored images as a function of their whitening intensity (from 0 to 250, 0 represents black, 250 white) of each pixel. The intensity value of the whitened zone is between 160 and 250 where the contrast is significant compared to its vicinity. The whitening degree is indeed heterogeneous along the sample width, a whitening gradient was measured from the mid-width towards the notch root in the work of [START_REF] Olufsen | X-ray computed tomography investigation of dilation of mineral-filled PVC under monotonic loading[END_REF]. The length w of whitening zone in loading direction will be studied in this work.

Whitening was observed despite the geometry type, it occurred: during necking of UT samples; during re-necking of NT5 samples; during blunting or crack propagation of DENT sample. As the whitening mechanism is similar, only results on NT5 will be presented and discussed. 

Experimental results on UT sample

Experimental results of tensile tests on UT sample will be presented in this section.

The first part is dedicated to results on neat PA11, the second part on reinforced PA11. Each part will present the mechanical response, specimen shape parameters and surface temperature rise of the material. The dependence of strain rate and glass-fiber content on these results will be discussed also in terms of Ree-Eyring type curves.

Results on neat PA11

Mechanical results

a Engineering stress versus engineering strain curves Figure 4.4.5a displays the engineering stress (F/S 0 ) of neat PA11 on UT geometry as a function of engineering strain (∆l/l 0 ) at different strain rates (2 × [10 -4 , 10 -3 , 10 -2 ] s -1 ). The stress evolution trend is similar at whatever strain rate.

A closer look of the engineering stress-strain curve at highest strain rate is given in figure 4.4.5b. The Young's modulus E was determined by the ratio between engineering stress and engineering strain within the elastic deformation, i.e. the first linear part of the curve. A value of 547 MPa was obtained. The elastic stress limit R 0 at the end of linear curve was also measured. They are respectively 18, 20, 22 MPa for three strain rates. Both E and R 0 are summarized in table 4.4.3. 

4.4.3: E and R 0 of neat PA11, T room Young's modulus [MPa] R 0 [MPa] 2 × 10 -4 s -1 2 × 10 -3 s -1 2 × 10 -2 s -1 547 18 20 22
b Stress evolution stages Figure 4.4.6a displays the engineering stress-strain curve at moderate strain rate (2×10 -3 s -1 ). The sample geometry in width, at the strain of each dotted gray line, was presented in figure 4.4.6b. Generally, the specimen extends uniformly at the beginning with a decreasing width, then a transparent local region appears and extends in loading direction. In order to give more details, the stress evolves as follows: 1) it starts with a quasi-linear increase to the strain with uniform sample extension in loading direction (i to ii), 2) followed by a non-linear increase up to the peak stress (ii to iii) but still in uniform extension, 3) stress-softening (iii to v) associated with necking phenomenon (iv), where a transparent local notch was formed (v), 4) the notch is then extended towards to infinite during the stress plateau (vi), 5) a second stress-softening is seen and a new notch is formed at the shoulder of the first notch (vii), 6) the second notch is once again extended during the second stress plateau (vii). For UT samples on neat PA11, several stress-hardening or stress-softening were observed for certain tests especially at lower strain rates (2×10 -3 s -1 or 2×10 -2 s -1 ), each corresponds respectively to necking or re-necking, during which the material becomes transparent.

Some characteristic stress-strains are defined and labeled in figure 4.4.6a, they are the stress and strain: 1) at the quasi-linear end (σ l and l ), 2) at peak stress (σ p and p ), and 3) at the end of stress-softening (σ s and s ). This study will focus on the mechanical response up to stress plateau, four deformation stages were defined: 1) quasi-linear stage from the beginning to σ l (i to ii), 2) nonlinear stage from σ l to σ p (ii to iii), 3) stress-softening stage from σ p to σ s (iii to v), and 4) stress plateau stage from σ s to the next stress increase (v to the end of the plateau).

(a) (b) 

c Strain rate dependence of stress and strain

The strain rate dependence of characteristic stress-strain parameters ( l , σ l , p , σ p , s and σ s ) will be discussed. Figure 4.4.7 summarizes the stress/strain parameters, normalized by the maximum value of all the tests, as a function of strain rate. The top figures (4.4.7a-4.4.7c) display results on strain, the bottom (4.4.7d-4.4.7f) display results on stress. From the figures, l increases with strain rate, whereas the peak strain ( p ) and strain at the end of stress-softening ( s ) decreases with strain rate. Concerning the stress, the higher the strain rate, the higher the stress at the end of quasi-linear stage (σ l ) and at peak stress (σ p ). The σ s , however decreases with increasing strain rate.

Observable parameters

In the following, the evolution of two deformed shape parameters at the minimum cross section will be presented: the width reduction ratio ∆a/a 0 and necking radius R.

a Width reduction ratio versus engineering strain function of engineering strain is similar for whatever strain rate. Taking the example at moderate strain rate (2×10 -3 s -1 ), the ∆a/a 0 as a function of strain is displayed in figure 4.4.8. The corresponding engineering stress-strain curve is also superimposed, where dotted lines separate different stress evolution stages defined previously, it is the same for the following results.

The ∆a/a 0 versus strain curve exhibits Z-like profile, its evolution appears to correlate well with the stress evolution as follows: 1) & 2) linear decrease during the quasi-linear and nonlinear stage up to peak stress, 3) significant drop during stresssoftening, accompanied by the development and extension of simultaneous necking, 4) slight linear decrease or even stabilization are observed during the stress plateau.

b Necking radius versus engineering strain Figure 4.4.9a illustrates the necking phenomenon and definition of necking radius R. The evolution of R at 2×10 -3 s -1 as a function of engineering strain is displayed in figure 4.4.9b, a closer view is given at the right of the figure. R is infinite before necking, then decreases prior to the end of stress-softening until a minimum R min (20 mm) is attained at the end of the stress-softening. An increase of necking radius, until the notch was completely smoothed out (necking radius towards infinite), is observed during stress plateau. Similar to results in [START_REF] Laiarinandrasana | Structural versus microstructural evolution of semi-crystalline polymers during necking under tension: Influence of the skin-core effects, the relative humidity and the strain rate[END_REF], the necking radius evolution exhibits similar trend at different strain rates.
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2a t 2a 0 (a) Width reduction: ∆2a = 2a t -2a 0 σ l σ p σ s (b)

c Strain rate dependence of width reduction ratio

The strain rate influence on width reduction will be discussed in terms of width reduction ratio as a function of strain rate at three characteristic stresses: σ l , σ p and σ s , shown respectively in figure 4.4.10a, figure 4.4.10b, and figure 4.4.10c. At σ l and σ s , the width reduction is slightly scattered that no explicit trend can be concluded, they are considered rather independent of strain rate. The width reduction ratio are around 2 % and 35 %, for respectively σ l and σ s . At σ p , the higher the strain rate, the lower the width reduction.

d Strain rate dependence of necking radius

The curvature radius R has an evolution profile as shown in figure 4.4.9b for all strain rates, it attains a minimum value R min around the end of the stress-softening. Figure 4.4.11 shows R min of neat PA11 as a function of strain rate, it shows that the higher the strain rate, smaller the R min . The order of magnitude of R min is 20 mm, similar results were published in [START_REF] Laiarinandrasana | Structural versus microstructural evolution of semi-crystalline polymers during necking under tension: Influence of the skin-core effects, the relative humidity and the strain rate[END_REF] on two semi-crystalline polymers (Polypropylene and polyamide 6), where R min was found to be between 5 mm and 10 mm. 

Temperature rise at the surface

The surface temperature of specimens was recorded in video format during tensile test by infrared cameras. The reliability of measured temperature depends on the calibration before testing, and specimen's emissivity. The emissivity qualifies materials ability of emitting radiation, it is an important parameter for an accurate temperature measurement using IR camera [START_REF] Steinberger | Infrared thermographic techniques for nondestructive damage characterization of carbon fibre reinforced polymers during tensile fatigue testing[END_REF]. The emissivity of PA11 reduces with cavitation-related whitening, it drops generally from 0.97 to minimum 0.9 during the deformation. With such emissivity variation, the maximum fluctuation of measured temperature is about 4 %. Such difference is assumed to be negligible, a uniform and constant emissivity of 0.95 was then applied to the whole specimen and for all the tests. a Spatial distribution of temperature rise For neat PA11, the strain at break is higher than 350 %, the resolution of thermography images of deformed sample would thus be inappropriate if the entire failure strain should be captured in the frame of infrared camera. It was chosen to have necessary thermal image resolution, and regulating manually the height of infrared camera during the deformation in order to capture the temperature concentration zone. The vertical coordinates along loading direction of different thermography images are thus not always the same. Through thermography results: the temperature rise is relatively homogeneous in sample width up to peak stress (1 -3); a slight temperature rise concentration is observed at 4 at the necking region; it continues to intensify and extend in longitudinal direction (5 -6); a new temperature rise is observed at the neck shoulder at 7 which continue to intensify at 8; double temperature rise concentration zones are observed at 9, one at each neck shoulder; the previous heating concentration zone fades out and the new one intensifies at 10 and 11; the heating concentration remains at 12 and 13; then begins to cool down at 14 and 15. In summary, the surface temperature rise is homogeneous before peak load, then begin to localize at either the neck or the neck shoulder. Each temperature rise concentration relates to a stress-softening phenomenon.

b Profile of temperature rise

For each thermography image presented above, the profiles of temperature rise ∆T (∆T = T -T room ) in longitudinal (dotted lines in figure 4.4.12a) and transverse direction at the highest temperature rise point are analyzed. The profiles in longitudinal and transverse direction are displayed respectively in figure 4.4.13a and figure 4.4.13b. For ∆T profiles in longitudinal direction, the y-axis presents their longitudinal coordinates, the x-axis is ∆T. For ∆T profiles in transverse direction, the x-axis presents their transverse coordinates, the y-axis is ∆T. From figure 4.4.13a, ∆T is uniform up to peak stress (3), one ∆T peak is observed after peak stress for most thermography images, however two peaks are observed, at different positions, at 9 and 10. From figure 4.4.13b, in line with results in longitudinal direction, temperature rise in transverse direction is also uniform until peak stress even during stress-softening ( 4). An inverted parabola profile of ∆T is observed in width from the end of the stress-softening, this profile remained afterwards 66 until large deformation (14). To be noted, in both longitudinal or transverse direction, ∆T has a significant change at the end of stress-softening (5), during when a significant specimen shape change (width reduction, necking, etc...) was measured. c Surface temperature rise versus engineering strain Figures 4.4.14a,4.4.14b and 4.4.14c display respectively ∆T max (right ordinate axis) as a function of engineering strain at three strain rates, 2 × [10 -4 , 10 -3 , 10 -2 ] s -1 .

In each figure the corresponding evolution of engineering stress is superimposed (left ordinate axis). The characteristic stresses σ l , σ p and σ s are also illustrated in dotted gray lines. For UT sample of neat PA11, ∆T max evolves in the similar way at different strain rates but with different temperature rise levels: 1) it begins by a slight decreases during the linear stress evolution stage due to thermoelastic effect, 2) then increases slightly until the peak stress, 3) a significant temperature rise occurred in the late stage of the stress-softening, a slight delay was observed at higher crosshead speeds (2×10 -3 and 2×10 -2 s -1 ), 4) a moderate temperature rise was measured during stress plateau, a small decrease/plateau in ∆T was measured at the very beginning of stress-plateau. 

-3 s -1 . (a) 2×10 -4 s -1 (b) 2×10 -3 s -1 (c) 2×10 -2 s -1
-4 s -1 , b) 2×10 -3 s -1 , c) 2×10 -2 s -1 .
d Strain rate dependence of temperature rise

The temperature rise dependence of strain rate will be investigated in terms of ∆T max at: σ l , σ p and σ s . Figures 4.4.15a,4.4.15b and 4.4.15c display respectively ∆T max as a function of strain rate at each characteristic stress. At σ l , ∆T max is independent on strain rate because the temperature rise is attributed to thermoelastic effect, it is in the order of -0.5 • C. At σ p , ∆T max increases from the lowest strain rate to the moderate strain rate, but decreases at the highest strain rate, which may probably due to the ∆T delay observed at the highest strain rate. At σ s , the higher the strain rate, the higher the temperature rise, which is attributed to the heating regime transition from isothermal to adiabatic with increasing strain rate. Neat PA11 specimen was cut-out by cryofractography in both horizontal (x) and vertical direction (tensile loading direction: z) at the necked/re-necked region, as illustrated in 4.4.16e. The SEM observations of horizontal surface at three strain rates are shown respectively in figure 4.4.16a, 4.4.16b and 4.4.16c. In general, a relative homogeneous micro-crack distribution was observed in horizontal direction at whatever strain rate, and the crack morphology is similar, all present an arc form. The measured distance between cracks are however different, annotated in each figure, it seems that the distance decreases with increasing strain rate (9 µm to 6 µm from 2×10 -4 s -1 to 2×10 -2 s -1 ), which means high strain rate generates higher crack population. As for cryofracture surface in loading direction (see figure 4.4.16d), the morphology is completely different, numerous fibrils with different size were observed. The tip of the fibrils follows the loading direction and the maximum fibril width is about 30 µm. 

(a) 2×10 -4 s -1 8.6 μm (b) 2×10 -3 s -1 6. 2 μ m (c) 2×10 -2 s -1 (d) 2×10 -2 s -1 (e)

Results on reinforced PA11

Mechanical results a Engineering stress versus engineering strain curves

The evolution trend of engineering stress-strain curves is similar at different strain rates but differs significantly with glass-fiber content. at moderate strain rate. The more reinforced the PA11 by the glass-fiber, the less pronounced the stress-softening. Moreover, stress-plateau stage is absent in reinforced PA11, rupture occurs right after the stress-softening. The characteristic stresses and strains ( l -σ l , p -σ p , s -σ s ) are also annotated in each curve. Table 4.4.4 summarizes the Young's modulus E and elastic limit R 0 of each material at different strain rates. The Young's modulus of PA11GF8 and PA11GF30 is respectively in the order of 1000 MPa and 3000 MPa. The elastic limit of reinforced PA11 is in the order of 10 MPa. PA11GF8, and c) PA11GF30. The annotated stress-strain parameters present: 1) stress and strain at the end of quasi-linear stress evolution stage σ l and l , 2) peak stress and the corresponding strain σp and p, 3) stress and strain at the end of stress-softening σs and s. 4.4.18a, 4.4.18b and 4.4.18c show respectively l , p and s , normalized by the maximum strain among tests at different strain rates, as a function of strain rate for three materials. From the figures, l increases with higher strain rate for whatever glass-fiber content. p and s , however, decrease with increasing strain rate. The higher the strain rate, the lower the strain rate at rupture. Figures 4.4.18d,4.4.18e and 4.4.18f show respectively σ l , σ p and σ s , normalized by the maximum stress among tests at different strain rates, as a function of strain rate for three materials. In general, the higher the strain rate, the higher the three characteristic stresses. One exception was seen for the stress at the end of stress-softening of neat PA11 whose value decreases with a higher strain rate. c Glass-fiber content dependence of stress and strain Figures 4.4.19a,4.4.19b and 4.4.19c display the normalized l , p and s as a function of glass-fiber content at different strain rates. From the figures, the more PA11 is reinforced by glass-fiber, the lower the characteristic strains at whatever strain rate, except l of PA11GF30 which has the highest value. Figures 4.4.19d,4.4.19e and 4.4.19f display the normalized σ l , σ p and σ s as a function of glass-fiber content for all strain rates. The figures show an increasing trend of stress with higher glass-fiber content for whatever strain rate.

] R 0 [MPa] 2 × 10 -4 s -1 2 × 10 -3 s -1 2 × 10 -2 s -
10 4 10 3 10 2 [ 2 s 1 ] 0.8 0.9 1.0 Normalized l [-] PA11 PA11GF8 PA11GF30 (a) l 10 4 10 3 10 2 [ 2 s 1 ] 0.8 0.9 1.0 Normalized p [-] (b) p 10 4 10 3 10 2 [ 2 s 1 ] 0.8 0.9 1.0 Normalized s [-] (c) s 10 4 10 3 10 2 [ 2 s 1 ] 0.7 0.8 0.9 1.0 Normalized l [-] PA11 PA11GF8 PA11GF30 (d) σ l 10 4 10 3 10 2 [ 2 s 1 ] 0.85 0.90 0.95 1.00 Normalized p [-] (e) σ p (f) σ s

Observable parameters a Width reduction ratio versus engineering strain

Similar to stress-strain curve, the trend of width reduction ratio-strain curve is also less dependent on the strain rate but significantly influenced by glass-fiber content. 4. 4.20a, 4.4.20b and 4.4.20c display respectively the width reduction ratio of PA11, PA11GF8 and PA11GF30 as a function of engineering strain at moderate strain rate. From these figures, the evolution of width reduction ratio seems to correlate well with the stress evolution: 1) before the peak stress, width reduction is relatively smooth and linear, 2) a significant width reduction is related to the stress-softening. In other words, the presence of a significant nonlinear width reduction ratio depends on whether the stress-softening occurs. For instance, no significant width reduction was measured for PA11GF30 due to the absence of stress-softening. b Necking radius of reinforced PA11

σ l σ p σ s (a) PA11 σ l σ p σ s (b) PA11GF8 σ l σ p σ s (c) PA11GF30
As discussed previously, the necking phenomenon is related to the stress-softening. A clear necking was observed for PA11, slightly for PA11GF8, not at all for PA11GF30 even with a slight stress-softening. Theoretically, the curvature radius at the necking can be measured for both PA11 and PA11GF8, but the image resolution at the necking of PA11GF8 doesn't allow the measurement, thus, only the necking radius of reinforced PA11 was measured and it was already presented, in previous section on neat PA11.

c Strain rate dependence of width reduction ratio Figures 4.4.21a,4.4.21b and 4.4.21c display respectively the width reduction ratio at σ l , σ p and σ s as a function of strain rate for all materials. At σ l , the width reduction is in the order of -2 % for whatever material at whatever strain rate. At σ p , the width reduction ratio seems more severe at lower strain rate. At σ s , the strain rate dependence of width reduction is not sufficiently clear, it seems that the reduction ratio is less dependent on the strain rate. d Glass-fiber content dependence of width reduction ratio Figures 4.4.22a,4.4.22b and 4.4.22c display respectively the width reduction ratio at σ l , σ p and σ s as a function of glass-fiber content at all strain rates. At σ l , the width reduction is in the order of -2 % for whatever material at whatever strain rate. At σ p and σ s , the more PA11 is reinforced by glass fiber, the less severe the width reduction degree. PA11, PA11GF8 and PA11GF30 have respectively an ultimate width reduction in the order of -30 %, -20 % and -5 %.

Temperature rise at the surface a Temperature rise of PA11GF8

The same thermal analysis, as presented above for neat PA11, was done for reinforced PA11. The profile of ∆T max as a function of strain significantly differs with glass-fiber content but merges at different strain rates. Figures 4.4.25a,4.4.25b and 4.4.25c show respectively ∆T max of PA11, PA11GF8 and PA11GF30 as a function of engineering strain at moderate strain rate, with the corresponding stress evolution as reference. From the evolution of ∆T max , reinforced PA11 undergoes: 1) small temperature decrease up to σ l , 2) steady increase of ∆T max from σ l to peak stress, 3) significant temperature rise during stress-softening, 4) significant temperature rise at break (not shown here). In accordance with results on neat PA11, the temperature rise is closely related to the stress evolution, indeed, significant temperature rise occurs at either stress-softening or break. 

d Strain rate dependence of temperature rise

The strain rate dependence of temperature rise will be investigated in terms of maximum temperature rise at σ l , σ p and σ s . Figures 4.4.26a,4.4.26b and 4.4.26c display respectively ∆T max as a function of strain rate at three characteristic stresses. At σ l , ∆T max at different strain rates is relative scattered that no clear dependence is shown. At σ p and σ s , the higher the strain rate, the higher the temperature rise for whatever glass-fiber content. e Glass-fiber content dependence of temperature rise Figures 4.4.27a,4.4.27b and 4.4.27c present respectively ∆T max at σ l , σ p and σ s as a function of glass-fiber content for all strain rates. At σ l , the temperature rise is negative at whatever strain rate and glass-fiber content, but the temperature decrease degree is less important with higher glass-fiber content. The same for σ p and σ s , the more PA11 is reinforced by glass fiber, the lower the temperature rise. ), the PA11 matrix is more deformed at moderate strain rate (2×10 -3 s -1 ) than the highest strain rate (2×10 -2 s -1 ) but with absence of fibril tips. In other word, ductile fracture is about to occur at low strain rates whereas the fracture is more brittle at higher strain rates.

(a) 2×10 (a) 2×10 the fracture surface of PA11GF30 is significantly ragged at whatever strain rate. In agreement with observations on PA11GF8, the fracture surface has a mixture of both high and less deformed regions. Nevertheless, most of the fracture surface of PA11GF30 deforms without much deformation, most deformed regions were identified in red box.

-4 s -1 (b) 2×10 -3 s -1 (c) 2×10 -2 s -1
-4 s -1 (b) 2×10 -3 s -1 (c) 2×10 -2 s -1
The most deformed regions are not uniformly distributed across the fracture surface, some occurs around center while some close to the surface or at the corner.

A closer look of the most deformed region is given in figure 4.4.31a, 4.4.31b and 4.4.31c at different strain rates. Many fibrils are observed at the lowest strain rate, fibril without tips were also observed for moderate strain rate, the PA11 matrix is much less stretched at the highest strain rate. 

(a) 2×10 -4 s -1 (b) 2×10 -3 s -1 (c) 2×10 -2 s -1
-4 s -1 , b) 2 ×10 -3 s -1 , and c) 2 ×10 -2 s -1 . (a) 2×10 -4 s -1 (b) 2×10 -3 s -1 (c) 2×10 -2 s -1

Conclusions

In conclusion, this section presented the results of tensile tests on the UT geometry, examining the mechanical, deformed shape of the specimen and thermal response at three strain rates for three glass-fiber contents. This study reveals that the mechanical and thermal response are primarily affected by glass-fiber content, less dependent on strain rate. A strong correlation between the mechanical response, deformed geometry parameters as well as surface temperature rise was also found. Results demonstrate that, 81 4.5. EXPERIMENTAL RESULTS ON NT5 SAMPLE before peak load and during load plateau, the changes in specimen shape and temperature rise are rather smooth and linear. However, significant specimen shape variation (minimum width reduction and necking radius) and temperature rise occurred during the stress-softening stage when necking appeared, during when the spatial distribution of surface temperature rise became heterogeneous. At the necking root, an inverted parabola profile of temperature rise is observed along width, with the highest temperature rise at the mid-width and decreasing towards necking root. Moreover, one or more temperature concentration zones were observed at different longitudinal positions within the necking region. This section also showed that the temperature rise increases with increasing strain rate and decreasing glass-fiber content.

Experimental results on NT5 sample 4.5.1 Results on neat PA11

Mechanical results a Load versus applied displacement

For a notched sample, the load and applied displacement will be used instead of the engineering stress/strain due to the heterogeneous stress distribution. The same crosshead speeds ([1, 10, 100] mm/min) were tested on notched samples as on smooth ones.

Figure 4.5.32a shows the load as a function of the applied displacement at three crosshead speeds. Two repeated tests for each crosshead speed are illustrated in the same figure. Similar to results on UT specimens, the load evolution trend is similar for different crosshead speeds. The load-applied displacement curves of NT5 geometry are similar to that of UT samples: the load increases linearly then non-linearly with deformation up to peak load, after which a load-softening occurs followed by a load plateau before failure.

Figure 4.5.32b provides a closer look on the load-displacement curve at 100 mm/min. The stiffness of PA11, which can be determined by the slope (∆F/∆U) at the linear part, is summarized in table 4.5.5 for different crosshead speeds. The elastic limit of load F 0 is also summarized in the same table. The results highlights an increase in both stiffness and F 0 with increasing crosshead speed. b Load evolution stages Figure 4.5.33a displays the load-applied displacement curve at 10 mm/min, evolution of the width morphology at the applied displacement, annotated by dotted lines, is presented in figure 4.5.33b. In agreement with results on UT geometry, a significant specimen shape change is observed during the load-softening. Based on the shape evolution of the specimen, the load versus displacement curves are divided into four stages, similar as the ones on UT samples: 1) the first stage corresponds to the quasi-linear load evolution on initial notch (i to ii) at small deformation, 2) the second stage undergoes nonlinear load evolution (ii to iii) until the peak load, 3) the load-softening (iii to iv) where occurs the re-necking and initiates the surface whitening at notch, 4) the fourth stage consists of a load plateau (after iv up to failure) during which the necked zone and the whitened one expand simultaneously in loading direction. It is to be noted, F l is different with the elastic limit of load F 0 , the definition of each parameter has different usage. F l seems to be more appropriate to interpret the experimental results, F 0 is used for the comparison of simulation results.

c Crosshead speed dependence of U and F

The crosshead speed dependencies of load and applied displacement will be discussed in terms of: 1) the load and displacement at the end of linear stage, respectively F l and U l , 2) peak load F p and corresponding displacement U p , and 3) the load and displacement at the end of load-softening Fs and U s . The displacement-load parameters presented above were normalized by the maximum value having the same crosshead speed. 4.5.34a -4.5.34c present respectively the displacement at the end of linear stage U l , peak load U p , the end of the load-softening U s as a function of strain rate.

It shows that the higher the crosshead speed, the higher the U l . U p and U s , however, exhibit a decrease with increasing crosshead speed. Figures 4.5.34d -4.5.34f display respectively the load at the end of linear stage F l , the peak load F p , and the load at the end of load-softening F s . As reported in the literature [START_REF] Chou | The effect of strain rate and heat developed during deformation on the stress-strain curve of plastics[END_REF], Boyce et al., 1988, Brown et al., 2006, Fateh A. and Fan, 2020], the peak load increases with the crosshead speed, so as F l . Similar to results on UT geometry, the load at the end of load-softening, however, decreases with crosshead speed. i is the initial state; ii is at the end of the linear load evolution; iii at the peak load; iv at the load-softening inflexion point; v relates to the end of load-softening; vi is during the load plateau. From the contour maps, the surface whitening evolves in the following order: 1) no apparent whitening was observed at the surface before the peak load (i, ii, iii), 2) whitening appears around the mid-width of the notch root during the load-softening (iv), 3) the intensification of the whitening and width extension essentially occur at the end of the load-softening (v), 4) the whitening zone extends along the loading direction during the load plateau, although the intensity weakens (vi). Some image artifacts can be identified on the countour maps; however, they can be easily separated from the surface whitening.

The whitening of notched samples was quantitatively studied and presented in the work of [START_REF] Olufsen | X-ray computed tomography investigation of dilation of mineral-filled PVC under monotonic loading[END_REF], the whitening density gradient was measured from the mid-width towards the notch root. 

b Whitening length versus applied displacement

The whitening length w versus applied displacement curves of PA11 for three crosshead speeds [1, 10, 100] mm/min show similar trends. For the reason of simplicity, only the example on moderate crosshead speed, 10 mm/min, is displayed in figure 4.5.36. In this figure, the evolution of vertical whitening length w and the load was plotted as a function of applied displacement, divided by dotted vertical lines representing four deformation stages defined above. In accordance with previous observations, no whitening was quantified prior to the peak load. Moreover, there is always a delay 84 between the appearance of surface whitening and the peak load. It seems that the whitening length increases quasi-linearly with the applied displacement during the load-softening and the load plateau, however, at different rates. The values of whitening length w at the end of each stage were summarized in table 4.5.6, their slopes of whitening length-applied displacement (∆U), at each stage were also calculated and summarized in table 4.5.7.

A change of the slope w/∆U occurs at the end of the load-softening. This change is clear for neat PA11 whatever the crosshead speed, a progressive softening tends to accelerate this change of the slope.

c Notch opening displacement versus applied displacement

In agreement with results on whitening length evolution, the notch opening displacement profile is similar regardless of the crosshead speed. The results on 10 mm/min are displayed in figure 4.5.37b, it shows the load and ∆h as a function of applied displacement. The ∆h evolution correlates well with the four deformation stages defined previously: each stage presents a quasi-linear ∆h increase subjected to the applied displacement. The slopes of each stage were determined and summarized in table 4.5.9, the ∆h at the end of each stage were summarized in table 4.5.8 as well. The ∆h evolves in the following order at 10 mm/min: 1) small increase rate of 0.21 mm/mm during the linear load evolution, ending up to 0.42 mm at the end of the linear stage, 2) followed by a moderate increase with a rate of 0.46 mm/mm during the nonlinear stage reaching 1.41 mm at the peak load, 3) then accelerating during the load-softening with a rate of 1.14 mm/mm and arrives at 3 mm at the end of the load-softening, 4) finally slows down slightly with a rate of 0.97 mm/mm during the load plateau. The notch opening rate is the lowest during the linear stage, whereas it is the highest during the load-softening stage (∆h rate: linear < nonlinear < load plateau < load-softening). During loading, except at the load-softening stage, the local notch opening displacement ∆h is always inferior to the applied displacement, with a rate less than 1 mm/mm.

In agreement with a significant whitening rate during the load-softening, the notch opening displacement rate is the highest, as well, during this period. 

d Width reduction ratio versus applied displacement

The same as previous results on ∆h and w, the minimum width reduction has similar trend at different crosshead speeds. Only the results on 10 mm/min will then be presented. Figure 4.5.38b displays the notch root width reduction ratio ∆a/a 0 of PA11 at 10 mm/min, in which a 0 is the initial half-width at notch root, and ∆a is the half-width reduction, as a function of the applied displacement. A Z-trend evolution is highlighted, which correlates fairly good with the load evolution. The slopes of each stage were calculated and summarized in table 4.5.11, as well as the values of ∆a/a 0 at the end of each stage in table 4.5.10. The width at 10 mm/min evolves in the following order: 1) almost no variation during the first linear stage with a reduction 86 4.5. EXPERIMENTAL RESULTS ON NT5 SAMPLE rate of -0.53 mm -1 , 2) then begins to slightly narrow during the nonlinear stage with a moderate decreasing rate of -3.92 mm -1 and ends up by a reduction ratio of -9.7 % at the peak load, 3) a significant width reduction rate of -15.61 mm -1 undergoes during the load-softening, the reduction ratios reaches -28.5 % at the end of load-softening, 4) the width reduction finally slows down at a rate of -4.44 mm -1 and eventually stabilizes before failure.

It should be noted, the width reduction rate is highest during the load-softening, the situation is the same with the whitening length w and the notch opening displacement ∆h. e Notch root radius versus applied displacement Figure 4.5.39 displays the notch root radius R trend as a function of the applied displacement of PA11 at 10 mm/min. A four stage evolution that correlates well with the deformation stage is obtained despite different crosshead speeds: R increases during the deformation except during the load-softening, where a significant drop is observed attributed to re-necking. Each stage consists of a quasi-linear variation of R, their slopes were calculated and summarized in table 4.5.13; furthermore, the R values at the end of each stage were as well summarized in table 4.5.12. The notch root radius R evolves in the following order at 10 mm/min: 1) slight increase of R, during the first linear CHAPTER IV. MECHANICAL RESPONSE AND SURFACE TEMPERATURE RISE OF PA11 88 stage, from an initial value of 4.86 mm to 5.27 mm at a rate of 0.2 mm/mm, 2) during the nonlinear stage, a higher increasing rate of 0.63 mm/mm attaining 6.67 mm at the peak load, 3) re-necking was observed during the load-softening, i.e. a smaller local curvature forms at the notch root, in which R decreases with a rate of 2.63 mm/mm attaining the minimum R value (1.68 mm) at the end of the load-softening stage, 4) the neck then extends, R increases towards infinite with a rate of 3.03 mm/mm during the load-plateau that finishes eventually as a smooth specimen.

The re-necking phenomenon takes place at the load-softening, during which the notch root radius R decreases abruptly; indeed, it is accompanied by a significant width reduction, the same phenomenon was obtained in the works of [START_REF] Laiarinandrasana | Temperature dependent mechanical behaviour of PVDF: Experiments and numerical modelling[END_REF], Boisot et al., 2011]. f Crosshead speed dependence of whitening length

R 0 R t ( 
The reinforced PA11 demonstrates only an instantaneous surface whitening prior to failure, it is thus not measured and compared for the reinforced specimens. Table 4.5.6 and 4.5.7 summarized respectively the whitening length w at the end of each stage and the whitening rate (w/∆U) during each stage for three crosshead speeds on neat PA11.

From theses results, no visible whitening appeared before the peak load, the whitening zone increases with crosshead speed. The whitening rate is higher at higher crosshead The notch opening displacement ∆h at three characteristic loads F l , F p and F s at different crosshead speeds is summarized in table 4.5.8. The crosshead speed dependence of ∆h is presented in figure 4.5.40a. At F l , ∆h is slightly higher at higher crosshead speed. At F p and F s , the higher the crosshead speed, the lower the ∆h. The slope of ∆h at each evolution stage, linear (0 -F l ), nonlinear (F l -F p ), load-softening (F p -F s ), and plateau (F s -F r ), was also determined and summarized in table 4.5.9 and plotted in figure 4.5.40b as a function of crosshead speed. During both linear and load plateau stages, the ∆h slope is not sensitive to the crosshead speed. During nonlinear and load-softening stage, the higher the crosshead speed, the higher the slope except at the lowest crosshead speed during nonlinear stage, which means a quicker notch opening rate. i Crosshead speed dependence of notch root radius Table 4.5.12 summarizes the values of notch root radius at each characteristic load for three crosshead speed, their results were plotted in figure 4.5.42a as a function of crosshead speed. A lower R was reached at higher crosshead speed at whatever loads. The values of the R slope during each evolution stage are summarized in table 4.5.13, and plotted in figure 4.5.42b as a function of crosshead speed. Before peak load F p , the 90 91 4.5. EXPERIMENTAL RESULTS ON NT5 SAMPLE R slope is almost constant and close to zero, which means small R evolution. During the load-softening, a negative R slope was obtained, and it has a higher absolute value under higher crosshead speed. In opposition to load-softening stage, R slope during the load plateau is positive and decreases with increasing crosshead speed. The maximum temperature rise is identified by a black cross in each temperature contour map. The maximum temperature rise ∆T max (T max -T room ) and the loading time t are indicated as well. The temperature variation is similar through width and through thickness except at break. For the reason of simplicity, only the temperature rise in thickness is to be discussed.

According to the thermography results: i) the sample has an initial room temperature T room of 20.6 • C, ii) a slight temperature decrease of -0.3 • C, linked to the thermoelastic effect, was measured during the linear stage, iii) a negligible temperature rise of 1.9 • C was observed on the notch surface at peak load, iv) a significant temperature rise (10.6 • C) was measured at the end of the load-softening in a short time (8 seconds), v) a slight ∆T of 3.3 • C, concerning the temperature at the end of the load-softening, was measured at the end of the load-plateau, vi) a huge amount of heat, linked with the increase of the surface temperature, was generated during crack propagation.

The mid-width/mid-thickness at the minimum section were marked by gray dotted lines. The maximum temperature (black cross) is not located at the same position, i.e. up to the end of the load softening it is located near the mid-width and mid-thickness at the minimum section (iv) then it is located at the notch shoulder (v) or the point where the final rupture initiates (vi). The temperature field is heterogeneous through both width and thickness, the heating zone intensifies and extends progressively along the loading direction during the deformation.

b Profile of temperature rise

From the temperature contours presented above, a temperature gradient, from the mid-width and mid-thickness towards the lateral surfaces, are observed. In order to verify the temperature gradient, the temperature rise ∆T at notch root was plotted. Along width at F l , the ∆T profiles show a similar trend with the maximum temperature at mid-width, the temperature variation decreases towards notch root. At F p , ∆T profiles differ with crosshead speed, at the lowest crosshead speed, the temperature rise is almost uniform, at moderate crosshead speed, a slight decrease in ∆T is observed close to notch root, this decrease is enhanced at the highest crosshead speed where a M-shape of ∆T is seen. At F s , ∆T presents an inverted parabola shape at 1 mm/min in which the maximum temperature rise locates at more or less mid-width and decreases towards notch root. At 10 mm/min, a trapeze profile is exhibited in which a ∆T plateau manifests around mid-width then decreases towards notch root. At 100 mm/min, a M-shape ∆T is observed, the maximum temperature rise locates at a small distance from the notch root and decreases towards the notch root. Along thickness, ∆T profile is either an inverted parabola or a trapeze profile for whatever crosshead speed and whatever load, which shows that the maximum temperature rise locates around the mid-thickness and decreases towards the surface.

c Surface temperature rise versus applied displacement Figures 4.5.45a,4.5.45b and 4.5.45c display respectively the maximum temperature rise ∆T max and load as a function of applied displacement for PA11 at 1, 10, 100 mm/min. At three prescribed crosshead speeds, the temperature rise shows a similar trend and a good correlation with the load evolution. Taking the example of the results at 10 mm/min, the evolution of ∆T max can be described as follows: 1) slight decrease (-0.3 • C) during the linear stage with a rate of -0.15 • C/mm, 2) negligible temperature rise (1.9 • C) with an increasing rate of 0.77 • C/mm during the nonlinear stage, 3) significant temperature rise (10.6 • C) with a considerable increasing rate of 10 • C/mm during the load-softening, 4) a slight temperature rise (3.3 • C) during the load plateau with a rate of 0.6 • C/mm. These evolution trends are in line with previous observations on neat PA11 on smooth samples [START_REF] Ovalle | Effects of stress triaxiality ratio on the heat build-up of polyamide 11 under loading[END_REF]. From figure 4.5.45, the temperature rise evolution correlates well with the four-stage load evolution. In agreement with results on smooth sample, a significant temperature rise is often related to the load-softening when necking occurs or at break. The final temperature Tend and the temperature variation between two successive stages ∆T (∆T = T i+1 -T i ) are summarized in table 4.5.14. The slopes of ∆T max at each stage were calculated and summarized in table 4.5.15. The ∆T as well as its slope as a function of each stage are displayed respectively in figure 4.5.46a and 4.5.46b, compared to other deformation stages, the temperature rise and temperature rising rate during the loadsoftening are much more pronounced. Moreover, it is to be noted, at whatever evolution stage, the value and slope of temperature rise are higher with an increasing crosshead speed. A significantly stretched band of PA11 matrix is observed through width at the mid-thickness of samples whatever the crosshead speed, except a fracture tip at the lowest crosshead speed (1 mm/min) is shown due to a large extension of fibrils. The initial rectangular cross section is deformed through both width and thickness direction; furthermore, the mid-width and mid-thickness are more shrimped compared to the corners.
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At failure, the effective fracture surface is in fact the stretched band at mid-thickness instead of the whole cross section. When observing at a higher resolution outside the stretched band, similar morphologies were obtained regardless of different crosshead speeds, the example at 10 mm/min is shown in figure 4.5.48. Repetitive micro-cracks are distributed relative uniformly across the apparent fracture surface, the distance between two cracks is about 9 µm, as annotated in figure 4.5.48a. A closer look was given in figure 4.5.48b, micro-cracks at nanometer scale are found full inside deformed material.

Results on reinforced PA11

Load and displacement results a Load versus applied displacement

In accordance with results on neat PA11, the load evolution of reinforced PA11 versus applied displacement has similar trend under different crosshead speeds but differs 96 Compared to neat PA11, the load-applied displacement curves of reinforced PA11 are much simpler, the load-softening stage is rather short for PA11GF8 or even absent for PA11GF30. There is completely no load-plateau for whatever glass-fiber content.

The stiffness and load limit F 0 of each material were measured and summarized respectively in table 4.5.16 and 4.5.17. The results indicate that stiffness increases with both the crosshead speed and glass-fiber content which varies from the order of 300 N/mm to 1700 N/mm. The higher the crosshead speed or glass-fiber content, the higher F 0 .

In each load-applied displacement curve, the characteristic displacements and loads are annotated: 1) the values at the limit of quasi-linear stage (U l and F l ), 2) the values at peak load (U p and F p ), 3) the values at the end of load-softening (U s and F s ), and the values at failure (U f and F f ).

CHAPTER IV. MECHANICAL RESPONSE AND SURFACE TEMPERATURE RISE OF PA11 98 The crosshead speed dependencies of load and applied displacement will be discussed in terms of the characteristic loads and applied displacements defined previously. For PA11GF8, the load at break is considered as the load at the end of the load-softening stage. For PA11GF30, the load increases non-linearly with the applied displacement, so no linear stage was defined, the load-softening was not included neither. The displacement-load parameters presented above were normalized by the maximum value having the same crosshead speed. 4.5.50a -4.5.50d present respectively the normalized U l , U p , U s , and U f as a function of crosshead speed for three materials. Despite of variation in glass-fiber content, U p , U s and U f decrease with increasing crosshead speed, with a few scattered exceptions. show respectively normalized F l , F p , F s and F f as a function of crosshead speed. Similar to results on UT geometry, the higher the 99 4.5. EXPERIMENTAL RESULTS ON NT5 SAMPLE crosshead speed, the higher the peak load. Moreover, the other characteristic loads demonstrate also an increase with the crosshead speed except F s and F f of neat PA11, where a decrease is seen. c Glass-fiber content dependence of U and F Similar analyses were made on the glass-fiber dependence, as on the crosshead speed, of applied displacements and loads. .52d display respectively the normalized U l , U p , U s and U f as a function of glass fiber content for all the strain rates. The results indicate a general decreasing trend of displacements with increasing glassfiber content except at U l where displacement increases with glass-fiber content. show the normalized F l , F p , F s and F f as a function of crosshead speed for all the strain rates. At whatever strain rate, the more PA11 is reinforced by glass-fiber content, the higher the characteristic loads. 
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Observable parameters a Notch opening displacement versus applied displacement

In accordance with results on neat PA11, the evolution trend of ∆h of reinforced PA11 is less dependent on the crosshead speed; however, it is significantly influenced by glassfiber contents. Figures 4.5.54a,4.5.54b and 4.5.54c present respectively the ∆h of neat PA11, PA11GF8 and PA11GF30 as a function of applied displacement at moderate crosshead speed (10 mm/min), with the load evolution as references. It seems that the ∆h correlates well with the load evolution for whatever glass-fiber content: steady ∆h increase is observed before peak load, then significant increase during the load-softening or prior to rupture. It appears that the increasing slope before the limit load is lower than before the peak load.

b Width reduction ratio versus applied displacement

In agreement with previous results, the width evolution trends are not much influenced by the crosshead speed but more by the glass-fiber content. The width reduction ratio ∆a 0 /a 0 as a function of applied displacement, at 10 mm/min, for neat PA11, PA11GF8 and PA11GF30 is displayed respectively in figure 4.5.55a, 4.5.55b and 4.5.55c. A good correlation between width reduction trend and load evolution is observed for whatever glass-fiber content. The width reduction ratio of neat PA11 shows a Z-shape evolution in which a significant width reduction occurs during the load-softening and relative slower at other deformation stages. For reinforced PA11, a significant width reduction is followed directly by the failure.

c Notch root radius versus applied displacement

The same as results on ∆h and width reduction, the trend of notch root radius as a function of applied displacement depends barely on the crosshead speed, but significantly on glass-fiber content. Figures 4.5.56a,4.5.56b and 4.5.56c show respectively the notch root radius of PA11, PA11GF8 and PA11GF30 as a function of applied displacement at 10 mm/min. From figure 4.5.56, a re-increase of R during the load-plateau occurred for neat PA11 after a decrease during the load-softening, whereas for PA11GF8, failure happens right after a quick significant R decrease during which appeared re-necking. No R decrease was measured for PA11 at higher glass-fiber content (PA11GF30). lower the ∆h at F p and F s . The results at F l is however scattered, but the lowest ∆h is noticed at moderate crosshead speed. e Glass-fiber content dependence of notch opening displacement Figures 4.5.58a,4.5.58b and 4.5.58c display respectively ∆h at F l , F p and F s as a function of glass-fiber content for the three crosshead speeds. The results show a clear decreasing trend of ∆h with an increasing glass-fiber content for whatever crosshead speed. f Crosshead speed dependence of width reduction ratio Figures 4.5.59a,figure 4.5.59b and figure 4.5.59c show respectively the width reduction ratio at: a) the end of linear limit, b) the peak load, and c) the end of the load-softening as a function of crosshead speed. Results indicate that the higher the crosshead speed, the lower the width reduction. The only scattered exception is the width reduction at F l for PA11GF8 where higher width reduction ratio was measured at higher crosshead speed. g Glass-fiber content dependence of width reduction ratio Figures 4.5.60a,4.5.60b and 4.5.60c display respectively width reduction ratio at F l , F p and F s as a function of glass-fiber content for the three crosshead speeds. The results 105
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show that the more PA11 is reinforced by glass-fiber content, the less severe the width reduction at whatever crosshead speed. 4.5.61a displays the load of PA11GF8 as a function of applied displacement at 10 mm/min. The surface temperature rise fields related to the applied displacement annotated in dotted gray lines in load-displacement curve, are shown in figure 4.5.61b. In each thermography image, the left contour map represents the temperature rise in width, the right represents temperature rise in thickness. From thermography images, the surface temperature rise distributes uniformly in both width and thickness at F l . A strong heterogeneity of surface temperature rise is exhibited at peak load and prior to rupture in both width and thickness. The position of the maximum temperature rise is annotated in white arrow in each image, the results show that the maximum temperature rise is not located at the same position during the loading.

Temperature rise of PA11GF8

To investigate the temperature gradient at the minimum cross section, the profile of ∆T along width and along thickness are respectively plotted in figure 4.5.61c and figure 4.5.61d. Each figure presents ∆T at i, ii, iii and iv. From the temperature rise profiles, the temperature variation is relatively uniform at F l along width and thickness. At F p and F s , ∆T presents similar profiles: in width a trapeze shape where a ∆T plateau is exhibited around mid-width and decreases towards notch root, a maximum temperature rise seems to appear at a small distance ahead of the right notch root; in thickness an inverted parabola profile is shown where the maximum temperature rise locates at the mid-thickness and decreases towards to the surface. These results are in line with thermal results of neat PA11 on NT5 at 100 mm/min. In each thermography image, the left contour map represents the temperature rise in width, the right represents temperature rise in thickness. From thermography images, the surface temperature rise distributes uniformly in both width and thickness at F l . The position of maximum temperature rise, annotated in white arrows in each image, changes during the loading. Two concentrated temperature rise zones are observed in width at peak load and prior to rupture (iii and iv). A heterogeneity of surface temperature rise is exhibited as well in thickness.

To investigate the temperature gradient at the minimum cross section, the profile of ∆T along width and along thickness are respectively plotted in figure 4.5.62c and figure 4.5.62d. Each figure presents ∆T at i, ii, iii and iv. From the temperature rise profiles, the temperature variation is relative uniform at F l along width and thickness. At F p and F s , ∆T presents similar profiles: in width a M-shape where a maximum temperature rise appears at a small distance ahead of the notch root and decreases towards the notch root and mid-width; in thickness an inverted parabola like profile is shown at peak load where the maximum temperature rise locates more or less at the mid-thickness and decreases towards to the surface. Prior to rupture, two ∆T peaks are measured at a small distance from the surface. The profiles are in line with thermal results of neat PA11 on NT5 at 100 mm/min, except the M-profile at F s in thickness.

a Surface temperature rise versus applied displacement

For reinforced PA11, ∆T max profile is similar at different crosshead speeds for a given glass-fiber content. ∆T max of PA11, PA11GF8 and PA11GF30 at 10 mm/min as a function of applied displacement are displayed respectively in figure 5.4.7a, figure 4.5.63b and figure 4.5.63c. The corresponding evolution of load is superimposed in each figure .  A good correlation between the evolution of temperature rise and load is shown for whatever glass-fiber content. In accordance with results on UT geometry, the significant temperature rise is related to either the load-softening or rupture.

b Crosshead speed dependence of temperature rise

The crosshead speed dependence of temperature rise will be investigated in terms of maximum temperature rise prior to rupture. Figure 4.5.64 presents the ∆T max as a function of crosshead speed for all materials. The results show that the higher the crosshead speed, the higher the temperature rise. c Glass-fiber content dependence of temperature rise Figure 4.5.65 presents ∆T max prior to rupture as a function of glass-fiber content for all crosshead speeds. In agreement with results on UT geometry, the more PA11 is reinforced by glass-fiber content, the lower the temperature rise achieved prior to rupture. In line with results on neat PA11, a more ragged and stretched region, framed in figure, was shown at the mid-thickness whatever the crosshead speed. This region is much wider than the stretched band of neat PA11. The cross section is no longer rectangular neither, but the reduction of both width and thickness is less pronounced than on neat PA11. The ratio between the brittle surface and the total fracture surface, i.e. the brittle surface ratio, is calculated for each crosshead speed, their values are summarized in table 4.5.18. A higher brittle surface ratio was obtained at higher crosshead speed.

The closer view of most deformed and less deformed region at 10 mm/min is given respectively in figure 4.5.67a and 4.5.67b. The observation shows that the most deformed region has a matrix stretch opening of the order of 100 µm at failure, while the less deformed region breaks almost directly without much deformation. Brittle surface ratio The area of less deformed zone S brittle and the whole cross section S total were measured by ImageJ. The ratio of the area between the less deformed zone (S brittle ) and the total minimum cross section (S total ) is defined as brittle surface ratio. This ratio for different crosshead speeds is calculated and summarized in table 4.5.18. Results indicate that the higher the crosshead speed, the larger the less deformed zone, it's in the order of 50 %. 

Conclusions

In conclusion, this section presents the results of tensile tests on the NT5 geometry, which examined the mechanical, specimen shape and thermal response at three crosshead speeds for three glass-fiber contents. Similar to results on UT geometry, the mechanical and thermal response are primarily affected by glass-fiber content, less dependent on crosshead speed. A strong correlation was also found between the mechanical response, specimen shape parameters as well as surface temperature rise. Results demonstrate that, before peak stress and during stress plateau, the changes in specimen shape and temperature rise are rather smooth and linear. However, significant specimen shape variation (notch opening displacement, notch root width reduction, notch root radius) and temperature rise occurred during the load-softening stage accompanied by re-necking phenomenon. Additionally, the spatial distribution of surface temperature rise is heterogeneous in both width and thickness. The temperature rise profile along width at notch root depends on the crosshead speed, presenting respectively an inverted parabola, trapeze and M-shape for [1, 10, 100] mm/min. The maximum temperature rise locates at mid-width at lowest crosshead speed, and at a small distance ahead of the notch root at highest crosshead speed. Along the thickness, however, temperature rise shows rather similar inverted parabola profiles, with the maximum temperature rise located at the mid-thickness and decreasing towards the surface. In accordance with results on UT geometry, the temperature rise of NT5 geometry increases also with increasing strain rate and decreasing glass-fiber content. The SEM observation on the fracture surface of NT5 geometry showed a heterogeneous deformation morphology in both width and thickness, a more deformed zone was observed around the mid-thickness along the whole width, the region close to the surface was less deformed. A closer look at the linear deformation at 100 mm/min is given in figure 4.6.70b. The stiffness and elastic limit of load F 0 at each crosshead speed are measured and summarized in table 4.6.19. In agreement with results on NT5, the higher the crosshead speed, the higher the stiffness and F 0 . Stiffness is in the order of 400 N/mm, whereas F 0 is in the order of 400 N. The load evolution of DENT samples was analyzed as well in terms of specimen shape change, the example at 10 mm/min is shown in figure 4.6.71. The load as a function of applied displacement is presented in the left figure, with several annotated applied displacements in dotted gray lines. The corresponding deformed shapes in width are presented at the right of the figure. DENT sample deforms in the following order: 1) it begins by the opening of crack during quasi-linear load evolution (i to iii), 2) then undergoes the blunting of crack tip until the peak load (iv), 3) subsequently followed by crack propagation after peak load (v). Surface whitening was observed ahead of cracktip after blunting, the whitening of DENT geometry will however not be investigated in this work.

Experimental results on DENT sample

c Crosshead speed dependence of U and F

The displacement at break U f and peak load F p will be compared at different crosshead speeds. Figures 4.6.72a and 4.6.72b display respectively U f and F p as a function of crosshead speed. A lower U f was attained at higher crosshead speed whereas F p is higher with increasing crosshead speed. 

Displacement measurements a Crack mouth opening displacement versus applied displacement

Figure 4.6.73 displays the evolution of load and crack mouth opening displacement (CMOD) as a function of applied displacement for PA11 at 10 mm/min. The ∆h as a function of applied displacement seems to evolve: 1) at first linearly with the opening of crack, 2) then highly nonlinearly due to crack-tip blunting with an accelerated speed, 3) finally increases steeply prior to failure with the crack propagation.

b Width reduction ratio versus applied displacement Figure 4.6.74 displays the load and minimum width reduction ratio ∆a/a 0 as a function of applied displacement for PA11 at 10 mm/min. A linear small width reduction was initially observed, during crack opening, then accelerates accompanied by cracktip blunting up to the peak load, and reduces significantly prior to failure due to the propagation of crack. to an applied displacement labeled in figure 4.6.75a, which displays the load and ∆T max in both width and thickness as a function of applied displacement. The temperature rise distribution is heterogeneous in both width and thickness, mainly at the pre-crack root.

In width, symmetric circular temperature rise regions (iii to vi) were observed ahead of the crack-tip, the hot spots intensifies with deformation, a heating concentration at the fracture tip was observed at failure (vii). As for temperature rise in width, the temperature rise is distributed along the entire thickness but a heat concentration seems to locate around the mid-thickness (from iii up to v), after which three hot spots were observed through thickness (v, vi), the highest temperature rise points seem to locate close to the border at failure (vii). Through thermography results, surface temperature rise appeared fairly late compared to its deformation at break (3 mm compared to 3.7 mm).

b Profile of temperature rise

The thermography of surface temperature shows high gradient of temperature rise distribution in both width and thickness at the root of pre-crack. The profiles of temperature rise were thus of interest, figures 4.6.76a and 4.6.76b display respectively the temperature rise profile on width and on thickness at pre-crack root. Each curve relates to the characteristic points in figures 4.6.75b and 4.6.75c. ∆T in width shows a M shape where the maximum temperature locates ahead of the crack tip, and decreases towards mid-width and the crack-tip. A significant difference in temperature rise between the maximum value and the one at mid-width is measured. The position of the maximum temperature rise moves towards the mid-width with the applied displacement. ∆T profile in thickness shows an inverted parabola shape up to iv (peak load), in which the maximum temperature locates at mid-thickness and decreases towards the lateral surfaces. After the peak load (v and vi), a significant temperature rise was noticed close to both thickness borders, as a consequence the maximal temperature rise was no longer located at mid-thickness.

In conclusion, the surface temperature rise at pre-crack root is highly heterogeneous in both width and thickness, the profile of ∆T demonstrates respectively a M-shape and an inverted parabola shape in width and thickness except two extra ∆T peaks were observed in thickness after peak load.

c Surface temperature rise versus applied displacement

For DENT samples under tensile loading, the profile of maximum temperature rise ∆T max evolution is independent of the crosshead speed. It highlights a profile as shown in figure 4.6.75a: 1) slight temperature rise right before peak load, 2) after which the temperature rise accelerates, 3) and finished by a pronounced temperature at break. 

d Crosshead speed dependence of temperature rise

The temperature rise dependence on the crosshead speed will be discussed here. As one interests mostly in the temperature rise during the service time of polymer components, the temperature rise ∆T max prior to failure will be defined as a comparison indicator, as shown in figure 4.6.77a. In accordance with observations on NT5 samples, the cross section is also deformed from the initial rectangle geometry. Compared to NT5 samples, only the thickness deforms heterogeneously, a more severe thickness reduction was observed at mid-width compared to the border, the front of pre-crack remains straight at break.
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The global view shows highly heterogeneous morphologies at fracture surface through both width and thickness. A deformation transition was observed and outlined by red curves in each figure, which separates the most deformed and less deformed region. The surface close to the crack-tip is much more rough compared to the sample center. 4.6.80a and 4.6.80b display respectively U f and F p as a function of crosshead speed for all materials. The results show a general decreasing trend of applied displacement at break, but an increase in peak load with increasing crosshead speed. c Glass-fiber content dependence of U and F Figures 4.6.81a and 4.6.81b present respectively U f and F p as a function of glass-fiber content. At whatever crosshead speed, the displacement at break decreases with increasing glass-fiber content, whereas the peak load is higher.

Temperature rise at the surface

In opposition to results on UT and NT5 geometries, the spatial temperature rise distribution, temperature profiles, and the evolution of maximum temperature rise is almost the same independently on both the crosshead speed and the glass-fiber content, only the magnitude of temperature rise differs. The thermal results on reinforced PA11 will thus not be presented as they lead to the same conclusions, but the temperature rise level at different crosshead speeds and glass-fiber contents will be discussed in the next paragraph.

a Crosshead speed dependence of temperature rise

The crosshead speed dependence of temperature rise will be investigated in terms of maximum temperature rise prior to rupture. Figure 4.6.82 presents ∆T as a function of crosshead speed for all materials. In correlation with results on NT5 geometry, a higher ∆T was reached with higher crosshead speed for whatever glass-fiber content. 

SEM observation

a Fracture surface present respectively the global view of fracture surfaces of PA11GF8 and PA11GF30. The figures from the left to right presents respectively results of 1, 10 and 100 mm/min. Compared to fracture section of neat PA11, the fracture sections are less deformed, a rectangular shape is reserved especially for PA11GF30. The morphology of reinforced PA11 is similar to that of neat PA11: the surface close to the crack-tip is much more rough compared to the central zone. The zone ahead of the crack-tip seems being more stretched at lower crosshead speed.

Regardless different global fracture morphologies for different glass-fiber contents, the more deformed and less deformed zone at micro-scale are similar. Figures 4.6.85a and 4.6.85b show respectively the examples of more deformed (left of the transition curve) and less deformed zone (sample center) at 10 mm/min of PA11GF8. The PA11 matrix is highly stretched with fibrils at the left of the transition curve, i.e. at pre-crack. At the sample center (inside deformation transition curve), the material breaking seems without much deformation, but relative homogeneous distribution of micro-cracks of the order of nanometer was observed.

b Brittle surface ratio

As can be seen in figure 4.6.78, the less deformed surface has different size at different crosshead speeds and glass-fiber contents. The brittle surface ratio S brittle S total as a function 122 of crosshead speed and glass-fiber content was plotted respectively in figure 4.6.86a and 4.6.86b. From the measurements, the brittle surface ratio increases with the crosshead speed (in line with results on NT5 specimen on PA11GF8) and the glass-fiber content.

Conclusions

This section presents the results of tensile tests on DENT geometry, which examined the mechanical, specimen shape and thermal response at three crosshead speeds for three glass-fiber contents. For such fracture mechanic samples, their mechanical response is different from that of UT and NT5 geometries. The load softening stage is nearly absent for whatever crosshead speed and whatever glass-fiber content, DENT geometry breaks almost right after the peak load. Different specimen shape changes such as crack-tip blunting and crack propagation were observed during tensile test. A significant crack mouth opening displacement, minimal width reduction and temperature rise occurred prior to rupture. Similar to results on UT and NT5, the temperature rise degree of DENT prior to rupture increases with increasing crosshead speed and decreasing glassfiber content. Heterogeneous temperature rise distributes in both width and thickness, temperature concentrations were observed at both crack-tips once the temperature variates. Regardless of the crosshead speed and glass-fiber content, the temperature rise profiles in width along crack-tip axis presents an M-shape profile, with the highest temperature rise locating at a small distance ahead of the crack-tip and decreases towards both mid-width and crack-tip. Along thickness, the temperature rise presents an inverted parabola profile up to peak load where maximum temperature rise locates at mid-thickness and decreases towards the surface. In addition to a peak temperature rise at mid-thickness, two extra temperature rise peaks were observed prior to rupture at a small distance from the thickness borders. The fracture surface of DENT exhibited high heterogeneity, similar to the NT5 geometry, but with a different morphology. Instead of a more deformed region at the mid-thickness, DENT geometry exhibited a more deformed morphology ahead of the crack-tip attributed to the crack-tip blunting, whereas the central cross section is less deformed.

Chapter V

Mechanical response and surface temperature rise of rubbers Résumé

Ce chapitre présente les résultats expérimentaux sur du caoutchouc naturel (NR) chargé de noir de carbone (2 teneurs). Pour chaque matériau, des essais dédiés ont été réalisés de manière à: 1) caractériser la température réelle en tenant compte de l'auto-échauffement; 2) analyser les propriétés mécaniques du NR sous chargement monotone (court terme); 3) investiguer la compressibilité sous pression hydrostatique, dépendante du temps à long terme, et 4) tenter une modélisation analytique du comportement du NR, en prenant en compte l'auto-échauffement et la dépendance vis-à-vis du temps de la compressibilité.

Abstract

This chapter presents experimental work on vulcanized natural rubber (NR) filled with two carbon black contents. For each material, experiments are carried out so as to: 1) characterize the real operating temperature accounting for the heat buildup; 2) analyze NR mechanical properties under monotonic (short term) loading; 3) investigate long term time-dependent compressibility under hydrostatic stress, and 4) attempt analytical modelling of NR, in taking heat build-up and time-dependent compressibility into account. 

Mechanical parameters of rubbers

Rubbers are well-known to have the ability to undergo large elastic deformations. In real application, they are frequently subjected to relative small deformation, for instance, less than 50 % in tension or compression, less than 100 % in simple shear. Nevertheless, the response at large deformation enhances the understanding of rubbers behavior. This section will investigate rubbers mechanical properties under different deformation modes. Several parameters are used to describe rubbers mechanical behavior: Poisson's ratio v, Young's modulus E, Bulk modulus K, shear modulus G.

Poisson's ratio v is defined as the ratio between the lateral strain and the longitudinal strain. It's often considered to be close to 0.5 for rubbers with quasi-incompressible assumption.

Young's modulus E reflects the resistance to uniaxial loading, it is defined as the slope of the linear part of stress-strain curve of uniaxial rubber specimen on tension or compression. Its value is extremely small compared to other solids, around some MPa. It is influenced by several factors, it increases with: an increasing pressure [Paterson, 1964], a decreasing temperature [START_REF] Kaiser | Temperature dependent mechanical properties of natural and synthetic rubber in practical structures[END_REF], increasing carbon black filler [START_REF] Omnès | Effective properties of carbon black filled natural rubber: Experiments and modeling[END_REF]. The Young's modulus will be characterized in this section by performing uniaxial tensile tests on diabolo sample. 126
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The bulk modulus K describes rubbers resistance under hydrostatic stress, it's defined by the ratio between the applied pressure P and the shrinkage -∆V of the initial volume V 0 :

K = -V 0 P ∆V (V.1)
The bulk modulus of rubbers is of the order of thousand MPa, it is much higher than Young's modulus due to the fact that Young's modulus is an entropic property.

Rubbers are considered as incompressible when the volume change is zero during the deformation, which is frequently related to a high ratio between bulk modulus and shear modulus. To be noted, high bulk modulus is often, but not necessarily the condition for materials to be incompressible, a constant volume should be verified. The bulk modulus will be characterized by oedometric compression tests. The corresponding shear stress τ of a shaft in torsion has a gradient along shaft radius, where the stress increases from zero to the maximum from the axis to the shaft surface, and it is expressed by the equation [Huda, 2022]:

τ = T r J (V.2)
with T the applied torque, r the distance along the radius of the shaft (r = 0 at the center, r = D/2 at surface, D is the diameter of minimum cross section), J is the polar moment of inertia that defines the ability to resist to torsion:

J = πD 4 32 (V.3)
Its shear strain γ is expressed by:

γ = rθ L (V.4)
where θ is the rotation angle, L is the sample length. The torsional shear modulus G(r), slope between shear stress and torsion strain, can be determined by:

G(r) = T L Jθ = 2T L πr 4 θ (V.5)
The units of the parameters are shown in table 5.1.1:

Table 5.1.1: Units of torsional parameters

τ T r D γ θ L G MPa N •mm mm mm [-] rad mm MPa
For isotropic materials, the elastic parameters (Young's modulus E, bulk modulus K, shear modulus G and Poisson's ration v) are inter-related between them. Basically, the knowledge of two of them allows the other parameters to be derived, for example, if (E, v) are known,

G = E 2(1 + v) K = E 3(1 -2v) , v = 0.5 (V.6)
and if (G, K) are known:

E = 9KG 3K + G v = 3K -2G 2(3K + G) (V.7)

Sample geometry

Similar to PA11, interests are laid in rubbers mechanical response under different stress states: 1) uniform, and 2) multi-axial stress state. Three geometries were chosen for each rubber compound: diabolo sample is used to represent uniform stress state, pancake and disk geometries are used to study multi-axial stress.

Diabolo sample

The first geometry is a diabolo sample (figure 5.2.2a), used for the study of rubbers thermomechanical properties. It consists of a rubber bulk bounded to metal end-grips.
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The total length of the rubber is 24 mm, it has a straight gauge length l 0 of 4 mm and an initial minimum diameter of 12.5 mm. Within this smooth part, the specimen is assumed to exhibit uniform stress when subjected to uniaxial tension. Another advantage of diabolo geometry is the possibility to be tested in tension and compression in order to assess the 'symmetry' of initial Young's modulus.

Pancake and disk samples

The response of rubbers under multi-axial tension and compression is of interest. To study this, pancake and disk samples were designed, see figure 5.2.2b and figure 5.2.2c.

Both samples consist of a thin rubber disk.

The pancake sample is used to perform tensile tests. To enable stretching, the rubber disk is bound to metal end-grips. The rubber disk has a curvature radius of 0.8 mm, which has a negligible effect. The height of the rubber disk is 1.6 mm, and its diameter is 23.4 mm, resulting in a high diameter-to-thickness ratio (23.4 mm/1.6 mm = 14.6). This high ratio aims at creating hydrostatic stress at the center of the specimen. Additionally, the shear modulus of rubbers can be characterized by applying a torque to the pancake sample.

The bulk modulus of rubbers can be determined through oedometric compression tests on rubber disks. These disks, cut-out from rubber plate using a punching tool, have a diameter of approximately 20 mm and a thickness of 2 mm (diameter/thickness = 10). To conduct the test, the specimen is placed into a cylindrical metal crucible with a diameter of 20 mm. Next, a surface pressure is exerted on the specimen, which subjects it to hydrostatic stress.

Experimental protocol

Frequently subjected to cyclic loading, rubbers may undergo significant temperature rise especially under high loading frequency [Lion, 1997] close to the adiabatic heating regime, the temperature rise phenomenon is well-known as heat build-up [Lion, 1997, Le Saux et al., 2013, Ovalle et al., 2020]. During cyclic loading, rubbers temperature increases gradually until heat generation is balanced by external energy exchange. Compared to its lifetime, rubbers attain fairly quickly this stabilization state, the real working temperature of rubbers is then the stabilized one instead of the operating temperature. Nevertheless, the testing temperature is used in most rubbers modeling instead of the real stabilized temperature consecutive to the heat build-up. As temperature-dependent materials, rubbers behave differently under operating temperature or stabilized temperature, significant prediction error may then be produced due to the temperature difference.

Accordingly, one of the objectives of this section is to investigate heat build-up and take it into account into constitutive modeling. Moreover, as discussed in previous section, rubbers compressibility should be questioned, particularly under hydrostatic stress. The second aim of this section is thus to investigate rubbers bulk modulus especially its time-dependent variation, this factor will be as well took into account in rubbers constitutive modeling.

To this end, three types of experiments were carried out: 1) stepwise cyclic tests, 2) monotonic short-term tests, and 3) static long-term tests. The experimental protocols are summarized in table 5.3.2.

Stepwise cyclic tests aims at characterizing rubbers heat build-up, and determining the stabilized temperature per block. Short-term tests aims at characterizing rubbers Young's modulus E and bulk modulus K. Static long-term tests aim at characterizing rubbers time-dependent volume change/bulk modulus.

Stepwise cyclic tests

In order to quantify the real temperature at a given load, stepwise fatigue tests were firstly conducted using an Instron ElectroPuls machine with a load cell of 2 kN, at room temperature on diabolo samples. The process of a stepwise cyclic test is illustrated in figure 5.3.3, each test consists of several blocks with successive displacements or loads. [5,10,15,20,25,30,35,40] mm, were imposed. The loadings of stepwise tests with imposed loads are defined based on the results of imposed displacement tests, more details will be given later.

During the test, the samples surface temperature was recorded using the infrared camera of InfraTech in video format with a minimum acquisition frequency of 2 Hz. The maximum temperature rise ∆T (∆T = T -T room ) is obtained by the maximum surface temperature T minus the room temperature T room , its evolution during the stepwise test is illustrated in figure 5.3.3. A stabilized ∆T is obtained for each imposed displacement/load before the end of each cyclic loading block. 

Monotonic short-term tests

For the rubbers constitutive modeling, basic knowledge of materials mechanical properties is required, such as Young modulus E, bulk modulus K and shear modulus G. The experimental specifications of short-term tests are summarized in table 5.3.3.

Tensile tests

Uniaxial tensile tests were performed on both diabolo and pancake samples at room temperature using an Instron machine with a load cell of 10 kN. Three crosshead speeds, [1, 10, 100] mm/min, were applied, each test was repeated twice to ensure the reproducibility of the results. Diabolo and pancake undergo different stress states due to geometry difference. The central zone of diabolo sample has theoretically a uniform stress state due to the straight gauge length of 4 mm. The pancake sample, however, is supposed to be subjected to a hydrostatic stress close to the center, created by a high shape factor (diameter to thickness ratio ≈ 15).

During the tensile tests, infrared camera (InfraTech) was used to capture the samples surface temperature field.

Compression tests

Uniaxial and oedometric compression tests were carried out on an Instron machine with a load cell of 100 kN. Four temperatures, [30,45,60,75] • C, were tested based on the stabilized temperature (∆T = [10, 25, 40, 45] • C, for T room = 20 • C) from the stepwise cyclic tests. Before testing, samples are placed inside the oven during more than 30 minutes to attain a homogeneous required temperature. Uniform load is imposed and transmitted to sample surface by a vertical piston. For uniaxial compression tests, one rubber disk is tested each time, its lateral surface is free of stress, this test aims at characterizing rubbers Young's modulus. For oedometric compression tests, three rubber disks were piled up inside a bronze crucible. With the lateral surface completely blocked by crucible, rubbers are in a quasi oedometric boundary condition that allows to characterize rubbers bulk modulus. A crosshead speed of 1 mm/min was applied and the test was interrupted when the maximum load attained 50 kN.

Torsion tests

In order to determine rubbers shear modulus, torsion tests were carried out on molded pancake samples. To allow rotation, two symmetric holes were machined at the bottom and the top of metal end base. The tests were carried out at room temperature on an Instron machine with a load cell of 10 kN. In order to ensure pure torsion, a verticallyfree axial displacement was applied, three rotation speeds, [30,300,3000] degree/min were tested. 26 [30, 45, 60, 75] [30, 45, 60, 75] T 

Stabilized temperature rise ∆T

As the stabilized ∆T approximates the real working temperature of rubbers subjected to cyclic loading, its values at each applied displacement are summarized in figure 5. 4.7. Figures 5.4.7a and 5.4.7b summarize respectively, the temperature rise ∆T under imposed displacement and imposed loads. Results show, for both carbon black contents, a linear relationship between the stabilized temperature rise and applied displacement/load, similar linear relation was found in the work of [START_REF] Tong | Excitation of thermal dissipation of solid propellants during the fatigue process[END_REF], except at the last imposed displacement (40 mm) of NR-CB53 where a visible crack was observed at the sample surface. The slope of temperature rise and imposed displacement (∆T/∆U) is steeper for NR-CB53 than NR-CB30. In the range of 140 N to 210 N of imposed loads, two carbon black contents exhibit similar temperature rise. Nevertheless, the slope of ∆T and ∆F is higher for more reinforced rubber, which suggests a possible higher temperature rise at higher imposed loads. Basically, NR-CB53 has an overall higher temperature rise than NR-CB30 at a given applied displacement, which means carbon black prompts the heat build-up phenomenon, in line with the work of [START_REF] Ovalle | A thermo-visco-hyperelastic model for the heat build-up during low-cycle fatigue of filled rubbers: Formulation, implementation and experimental verification[END_REF]. Under cyclic loading at 30 mm, the temperature rise exceeds 10 • C and 20

• C, respectively for NR-CB30 and NR-CB53, at which extent rubber behave differently than at room temperature. 

Monotonic short-term results

Tensile test on diabolo specimen

Young's modulus The engineering stress F/S 0 (S 0 = 133 mm 2 with a diameter of 13 mm), as a function of engineering strain ∆l/l 0 (l 0 = 4 mm) for uniaxial tensile tests on diabolo samples is displayed in figure 5.4.8a. The figure summarizes results for diabolo specimen to corresponding carbon black content at three crosshead speeds, [1, 10, 100] mm/min. For both materials, with whatever crosshead speed, a highly nonlinear evolution of engineering stress is observed. The Young's modulus E was obtained by the ratio of engineering stress and engineering strain, its evolution is plotted in figure 5.4.8b. The rubbers Young's modulus highlights a significant reduction at the beginning of deformation until attaining a minimum value, then a slight increase is observed at larger deformation. The initial Young's modulus, summarized in table 5.4.4, is scattered. This strong uncertainty may come from: 1) the testing machines efficiency to attain the desired crosshead speed, and 2) the experimental data acquisition frequency. Hence, the less scattered minimum Young's modulus E min (depicted in figure 5.4.8) is chosen as rubbers Young's modulus, its values are summarized in Table 5.4.4. As expected, the more reinforced the rubber, the higher the Young's modulus. The average E min of NR-CB30 and NR-CB53 is about 0.26 MPa and 0.46 MPa.

The superposition of engineering stress and E at different crosshead speeds implies a no time-dependent response of the material under short-term uniaxial tensile loading. 5.4.9 displays the engineering stress as a function of applied displacement up to failure of NR-CB30 at 100 mm/min. The surface temperature rise fields at labeled displacements are shown in figure 5.4.9b, the corresponding time and maximum temperature rise were included in white. From the surface temperature rise maps, the temperature rise is relative homogeneous in circumferential direction and heterogeneous in loading direction. A temperature rise concentration is observed prior to rupture (v). The position of maximum temperature rise is illustrated by white arrow in each image. Similar to results on cyclic tests, the maximum temperature rise is located at different positions during deformation. At 100 mm/min, the temperature rise occurs progressively during the deformation, a significant temperature rise was recorded at failure. The ∆T max magnitudes differs with crosshead speed, almost no temperature rise was observed during deformation at lower crosshead speed (1 mm/min). The temperature rise at rupture is significant whatever the crosshead speed. Two characteristic temperature rises (∆T max prior to rupture and ∆T max at rupture) are summarized in table 5.4.5. The ∆T max prior to rupture and at rupture increases with crosshead speed for whatever carbon black content. 

Tensile test on pancake specimen

Pseudo modulus E pseudo The evolution of engineering stress F/S 0 (S 0 = 415 mm 2 with a diameter of 23 mm) as a function of engineering strain ∆l/l 0 (l 0 = 1.6 mm) for pancake samples under tension is displayed in figure 5.4.11a. This figure summarizes 139
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results of both rubbers at three crosshead speeds, [1, 10, 100] mm/min. The engineering stress keeps increasing nonlinearly during the entire deformation until failure. An extreme rapid increase is observed at small deformation, then formed a kind of 'stress shoulder' before increasing again.

The pseudo modulus E pseudo was obtained by the ratio between engineering stress and engineering strain. As the two grades of rubbers exhibit the same trends, for the reason of clarity, only results on NR-CB53 are presented in figure 5.4.11b. In line with previous Young's modulus evolution, E pseudo undergoes as well an abrupt decrease at the beginning of deformation. At higher deformation, a very small increase was observed if giving a closer look, but in general view, E pseudo remains almost constant at larger deformation. The initial E pseudo for each grade of rubber and each crosshead speed is summarized in table 5.4.6. E pseudo seems to be independent on the crosshead speed, NR-CB30 has a lower initial value (around 17 MPa) than NR-CB53 (around 24 MPa). Besides, E pseudo is generally higher than Young's modulus Eobtained previously.

The overall evolution of engineering stress as well as E pseudo superimposes well at different crosshead speed, the materials show no sign of crosshead speed dependence under short term loading. The ∆T max evolution under different crosshead speeds, [1, 10, 100] mm/min, is 141
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summarized in figure 5.4.14. Unlike diabolo samples in tension, pancake samples heat up despite of crosshead speed, which shows, at some point, the increasing effect of stress state on the heat build-up. Nevertheless, the heating degree differs with applied crosshead speed. The maximum temperature rise prior to the rupture and at the rupture are summarized in table 5.4.7. The surface temperature rise is significant at rupture for both materials at all crosshead speeds. In line with previous heat build-up results on diabolo samples in tension, heating level increases with the crosshead speed.

The surface temperature rise of NR-CB53 is generally higher than on NR-CB30. Fracture surface The fracture facies of pancake samples under tension at different crosshead speeds are shown in figure 5.4.15a and 5.4.15b, for NR-CB30 and NR-CB53 respectively. The fracture surfaces are relatively rougher at low cross head speed than at high crosshead speed, but the morphology remains similar, whereas the surface differs significantly with carbon black content. NR-CB30 shows large circular cavities around the central zone, while NR-CB53 gives a 'canyon landscape' look, which implies the significant effect of carbon black on the stress state of rubbers under hydrostatic tension. A closer look was made to the fracture facies by SEM observation, regardless of different macro appearance, the morphology of fracture facies at different crosshead speeds and carbon black contents is similar. Each specimen exhibited ductile and "brittle" zones. The hollow part exhibits extended fibrils whereas more brittle type fracture was observed in the rest part. An example of NR-CB53 at 10 mm/min is given in figure 5.4.16a and figure 5.4.16b, for ductile and brittle zone respectively. In ductile zone, the rubber matrix is highly stretched in fibril forms, while in brittle zone the matrix is broken without deformation.

Cavities were indeed expected for rubbers under such a high hydrostatic stress state, similar results are presented in the work of [START_REF] Kumar | The pokerchip experiments of gent and lindley[END_REF].

In line with results in [START_REF] Dorfmann | Experimental and computational aspects of cavitation in natural rubber[END_REF], stress increases slowly with deformation until rupture regardless of the presence of cavitation. This may be due to the competition between the stiffening or strain-induced crystallization under large deformation [START_REF] Candau | Strain-induced crystallization of natural rubber and cross-link densities heterogeneities[END_REF] and the stress-softening due to cavitation [START_REF] Dorfmann | Shear, compressive and dilatational response of rubberlike solids subject to cavitation damage[END_REF], apparently, the rubber stiffening/crystallization took a lead on materials response for this geometry. 

Compression test on disk specimen

Young's modulus Figure 5.4.17a displays the engineering stress F/S 0 (S 0 = 314 mm 2 with a diameter of 20 mm) as a function of engineering strain ∆h/h 0 (h 0 = 2 mm) for NR-CB53 under uniaxial compression at 30 • C. It shows a nonlinear increase during the compression, a more rapid increase of engineering stress was observed at larger compression deformation. The compression modulus E was calculated by the ratio between F/S 0 and ∆h/h 0 , its evolution is superimposed at the same figure (in red). E seems to be relatively constant at lower deformation compared to at larger deformation. The initial compression modulus shows a scatter at higher temperatures, probably attributed to the experimental setup. The minimum modulus seems independent on the carbon black contents, an increase of modulus was obtained with increasing temperature except at 45

• C. The E init is between 10 MPa and 30 MPa, higher than the initial modulus measured by uniaxial tensile tests (in the order of 1 MPa), it may attributed to the different testing temperature. E min is between 8 MPa and 13 MPa under compression.

Hydrostatic compression on disk

Bulk modulus Rubbers response under oedometric compression give a way to determine the bulk modulus K. In this study, an attempt is made to determine K in a rigorous way by taking into account the real Poisson's ratio instead of assuming it equals to 0.5. direction, is expressed as:

σ ∼ =    σ rr 0 0 0 σ θθ 0 0 0 σ zz    (V.8)
the strain tensor ∼ reads:

∼ =    rr 0 0 0 θθ 0 0 0 zz    (V.9)
According to the Hooke's law:

σ zz = E 1 + v ( zz + 3v 1 -2v m ) (V.10) 144 145
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In a oedometric compression test:

σ zz = F S 0 zz = ∆h/H 0 θθ = rr = 0 m = rr + θθ + zz 3 = zz 3 (V.11)
where F is the load, S 0 is the initial section, ∆h is the displacement, H 0 is the initial height of specimen when the specimen's section equals exactly to the crucible section.

Using equations V.10 and V.11, an equation allowing the determination of Poisson's ratio:

F S 0 = E 1 + v 1 -v 1 -2v ∆h H 0 (V.12)
where E is the Young's modulus obtained by uniaxial compression test, here E min is chosen for the calculation. F S 0 is the engineering stress, ∆h H 0 is the engineering strain, their values for NR-CB53 at 30 According to the spherical tensors, bulk modulus K can be obtained if E and v are known:

3K = E 1 -2v (V.13)
Based on equations V.12 and V.13, another formulation of K reads:

K exp = 1 3 1 + v 1 -v ∆F ∆h H 0 S 0 (V.14)
When constant volume assumption is considered, i.e. v = 0.5:

K (v=0.5) = ∆F ∆h H 0 S 0 (V.15)
Experimental bulk modulus K exp , calculated by equation V.14 using experimental E and v calculated from equation V.12, and K (v=0.5) are determined and summarized in table 5.4.8. Their errors K exp -K (v=0.5) K (v=0.5) are also calculated and summarized in the [30,45,60,75] • C, for each carbon black content, are plotted in figure 5.4.19b. It's worth noting that the variation of v is negligible when compared with that of K exp . Indeed, the real bulk modulus K exp is very close to the bulk modulus in the incompressible consideration K (v=0.5) .

For both rubber grades, a clear temperature dependence of bulk modulus was obtained. The higher the temperature, the lower the bulk modulus. K of NR-CB53 decreases from about 930 MPa to about 700 MPa when the temperature increases from 30 • C to 75 • C. In line with the Young's modulus, but except at 30 • C, the bulk modulus increases slightly with carbon black, i.e. NR-CB53 has a higher K than NR-CB30 under the same temperature, the same conclusion was found in the work of [START_REF] Omnès | Effective properties of carbon black filled natural rubber: Experiments and modeling[END_REF]. 

0.00 0.05 0.10 0.15 h/H 0 [-] 0 50 100 150 F/S 0 [MPa] Slope = F S 0 / Δ h H 0 (a) (b) 

Torsion on pancake

Shear modulus The shear stress τ (calculated by equation V.2) as a function of shear strain γ (calculated by equation V.4) of both rubber compounds is plotted in figure 5. 4.20a. Three rotation speeds,[30,300,3000] deg/min, were tested on NR-CB30, two ([30, 300] deg/min) were tested on NR-CB53. A nonlinear increase of shear stress is observed, large shear strain is attained at relative low stress (400 % at 2 MPa and 4 MPa respectively for NR-CB30 and NR-CB53), the shear stress seems also independent on the torsion speed. NR-CB53 has a general higher shear stress than NR-CB30.

The shear modulus G, determined by equation V.5, is plotted in figure 5.4.20b. A great decrease is observed at the very beginning of torsion, followed subsequently by a plateau at moderate shear strain, then increases slightly at larger deformation.

The initial shear modulus G init and minimum shear modulus G min , indicated in figure 5.4.20b, for both contents of rubbers at different rotation speeds are summarized in table 5.4.9. G init is highly scattered at different rotation speeds. But G min increases slightly with the rotation speed, the difference is however negligible, it gives about 0.5 MPa and 0.8 MPa, for NR-CB30 and NR-CB53 respectively, which shows an increase in shear modulus with the carbon black content.

Theoretically, G min is supposed to be equal to

E min 2(1 + v)
. With E min equals to 0.25 MPa and 0.45 MPa, for NR-CB30 and NR-CB53 respectively, the E min 2(1 + v) gives 0.08 MPa and 0.15 MPa by assuming rubber incompressibility (v = 0.5), which is about 6 times lower than the measured G min . Nevertheless, the shear modulus is, as expected, much lower than bulk modulus (in the order of 1000 MPa). [MPa] 1.68 1.60 0.6 2.0 1.73 G min [MPa] 0.50 0.53 0.55 0.78 0.85 A circular instantaneous fracture zone is observed at the specimen center, with a larger zone at lower carbon black content. The surface outside of the central zone looks like a factory roof, with multiple crack origins observed and ratchet marks growing radially. 

E min 2(1 + v) [MPa] 0.

Static long-term test results

Elastic response

The linear loading process of the creep-recovery test was performed at 1 mm/min. Figure 5.4.23 shows the engineering stress F/S 0 of NR-CB53 at 45 • C as a function of engineering strain ∆h/H 0 . The corresponding engineering stress-strain curve of NR-CB53 at the same temperature and cross head speed but under uniaxial oedometric compression is superimposed on the graph, which shows a perfect agreement for both tests. 

J k (t)

Figure 5.4.24 shows the compliance in creep J k , related to K, as a function of creeping time. As presented in chapter II, J k is proportional to strain (t). A significant increase in J k was observed at the beginning of the creep, after which the increase slowed down over time. As the bulk modulus is inverse to J k , this reveals the strong time dependence of bulk modulus during creep. 

K (τ )

The recovery is considered to begin when the load decreases from 10 kN to a stabilized minimum value (around 47 N). Its deformation is normalized by the initial deformation at the recovery beginning max . The normalized deformation max is plotted as a function of recovery time in figure 5.4.25. As derived in section 2.1.2.3,

max = K τ K 0 , thus,
the evolution of max represents as well the evolution of bulk modulus K (τ ) with a constant K 0 . During recovery step, a deformation drop is observed at the beginning until a minimum value is attained; indeed, it attains eventually a quasi-stabilized value after sufficient recovery time. The decrease of max with time gives proof to the time dependence of bulk modulus at long-term under hydrostatic stress, in other words, the compressibility of rubbers evolves with time under hydrostatic stress.

Identification of constitutive modeling

As described in section 2.1.2.3, the generalized Maxwell constitutive model allows the time-dependent bulk modulus K (τ ) to be described. The expression of K (τ ) is recalled:

K(τ ) = K ∞ -(K ∞ -K 0 ) i=n i=1 ω i exp( -τ τ i ) (V.16)
with :

K ∞ = K 0 * max (V.17)
In the constitutive model, K 0 is known by hydrostatic compression tests, the real bulk modulus K exp is used, i.e. K 0 = K exp . ∞ / max is the stabilized normalized deformation value obtained by figure 5.4.25. The K ∞ is determined using equation

Chapter VI

Modeling of neat/reinforced PA11 Résumé

Ce chapitre présente les résultats de modélisation pour le PA11 net et le PA11 renforcé. Le modèle de Gurson-Tvergaard-Needleman (GTN) a été utilisé pour simuler la réponse du PA11 net, tandis que le modèle élasto-visco-plastique (EVP) a été utilisé pour le PA11 renforcé. Les deux modèles ont pris en compte l'autoéchauffement adiabatique. Les paramètres de matériau de chaque modèle ont été validés en comparant les résultats numériques et expérimentaux, tels que le charge en fonction du déplacement d'ouverture. Une analyse approfondie a été menée sur : 1) la distribution spatiale numérique de la contrainte, de la déformation et d'élévation de température pour les simulations 2D PS/PE et 3D, 2) l'élévation de température expérimental à la surface, et 3) les contraintes théoriques proposées par Bridgman et Rice-Johnson pour les géométries NT5 et DENT, respectivement. Les profils entre l'élévation de température et les contraintes ont montré une bonne corrélation.

Abstract

This chapter presents the modeling results for neat PA11 and reinforced PA11. Gurson-Tvergaard-Needleman (GTN) model was used to simulate the response of neat PA11, while elasto-visco-plastic (EVP) model was used for reinforced PA11. Both models considered adiabatic heating. The material parameters of each model were validated by comparing numerical and experimental results, such as the load versus opening displacement curves. An in-depth analysis was conducted on: 1) The numerical spatial distribution of stress, strain, and temperature rise for the 2D PS/PE and 3D simulations, 2) the experimental surface temperature rise, and 3) the theoretical stresses proposed by respectively. The profiles between temperature rise and stresses showed good correlation. 

Modeling by finite element method

Meshing

The first step in numerical modeling was to mesh laboratory specimens. Both 2D and 3D meshing were carried out. Simulations were first conducted on 2D meshes and then on 3D meshes. One quarter and one eighth of the geometry were meshed, respectively, for 2D and 3D. The partial geometry modeling is based on the symmetry of the geometry and boundary conditions. 2D meshing of the two geometries (NT5, DENT) is displayed in figure 6.1.1 (the scale is not the same for each geometry). 155
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A partial length of 40 mm was meshed for NT5 and DENT specimens because the major interest lies in the local central zone where stress gradient and triaxiality occurred.

To reduce computational cost without losing simulation accuracy, a combination of coarse and refined elements were applied. The element size is set smaller close to the central zone. Quadratic elements with reduced integration were used for all meshes, with element types c2d8r and c3d20r for 2D and 3D meshes, respectively. For instance, the NT5 geometry has a minimum element size of 17 µm. The dimension ratio of two sides of an element is less than 4 to ensure computation accuracy. More detailed mesh information, including element sizes and numbers, is summarized in table 6.1.1. 2 920, 3D

Boundary conditions

2D plane strain (PE), 2D plane stress (PS), and 3D elements were considered for each geometry. Their boundary conditions are summarized in table 6.1.2. The same boundary nomenclature was used for all geometries: left (x = 0), bottom (z = 0), and top (z = mesh length) for both 2D and 3D meshes, and front (y = 0) for the 3D mesh.

The pre-crack (2 < x < 2.5, z = 0) of the DENT sample was set for free movement, with no boundary conditions applied.

For the other boundary conditions, the horizontal movement of the left, the vertical movement of the bottom, and the y-direction movement of the front were blocked due to symmetry considerations, corresponding respectively to U1 = 0, U2 = 0, and U3 = 0. For the top, half of the experimental displacement (U exp /2) was applied due to symmetry. 

Constitutive model: Mechanics of porous media

Under tensile loading, semi-crystalline thermoplastics exhibit elastic or viscoelastic response at small deformation. Amorphous phase of semi-crystalline polymers tends to align in loading direction, crystallines are tore apart due to the slippery of arranged chains, and eventually forms in fibrillar structure. Damage was seen to occur in crystalline structure, where lamella fragmentation accounts for major damage mechanisms for semi-crystalline thermoplastics at low strain [START_REF] Detrez | Plasticity/damage coupling in semi-crystalline polymers prior to yielding: Micromechanisms and damage law identification[END_REF]. At larger deformation, elasto-visco-plastic behavior was demonstrated experimentally.

Abundant evidence indicates that void nucleation and growth occur during plastic deformation [START_REF] Gurland | [END_REF]Plateau, 1963, Bluhm and[START_REF] Bluhm | [END_REF]. Through tomography and SEM observation techniques, [START_REF] Boisot | Experimental investigations and modeling of volume change induced by void growth in polyamide 11[END_REF], Poulet et al., 2016] highlight the nucleation and growth of micro-voids as major mechanisms responsible for the fracture of semi-crystalline thermoplastics under high stress triaxiality ratio conditions. Additionally, the void volume fraction was generally measured in [Laiarinandrasana et al., 2016a[START_REF] Laiarinandrasana | Structural versus microstructural evolution of semi-crystalline polymers during necking under tension: Influence of the skin-core effects, the relative humidity and the strain rate[END_REF] and introduced as damage in constitutive modeling.

Constitutive models for ductile deformation have been proposed by numerous researchers, and two major approaches can be classified. The first approach is the continuum damage mechanics (CDM) [START_REF] Lemaitre | Mechanics of Solid Materials[END_REF], Rousselier, 1987, Chaboche et al., 2006], which is mainly known as Chaboche's model. The second approach is the micromechanics approach [Gurson, 1977], which was initially proposed by Gurson. A comparison of these two approaches was made in [START_REF] Saï | Multi-mechanism damage-plasticity model for semi-crystalline polymer: Creep damage of notched specimen of PA6[END_REF]. The CDM approach takes into account the mean effect of various deformation sources through a single inelastic strain. Meanwhile, this approach introduces a damage variable to represent the damage induced by voids. In contrast, the micromechanic method establishes a connection between the material's microstructure and the macroscopic mechanical response, which distinguishes it from the CDM method.

McClintock [McClintock, 1968] and [START_REF] Rice | On the ductile enlargement of voids in triaxial stress fields[END_REF] studied respectively the growth of a single cylindrical and spherical void. McClintock developed quantitatively a fracture criterion by the growth and coalescence with preexisting long cylindrical voids. The void growth of spherical voids as well as the stress triaxiality effects on void growth rate were later investigated by Rice and Tracey, where the void growth rate was found to be amplified under high stress triaxiality ratio. In 1977, Gurson [Gurson, 1977] developed the first micromechanical based constitutive model for ductile fracture of porosity-existing material by coupling the porosity with plastic deformation. A yield stress criterion was established by modeling a spherical void embedded in a cubic perfect-plastic rigid matrix. The damage was described by the void volume fraction f , ratio between the spherical void volume and cubic volume. Since then, large quantities of models were proposed by extending or modifying Gurson's model to adapt different applications. One shortcoming of Gurson's model is the inability of void nucleation prediction if there's no initial void inside de material. Tvergaard and Needleman [START_REF] Tvergaard | Analysis of the cup-cone fracture in a round tensile bar[END_REF] then extended the Gurson's model by introducing two parameters (q 1 and q 2 ) that takes into account interaction between microvoids and materials isotropic strain hardening, this is the most used GTN model.

[ [START_REF] Zaïri | Constitutive equations for the viscoplastic-damage behaviour of a rubbermodified polymer[END_REF], Zaïri et al., 2008] investigated experimentally the response of a rubber-toughened polymer under uniaxial tensile loading, then simulate its response with an elasto-viscoplastic-damage behavior based on GTN model, a good agreement was obtained between experimental and numerical response on volumetric strain and true stress-strain curves. [START_REF] Challier | Damage and fracture of polyvinylidene fluoride (PVDF) at 20c: Experiments and modelling[END_REF] showed the robust ability of GTN model in describing the elasto-visco-plastic and void evolution response of a semi-crystalline polymer on different geometries including smooth, notched, DENT and SENB specimens. In [START_REF] Laiarinandrasana | Temperature dependent mechanical behaviour of PVDF: Experiments and numerical modelling[END_REF], GTN model was used successfully to estimate the mechanical response of PVDF in notched bars at several temperatures. [Olufsen, 2020] investigated the influence of the stress state on the evolution of void of a porous material; indeed, the void growth has been seen promoted by higher stress triaxiality ratio.

Following [Boisot, 2009], GTN model takes into account the elasticity, strain rate dependence, isotropic hardening and rheo-hardening as well as void growth evolution.

The model is implemented in the finite element software Zset [START_REF] Besson | Large scale object-oriented finite element code design[END_REF]. 158
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The yield surface Φ of GTN model is expressed as:

Φ(σ, σ * , f * ) = σ 2 eq σ 2 * + 2q 1 f * cosh(q 2 3 2 σ kk σ * ) -1 -q 2 1 f 2 * = 0 (VI.1)
where σ is the stress tensor, σ * the damage-dependent effective stress flow, σ eq the equivalent stress, σ kk the trace of stress tensor, f * the void volume fraction.

Another form of yield surface reads:

Φ = σ * -R(p) (VI.2)
where R(p) is the stress flow of material matrix and:

R(p) = R 0 + Q(1 -e -bp ) + A(e -Bp -1) (VI.3)
where R 0 is the yield stress after which the viscoplastic deformation takes over, Q and b the parameters that describes the isotropic hardening, A and B parameters describing the isotropic rheo-hardening deformation. For the elasto-visco-plastic (EVP) model, the rheo-hardening term A(e -Bp -1) is omitted.

As PA11 matrix shows elasto-visco-plastic response, its deformation will be decomposed into two parts: = e + vp (VI.4) e is the elastic deformation, vp is the viscoplastic deformation. e is described by Hook law:

e = σ/E (VI.5)
The viscosity of thermoplastics is generally described at short term and long term. Only the short term viscoplasticity is considered in this work. The strain rate ṗ can be described by Norton's law, which gives:

ṗ = ṗ0 ( φ K ) n (VI.6)
where ṗ0 is a coefficient of strain rate taken here as 1 s -1 , n is the creep exponent, K is the intensity of strain rate. K and n are materials parameters to be identified.

Adiabatic heating

The experimental results have shown a significant temperature rise at sample surface especially prior to rupture. This temperature rise ∆T, related to mechanical energy dissipation, was expressed by [START_REF] Taylor | The latent energy remaining in a metal after cold working[END_REF] as:

∆T = β 1 ρC p t 0 σ eq δ eq (VI.7)
where β the fraction of plastic work that converts into heat, ρ the material density, C p the specific heat capacity, σ eq the Vons Mises stress, δ eq the plastic strain increment, t is the calculation increment.

β was identified to be 0.9 for metals [START_REF] Taylor | The latent energy remaining in a metal after cold working[END_REF], it varies between 0.45 and 0.85 for a large range of glassy semi-crystalline polymers and blends [START_REF] Rudnev | Plastic deformation kinetics for glassy polymers and blends[END_REF]. [Boisot, 2009] found a β of 0.3 for a PA11 material.

The materials heating regime can go from adiabatic to isothermal depending on the deformation rate. Material is assumed to experience adiabatic heating when the strain rate is high enough that no thermal conduction is about to occur. Adiabatic heating will be considered for the first estimation of temperature rise field, it is the easiest assumption as thermal conductivity and radiation are ignored. 

ρC p = ρC p0 (1 -f v ) (VI.8)
Table 6.1.3: Thermal and physical coefficients of PA11 at T room [START_REF] Ovalle | Effects of stress triaxiality ratio on the heat build-up of polyamide 11 under loading[END_REF] β ρ [kg.m -3 ] C p [J.kg -1 .K -1 ] 0.3 1.03×10 3 1.7 ×10 6

6.2 Parameters identification methodology

Identification by optimizers

Optimizers in Zset were utilized to identify materials parameters of the constitutive model. The principle of an optimizer is to minimize the error F (x) between numerical and experimental results by changing the values of a parameter x in their given range. The minimization function is:

F (x) = 1 2 N i=1 w i (f (x, t i ) -y(t i )) 2 (VI.9)
where F is the cost function, x are the parameters to be optimized, t i tags the experiment, and w i is the weight associated to experiment i. Four major optimizers are used in Zset: Levenberg Marquardt, SQP, evolutionary algorithm, Simplex, their descriptions are detailed in Zset manual [Z-opt, 1997]. 160
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Levenberg marquardt and evolutionary algorithm optimizers were used for parameters identification. Levenberg marquardt is a classical gradient descent method used for parameters identification by solving least-square problems. This algorithm seeks variable values based on the cost in the surrounding of the previous one. It is basically quicker to converge, however, it ends up with a local optimum. A good choice of the starting point of variables is therefore essential for the optimization quality.

The starting point of variables can be optimized by another optimizer: evolutionary algorithm. This method is inspired by biological evolution, it searches variables using random jumps by the mechanism of mutation, reproduction, combination and selection. One current approach is to select 5 or 10 sets of coefficients to be imposed as initial values for gradient descent algorithm.

Parameters to be identified

Nine material parameters in GTN model are to be identified. Some are obtained directly from experimental results, most are identified by fitting experimental and numerical results. The parameters are classified into elastic, viscous, isotropic hardening, isotropic rheo-hardening, porosity evolution, and adiabatic parameters as follows:

• Elastic parameters: Young's modulus E and Poisson's ratio v

• Viscous parameters: K and n. K is the strain rate intensity, n is the stress exponent of the nonlinearity of viscoplastic deformation.

• Isotropic hardening parameters: Q and b describe the isotropic hardening of the material.

• Isotropic rheo-hardening parameters: A and B describe the isotropic rheohardening deformation of the material.

• Porosity parameter: q 1 and q 2 . q 1 is the inverse of the critical porosity at rupture

f c (q 1 = 1 f c
), q 2 is a pre-factor that controls the effect of stress triaxiality ratio.

• Adiabatic parameter: β is the fraction of plastic work converted into heat.

Optimization process

Among parameters to be identified, some manifest coupled effects on mechanical response. To simplify the identification process, different material behavior models were used step-by-step for the identification instead of identifying directly with GTN model: 1) first, an elastic model was used to identify elastic parameters up to the yield stress; 2) viscous and isotropic hardening parameters are identified by an elasto-visco-plastic (EVP) model up to the maximum stress; 3) at last, rheo-hardening parameters and damage parameters are identified by GTN model. The parameters that each material model allows the determination are summarized here:

• Elastic: E, v • EVP: R 0 , K, n, Q, b
• GTN: A, B, q 1 , q 2

• Adiabatic: β

For simulations on flat geometry, 2D assumption doesn't provide the most accurate results as stress is not uniform through sample thickness. Direct optimization on 3D mesh is however undoubtedly time-consuming. As a consequence, simulation was firstly performed on 2D plane strain (PE) and 2D plane stress (PS) model for each identification step, then on 3D mesh using the optimized 2D parameters as the starting values of optimization.

When the stress state is heterogeneous in a specimen, fitting numerical and experimental load-applied displacement curves may result in significant errors [START_REF] Song | Tensile testing of polymers: Integration of digital image correlation, infrared thermography and finite element modelling[END_REF]. For notched or DENT specimens, local parameters such as notch/crack opening displacement and width reduction ratio are better suited for describing the local response and therefore used for the fitting comparison.

Modeling of neat PA11

6.3.1 Optimization results

Elastic constant

Poisson's ratio v and Young's modulus E are two basic elastic constants of materials.

According to the work of [Boisot, 2009], the Poisson's ratio of PA11 is temperaturedependent and approximately 0.42 at room temperature. The Young's modulus was calculated, through a standard method based on the engineering stress-strain curve of UT specimen, to be 547 MPa. This experimental Young's modulus was verified by simulation on NT5 geometry with an isotropic 3D elastic model. Figure 6.3.2 presents the numerical and experimental loads of NT5 geometry as a function of notch opening displacement at 10 mm/min. The simulation with E equals to 547 MPa showed a significant underestimation of load at a given opening displacement. Therefore, an optimization of Young's modulus was performed, and a better fit was obtained with E equals to 1000 MPa, which is about twice the experimental value. Similar results were presented in the work of [Blaise, 2011], in which several techniques (such as ultrasonic and nano-indentation) were employed to determine the Young's modulus of high density polyethylene. The obtained values were also about twice of those determined by ISO or ASTM standards. 

Isotropic hardening and viscosity coefficient

An elasto-visco-plastic (EVP) model was used to identify the isotropic hardening and viscosity coefficients. Among the parameters required by EVP model, the yield stress R 0 was obtained directly from experimental results and was found to be [18,20,22] MPa respectively for crosshead speeds of [1, 10, 100] mm/min. The identification of other parameters (K, n, Q, b) was carried out by fitting load versus notch opening displacement curves up to peak load on a 3D mesh of NT5 geometry. Figure 6.3.3 summarizes the experimental results in terms of three characteristic parameters: a) stiffness (slope between load and opening displacement within elastic limit), b) limit load F 0 , and c) peak load F p . The numerical stiffness, F 0 and F p , at the corresponding experimental opening displacement, were superimposed in each figure. The numerical crosshead speed dependency for the three parameters follows well the experimental trends: the higher the crosshead speed, the higher the stiffness, F 0 , and F p . A good correlation in values was also obtained for these three parameters.

Optimization by GTN model

After optimizing the isotropic hardening and viscosity parameters, the GTN model was used to take into account rheo-hardening and the evolution of the porosity. The previously identified hardening and viscosity parameters were adjusted again. To improve optimization accuracy, extra experimental results were used, such as the width reduction ratio (∆a/a 0 ) at the minimum cross section with respect to notch opening displacement.

Cavitation-related parameters q 1 and q 2 were set to constant values. With q 1 being 2, the critical porosity f c was defined to be 50 %. q 2 was set to be 0.5 to moderate the stress triaxiality. The ultimate optimized material parameters are summarized in table 6.3.4.

The same parameter set was used for both the 2D Plane stress/Plane strain (PS/PE) and 3D simulations, and their detailed results will be analyzed in the following content. Similar results were obtained at different crosshead speeds. Therefore, to provide clarity, only results at the moderate crosshead speed (10 mm/min) will be presented. Results from the two other crosshead speeds will be discussed in terms of Ree-Eyring type curves. 42 [18, 20, 22] 16 4.2 28 38 5.9 2.5
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Load versus opening displacement

Figures 6.3.4a and 6.3.4b show the load of NT5 and DENT, respectively, as a function of notch/crack opening displacement. Each figure presents experimental and numerical results (2D PS/PE and 3D) for neat PA11 at 10 mm/min. A good overall fit was obtained between 3D numerical and experimental results. For DENT, the load is slightly underestimated by the simulation around F 0 and overestimated close to F p . For both NT5 and DENT geometries, an excellent agreement was observed between 2D PS and 3D simulation, while PE simulation highly overestimates the load in general after F 0 . A good correlation was observed between 3D results and experimental results for both geometries. Simulation on PS mesh produces an even better width reduction estimation than 3D simulation, while simulation on PE mesh overestimates greatly the reduction degree after F 0 . 

Width reduction ratio versus opening displacement

Ree-Erying type curves

The numerical results of neat PA11 on: 1) stiffness, 2) loads at the corresponding opening displacement of experimental F 0 , F p and F s , and 3) width reduction ratios at the opening displacement of experimental F 0 , F p and F s , were summarized and will be discussed in the following in terms of Ree-Erying type curves.

Crosshead speed dependence of stiffness Figures 6.3.6a and 6.3.6b show the stiffness of the NT5 and DENT geometries, respectively, as a function of crosshead speed. Each figure includes a summary of the numerical (2D PS/PE and 3D) and experimental stiffness. The numerical stiffness closely follows the experimental trend: the higher the crosshead speed, the higher the stiffness.

For NT5, the stiffness is generally well estimated by 3D and 2D PS simulations, but overestimated by 2D PE simulation. For DENT, however, both 3D and 2D PS simulations underestimated the stiffness of neat PA11, whereas 2D PE simulation provided a better agreement. 3.7a -6.3.7c respectively show the F 0 , F p and F s of NT5. Figures 6.3.7d and 6.3.7e present respectively F 0 and F p of the DENT geometry. The crosshead dependence of numerical and experimental F 0 and F p showed good agreement: the higher the crosshead speed, the higher the F 0 and F p . One exception was observed for the F 0 , of the DENT geometry, at 100 mm/min where the numerical values were lower than those at 10 mm/min. An inverse crosshead speed dependence was also noted for F s of NT5: a higher numerical F s was reached at higher crosshead speeds, while lower experimental F s values were noticed.

Crosshead speed dependence of width reduction Figures 6.3.8a -6.3.8c respectively display the width reduction ratio of NT5 as a function of crosshead speed at three different loads: a) F 0 , b) F p , and c) F s . At F 0 , the width reduction ratio is less than 4%, and almost independent of the crosshead speed. At F p and F s , numerical results show a similar crosshead speed dependence to experimental ones: the higher the crosshead speed, the less severe the width reduction. 2D PS and 3D simulations provide a better estimation of the width reduction, while an overestimation is exhibited by 2D PE simulation. 

Spatial distribution of stress, strain and void volume fraction

In the following, the spatial distribution of three principal stresses (σ xx , σ yy and σ zz ), maximum principal strain zz and void volume fraction fg will be presented.

Distribution of σ zz

σ zz along the width at mid-thickness Figures 6.3.9a and 6.3.9b respectively display the σ zz of NT5 and DENT along the width of the mid-thickness (y = 0) of 3D mesh, as a function of normalized width x/a. Figure 6.3.9a plots the σ zz of NT5 at three characteristic loads: F 0 , F p , and F s .

It should be noted that the σ zz profiles change during tensile loading. At F 0 , the maximum σ zz is located at the notch root. At F p , the profile of σ zz inverts from that at F 0 , with a maximum σ zz at the center and decreasing towards the notch root. At F s , σ zz tends to be uniform along the width. Among the three characteristic loads, only the stress profile at peak load correlates well with the theoretical one, i.e. an inverted parabola form presented in chapter II according to Bridgman's theory. The Bridgman theory is not valid at F 0 and F s for different reasons: at F 0 , the specimen is still within the elastic domain while Bridgman's theory works on the elasto-plastic domain; at F s , the void growth has an effect on the stress distribution while Bridgman's theory doesn't consider the void evolution.

Figure 6.3.9b displays the σ zz of DENT at F 0 and F p . The σ zz profile changes during the deformation: at F 0 , the maximum stress is located at the crack root, while at F p , a half-M shape is exhibited where the maximum stress is located at a small distance (x/a ≈ 0.9) ahead of the crack-tip. In line with results on NT5 geometry, the stress profile at peak load is in good agreement with the theoretical one, i.e. the Rice-Johnson theory for DENT geometry. At F 0 where elastic deformation prevails, Rice-Johnson theory is thus invalid because it works in the elasto-plastic domain.

In conclusion, for both NT5 and DENT geometries, a good correlation between numerical and theoretical σ zz profiles was obtained. The Bridgman and Rice-Johnson theories are both valid at peak load. The following discussion will, therefore, focus on the results at peak load.

σ zz along the width at mid-thickness at F p As mentioned previously, a flat specimen is in a plane strain (PE) condition at the mid-thickness and in a plane stress (PS) condition at the surface. Figure 6.3.10a and 6.3.10b provide a comparison between the numerical and theoretical σ zz for NT5 and DENT, respectively. Each figure plots the σ zz along the normalized width at peak load, including σ zz of 2D PE mesh and of the mid-thickness (y = 0) of 3D mesh. For NT5, the theoretical σ zz based on Bridgman theory was determined, with the values of [a, R, F ] at peak load ([2.35 mm, 6.8 mm, 1000 N]), and superimposed on the corresponding figure. A fair agreement was obtained between the numerical σ zz of 3D simulation and the theoretical one, both in profile and values. However, the simulation on the PE mesh produces higher values overall. For DENT geometry, a half-M shaped profile of σ zz was obtained for both 2D and 3D simulations, which is in good agreement with Rice-Johnson theory. The position in width where locates the peak stress is annotated as x(σ max ), the σ zz along the thickness at 168 For NT5, the σ zz shows the same profile for 2D PS and the surface of 3D simulation, where the maximum stress is located at mid-width (x = 0). The σ zz of the PS simulation produces about 5 MPa higher values than the 3D mesh. Similar to the results on NT5 geometry, the σ zz profile is in good agreement on both the 3D and PS simulations, but with an overall higher value in the PS simulation.

For DENT geometry, a maximum σ zz is exhibited at the crack root of both 2D PS and the surface of 3D mesh. Such stress profiles don't agree with the Rice-Johnson theory, in which the maximum stress is expected to be at a small distance ahead of the crack root. σ zz along the thickness at F p Figures 6.3.12a and 6.3.12b respectively present the σ zz of NT5 and DENT geometries along the normalized thickness y/t at peak load, at both mid-width (x = 0) and notch root (x = a), as obtained from 3D simulation results. Using Bridgman's formulas, σ zz at sample center (x = 0, y = 0) and notch root (x = a, y = 0) of NT5 geometry were calculated. Assuming a constant distribution in thickness, the theoretical σ zz was plotted in figure 6.3.12a. In accordance with the theory, a nearly constant stress is obtained from the simulation at the notch (x = a) of NT5, but with a lower value. However, a numerical stress gradient is exhibited at the mid-width, with the maximum value locating at the center. As for DENT geometry, σ zz is heterogeneous along the thickness at both mid-width and notch root with a maximum σ zz at the midthickness. The σ zz along the normalized thickness of DENT at (x = x(σ max )), where locates the peak stress in x-direction as annotated in figure 6.3.10b, was superimposed in figure 6.3.12b. The σ zz at x(σ max ) is same in profile with the one at crack root, but slightly higher close to the sample center, lower at the surface. results were in perfect agreement when x/a < about 0.6, but the numerical result decreased more rapidly near the notch root.

Similar to σ zz and σ xx , the 2D PE simulation significantly overestimated σ yy of NT5 geometry. For DENT geometry, σ yy shows a half-M profile for both 2D PE and 3D simulation. However, the stress values were generally higher for 2D PE simulation than for 3D, except ahead of the crack-tip. 

6.3.2.4

Three principal stresses at mid-thickness at F p Figures 6.3.15a and 6.3.15b display the three numerical principal stresses (σ xx , σ yy , and σ zz ) along the normalized width of NT5 and DENT at the mid-thickness of the 3D simulation. For both NT5 and DENT, the three stresses exhibit the same profile: an inverted parabola for NT5, where the maximum stress is located at mid-width/center, and a half-M profile for DENT, where the maximum stress is located at a small distance (x/a ≈ 0.9) ahead of the crack-tip.

Bridgman estimated that σ zz > σ xx = σ yy in plane strain conditions, which is in good agreement with the 3D simulation result, except that σ xx is slightly higher than σ yy when x/a < 0.8. Concerning DENT geometry, the stress follows the order: decreases towards the surface. The zz is slightly higher at notch/crack root than at mid-width. Moreover, the zz of DENT shows a significant increase close to the surface (x = a, y/t > 0.9), where the strain increases due to void growth. The zz at x(σ max ) is however in good agreement in profile with the one at mid-width.

σ zz > σ xx > σ yy ,
According to Bridgman's theory, the strain is expected to be homogeneously distributed at the minimum cross section of a notched sample. However, this has been proved to be inaccurate by the 3D simulation. A similar result was presented in the work of [Bao and Wierzbicki, 2004a], which reveals the limitations of Bridgman's theory. [Boisot, 2009], a slight uniform increase is estimated at F p along the width.

In literature, SEM observation [START_REF] Poulet | Observations by in-situ x-ray synchrotron computed tomography of the microstructural evolution of semi-crystalline polyamide 11 during deformation[END_REF] and in-situ tomography technique [START_REF] Boisot | Experimental investigations and modeling of volume change induced by void growth in polyamide 11[END_REF] were used to quantify the void and void volume fraction distribution in a round notched bar. As the loading condition and sample geometry are different from this study, a quantitative comparison won't be made. However, the dimensionless profile of literature fg [START_REF] Boisot | Experimental investigations and modeling of volume change induced by void growth in polyamide 11[END_REF], obtained after F s , is superimposed on the figure. At F s , the same profile was obtained with the numerical one: a maximum void volume fraction was measured at the sample center and decreases towards the notch root. 

Adiabatic heating

Optimization of β

Adiabatic assumption was made for the simulation, with the plastic work conversion fraction β to be optimized based on the experimental surface temperature rise. ing displacement, at the mid-width (x = 0, y = t) and mid-thickness (x = a, y = 0) of the NT5 specimen under 10 mm/min. The corresponding numerical temperature, with a β of 0.5, is superimposed in the figure. It demonstrates that the numerical temperature rise evolution trend is similar to the experimental one: significant temperature rise occurs during load softening (between F p and F s ). However, the simulation estimates a continuous temperature rise after F s , whereas experimental temperature stabilizes. Additionally, the simulation results show a difference in temperature rise at mid-thickness and mid-width after the appearance of temperature rise, with a higher temperature rise at mid-thickness. The temperature estimation could be undoubtedly improved by considering the real thermal boundary condition instead of assuming an adiabatic condition, especially after F s where the temperature generation is low and the dissipation by convection and conduction is important. 

Distribution of ∆T at surface

Figures 6.3.20a and 6.3.20b respectively display the temperature rise along the normalized width at the surface (y = t) of NT5 and DENT. Figure 6.3.20a compares the numerical and experimental results of the NT5 specimen at F l , F p , and F s . The numerical temperature rise at F l is zero, while the experimental one is negative. This is because the thermoelastic effect is not taken into account by simulation within elastic deformation. The temperature rise at peak load F p is, however, well estimated by simulation, except near the notch root. At F s , the numerical temperature rise is generally higher than the experimental one, but the profile is similar until a distance (x/a ≈ 0.75) ahead of the notch root, where the experimental temperature decreases due to thermal exchange with the environment.

Regarding the results on the DENT geometry, the numerical temperature rise at F l is equal to zero for the same reason as for NT5. According to the simulation, the surface temperature rise at F p increases slowly from the mid-width towards crack root. A significant temperature rise is estimated at the crack root. The temperature rise trend is similar between numerical and experimental results when x/a < 0.8, even though higher values were seen on the experimental data.

The numerical temperature rise is always zero at F l due to elastic deformation,
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whereas the experimental one is negative but small in quantity. Their comparison will not be made again in the following results. The profile of ∆T is in good agreement between numerical and experimental results, with the maximum temperature rise locating at the mid-thickness (y = 0) and decreasing towards the surface. Nevertheless, a more pronounced drop of ∆T was seen in experimental data than numerical ones when y/t is superior to about 0.8 and 0.6, for F p and F s respectively. Moreover, the temperature rise level is better estimated at F p than at F s .

Figure 6.3.21b shows the numerical and experimental temperature rise at peak load along the normalized thickness of the DENT geometry. The experimental and numerical temperature rise at the notch root (x = a) are plotted. The numerical temperature rise at the notch root is significantly overestimated compared with the experimental one, with a difference of about 40 • C. Based on the previous comparison of temperature rise along the width, a good agreement was shown between experimental and numerical results when x/a is lower than a certain value, but there is a significant deviation ahead of the crack root. The numerical temperature rise at the position where the maximum stress in the transverse direction is located (x = x(σ max ): the position of peak of half-M profile) is superimposed in the figure . A good agreement was found between this temperature rise and the experimental one, which reveals the inaccuracy of the temperature estimation by simulation near the crack root due to the adiabatic assumption. 

Conclusion

In conclusion, this section presented the simulation results on neat PA11 with a GTN model. Both 2D PS/PE and 3D elements were applied on both NT5 and DENT geometries. A good fit was obtained between 3D simulation and experimental curves of the load/width reduction versus opening displacement. 2D PS simulation seems to offer better estimation while 2D PE simulation overestimates the global results. A good accordance was found for the crosshead speed dependence of the stiffness, characteristic loads and width reduction.

Local distribution of principal stresses, maximum principal strain and void volume fraction was investigated along both the width and thickness. At peak load, good agreement was obtained between numerical and theoretical profiles of principal stresses, where Bridgman and Rice-Johnson theories are valid for NT5 and DENT geometries, respectively.

A heterogeneous strain was estimated by 3D simulation in the minimum cross section of both NT5 and DENT geometries, in which the maximum strain is located at the notch/crack root and mid-thickness. The profiles of numerical temperature rise, at the surface (y = t) of NT5 and DENT, are consistent with the experimental ones until the normalized width x/a is superior to a certain value. At the small distance from the notch/crack root, numerical temperature rise keeps increasing while experimental one drops due to the thermal exchange with the environment. A temperature rise gradient was obtained by both simulation and experiments along the thickness of NT5 and DENT geometry, in which the maximum ∆T is located at the mid-thickness.

It is to be noted that, along the width of NT5/DENT, a maximum temperature was estimated at the notch/crack root by simulation, while the experimental results exhibit a drop in temperature rise close to the notch/crack-tip, which is in good agreement with theoretical stresses.

Modeling of PA11GF8

6.4.1 Optimization results

Optimization by EVP model

According to experimental load-applied displacement curves, the load-softening period of PA11GF8 is much less pronounced than that of neat PA11. For the reason of simplicity, an elasto-visco-plastic (EVP) model was applied to PA11GF8, which requires optimizing 7 parameters instead of 9 with the GTN model. Similar to neat PA11, the yield stress R 0 was directly obtained from experimental results with values of [8,10,12] MPa for three different crosshead speeds. The Young's modulus E was also identified through 3D simulation, resulting in a value of 2500 MPa instead of the experimentally measured value of 1413 MPa. Following the same optimization route with neat PA11, the other parameters of PA11GF8 are optimized and summarized in table 6.4.5, and the simulation results with these parameter values will be presented below. For both geometries, there is a good fit between the experimental and numerical results before F 0 . For NT5, the 2D PS simulation provides nearly the same results on load evolution as the 3D simulation. However, their load is lower than the experimental one after F 0 , then slightly increases after F p . The numerical load by 2D PE simulation equals the experimental one after F 0 during a short period, then becomes higher than the experimental load with the opening deformation.

[MPa] v [-] R 0 [MPa] K [MPa] n [-] Q [MPa] b [-] 2500 
For DENT geometry, similar results were obtained, where the 2D PS and 3D simulations are close and lower than the experimental one until peak load. The PE simulation offers good estimation for a larger range, then becomes higher than the experimental one. The crosshead speed dependence of both F 0 and F p was well estimated by both 2D and 3D simulations: the higher the crosshead speed, the higher the F 0 and F p . Most of the time, the characteristic loads obtained by 2D PS and 3D simulation are in good accordance with experimental ones. However, 2D PE simulation generates higher values, except for F 0 at the highest crosshead speed.

Width reduction ratio versus opening displacement

Crosshead speed dependence of width reduction Figures 6. 4.27a and 6.4.27b show the width reduction ratio of PA11GF8 at F 0 and F p , respectively, as a function of crosshead speed. Each figure includes experimental and 2D/3D numerical results of NT5 geometry.

At F 0 , the width reduction ratio is less than 1 %, which is negligible for both experimental and numerical results. At F p , the numerical width reduction degree decreases with increasing crosshead speed, in line with experimental results. The values
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to the one from 2D PE simulation than from 3D simulation. The PE simulation gives a higher σ zz when x/a is less than approximately 0.8, and it becomes lower around the notch root. The σ zz obtained from 3D simulation is generally underestimated compared with the theoretical value. As for the DENT geometry, a nearly perfect agreement was obtained between the results from 3D and 2D PE simulation in both profile and values. These results reveal the good capability of 2D PE simulation in estimating local response. In NT5 geometry, σ zz is almost constant along the thickness of the notch root, while a stress gradient is exhibited at the mid-width with the maximum σ zz locating at mid-thickness. Similarly, the σ zz of DENT shows the same profile with NT5 geometry, in which the maximum σ zz is located at mid-width and decreases towards the surface at both mid-width and crack root, but with a significantly higher σ zz at notch root than at mid-width. The σ zz along the thickness of DENT at x(σ max ) was also plotted in figure 6.4.30b, whose profile is in line with the one at crack root, but significantly higher. The theoretical σ xx of NT5 was determined using the Bridgman formula, with the values of [a, R, F ] at peak load ([2.36 mm, 5.92 mm, 1176 N]), and superimposed on figure 6.4.31a. The σ xx of the 2D PE simulation has similar values to those at the mid-thickness of the 3D simulation. It is higher than the theoretical σ xx when x/a is less than a certain value (about 0.6) and lower when close to the notch root.

Distribution of σ xx

For the DENT geometry, both the 2D PE and 3D simulation estimate a half-M stress profile, where the maximum σ xx is located at a small distance (x/a ≈ 0.9) ahead of the crack-tip. Additionally, the 2D PE simulation has similar σ xx values as those at the mid-thickness of the 3D simulation. For the NT5 geometry, the numerical σ yy profile is in good agreement with the theoretical one, where the maximum σ yy is located at the mid-width (x = 0). However, σ yy was significantly overestimated by the 2D PE simulation and slightly underestimated by the 3D simulation compared with the theoretical value.

For the DENT geometry, unlike Rice-Johnson theory, the decrease of σ yy is absent ahead of the crack-tip at the mid-thickness of 3D simulation. However, a good profile of σ yy was successfully estimated by 2D PE simulation. Moreover, σ yy from 2D PE simulation shows a similar value with 3D simulation near the notch but becomes higher when close to the sample center. 

Adiabatic heating

Post-processing of adiabatic heating

The adiabatic heating is directly implemented in GTN model but not in EVP model. Therefore, a post-processing code is necessary to calculate the temperature rise based on plastic work conversion. With equation VI.7, the post-processing code, inspired by the work of [Boisot, 2009], which determines the temperature rise in the same way as the one implemented in GTN model, is used in the following:

where sigmises is the equivalent Von Mises stress (identical to σ eq in equation VI.7), DT is the temperature rise ∆T. The value of β was optimized previously for neat PA11, this value is applied to reinforced PA11 as well.

Distribution of ∆T at surface

As shown in previous results, the numerical temperature rise at F 0 is always zero due to elastic deformation. Therefore, only results at F p will be presented for reinforced PA11. Figures 6.4.35a and 6.4.35b respectively display the temperature rise at the surface (y = t) of the NT5 and DENT geometries as a function of normalized width. Each figure shows the numerical and experimental results of PA11GF8 at 10 mm/min. Both figures indicate good agreement between the numerical and experimental temperature rise profiles when x/a is less than a certain value (approximately 0.7 for NT5 and 0.8 for DENT). However, a discrepancy was observed close to the notch/crack root, where the numerical temperature rise continues to increase while the experimental temperature rise decreases. The temperature rise difference, between numerical and experimental data, near the notch/crack is most possibly attributed to thermal exchange with the environment. 4.36a and 6.4.36b show the temperature rise along the normalized thickness at the notch root (x = a) of NT5 and DENT geometries, respectively. Both figures display the experimental and numerical results of PA11GF8 at 10 mm/min. For NT5 geometry, the 3D simulation exhibits a good estimation of both the temperature rise profile and value with experimental ones. However, for DENT geometry, the temperature rise is significantly overestimated. Nevertheless, the numerical and experimental ∆T profiles agree to some extent when x/a < 0.6, after which the experimental temperature rise drops more significantly than numerical one. Figure 6.4.36b also includes the temperature rise at the position where the maximum σ zz is localized (i.e., the position of the peak of half-M profile of σ zz ). This temperature rise shows an inverse profile with the one at notch root (x = a), with the maximum temperature rise locating at the surface (y/t = 1) instead of at the mid-thickness (y/t = 0). Nevertheless, the numerical temperature rise level at this location is closer to the experimental one compared with the one at notch root.

Distribution of ∆T inside the sample

Figures 6. 4.37a and 6.4.37b show the numerical temperature rise along the normalized width of the mid-thickness (y = 0) of the NT5 and DENT geometries, respectively. In both cases, the numerical maximum ∆T is located at the notch or crack root. 

Conclusion

In conclusion, an EVP model was used to simulate the response of PA11GF8. Similar analyses were conducted as on neat PA11, which led to similar conclusions. Additionally, a good agreement was found between profiles of temperature rise and theoretical stresses. 6.5 Modeling of PA11GF30 6.5.1 Optimization results

Optimization by EVP model

The experimental results of PA11GF30 showed that both NT5 and DENT specimens failed almost without load-softening. Therefore, the EVP model is applied to this material. The parameter optimization process is the same as that for PA11GF8. Table 6.5.6 summarizes the values of the optimized parameters, which are used for the simulation presented below.

Table 6.5.6: Model parameters of PA11GF30 34 [8, 10, 12] 86 3 74 130

E [MPa] v [-] R 0 [MPa] K [MPa] n [-] Q [MPa] b [-] 6600 0.

Load versus opening displacement

Figures 6.5.39a and 6.5.39b show the load of NT5 and DENT geometries, respectively, as a function of notch/crack opening displacement. Each figure presents the experimental and numerical results (2D PS/PE and 3D). For PA11GF30, a better fit of the loadopening displacement curve was obtained than for PA11GF8. The results from 2D PS and 3D simulation provide a fair agreement with the experimental results until rupture.

The results from 2D PE simulation estimate the load well until F 0 , after which the numerical value exceeds the experimental one. 

Ree-Erying type curves

The numerical results of PA11GF30 on: 1) stiffness, 2) loads at the corresponding opening displacement of experimental F 0 and F p , were summarized and will be discussed in the following in terms of Ree-Erying type curves.

Crosshead speed dependence of stiffness Figures 6.5.41a and 6.5.41b show the stiffness of NT5 and DENT geometries, respectively, as a function of crosshead speed.

Each figure summarizes the experimental and numerical results obtained from 2D PS/PE and 3D simulations for PA11GF30.

For both geometries, the numerical and experimental stiffness exhibit good agreement in terms of crosshead speed dependence: as the crosshead speed increases, the stiffness increases as well. The numerical stiffness of NT5 fits relatively well with the experimental results, except for 2D PE, where an overestimation is shown at higher crosshead speeds (10 and 100 mm/min). Regarding the DENT geometry, the stiffness from 2D PS and 3D simulations are closer to the experimental results, while the stiffness from 2D PE simulation is slightly overestimated. Crosshead speed dependence of loads Figures 6.5.42a and 6.5.42b display the F 0 of NT5 and DENT as a function of crosshead speed, respectively. Meanwhile, figures 6.5.42c and 6.5.42d show the corresponding F p results. Each figure summarizes the characteristic loads obtained from experimental results, as well as 2D PS/PE and 3D simulations.

The numerical characteristic loads of both NT5 and DENT geometries follow the crosshead speed dependence of experimental results well: the higher the crosshead speed, the higher the F 0 and F p . Similar values of F 0 and F p were obtained for 2D PS and 3D simulations, showing good agreement with experimental results. However, the figures also demonstrate a slight overestimation of loads by 2D PE simulation.

The following analyses will be based on the results at peak load F p , where the Bridgman and Rice-Johnson theory is valid. From figure 6.5.44a, it can be observed that similar numerical σ zz values are obtained for NT5 geometry from both 2D PE simulation and the mid-thickness of 3D simulation, with a maximum difference of about 7 MPa at the center (x/a = 0). The σ zz at the thickness of 3D simulation fits quite well with the theoretical stress when x/a is less than about 0.6; however, the gap between them becomes larger when close to the notch root.

With respect to DENT geometry, the peak stress at a small distance ahead of the crack-tip is successfully estimated by the 3D simulation, which is absent in the 2D PE simulation. The σ zz of 2D and 3D simulation, however, are in good agreement in both profile and values when x/a is less than about 0.8. Distribution of σ zz along the thickness at F p Figures 6.5.46a and 6.5.46b respectively show the σ zz at peak load along the normalized thickness of the NT5 and DENT geometries for both mid-width (x = 0) and notch/crack root (x = a). The figures illustrate that the σ zz at the notch root of NT5 is nearly constant, while a stress gradient was obtained at the mid-width with a maximum σ zz locating at the sample center (x = 0, y = 0). Compared NT5 specimen, the σ zz level of DENT specimen is opposite at mid-width and crack root: σ zz is almost constant at mid-width, and significant at the crack root, with a maximum σ zz locating at (x = a, y = 0) instead of at the sample center like NT5 geometry. The σ zz along the thickness of DENT at x(σ max ) was also plotted in figure 6.5.46b. Similar to PA11GF8, its profile is in line with the one at crack root, but significantly higher. The theoretical σ yy of NT5 was determined using the Bridgman formula, with the values of [a, R, F ] at peak load ([2.3 mm, 6.2 mm, 2174 N]), and superimposed on figure 6.5.47a. Similar to results for neat PA11 and PA11GF8, the numerical σ xx presents the same profile as the Bridgman stress, with a maximum σ xx located at the center (x = 0, y = 0). Moreover, the 2D PE simulation provides a similar σ xx value to the 3D simulation, with a difference of less than 10 MPa at mid-width. A higher numerical σ xx is exhibited than the theoretical one when x/a is less than about 0.65, then becomes lower ahead of the notch root. For the DENT geometry, the numerical σ xx shows the same profile as the Rice-Johnson theory, with a maximum σ xx located at a small distance ahead of the crack-tip. Moreover, the 2D PE simulation provides a similar estimation as the 3D simulation when x/a is less than about 0.4, after which the gap becomes larger. N]), and superimposed on figure 6.5.48a. The σ yy of the 2D simulation of DENT is equal to zero and is therefore not plotted. Similar to the results obtained for neat PA11 and PA11GF8, the numerical σ yy presents the same profile as Bridgman stress, with a maximum σ yy located at the center (x = 0, y = 0), even though the 3D simulation appears to underestimate the theoretical value. For the DENT geometry, the numerical σ yy shows the same profile as the Rice-Johnson theory, with a maximum σ yy located at a small distance ahead of the crack-tip. 

Distribution of σ yy

Distribution of zz

zz along the width at F p Figures 6.5.50a and 6.5.50b display the zz as a function of normalized width of NT5 and DENT geometry, respectively. Each figure presents zz at the mid-thickness (y=0) and surface (y=t) from 3D simulation. A heterogeneous zz is obtained along the width of both NT5 and DENT, with the maximum zz located at the notch/crack root.

Adiabatic heating

Adiabatic heating is assumed for PA11GF30. The post-processing code presented in section 6.4.3 was used to determine the temperature rise. The same as neat PA11 and PA11GF8, the following analysis considers a plastic work conversion fraction β of 0.5. the numerical and experimental temperature rise at peak load for PA11GF30 at 10 mm/min. For both NT5 and DENT, the experimental temperature rise exhibits a half-M profile where the maximum ∆T is located at a small distance (x/a ≈ 0.8) ahead of the notch/crack root and decreases towards the crack-tip. The numerical temperature rise follows the experimental one well until near the notch/root. The simulation under adiabatic assumption estimates the maximum temperature rise to be located at the notch/crack root. The precise value is indeed not precisely estimated by simulation, but the temperature rises order is the same order between experimental and numerical ones, with a difference of only some • C. The numerical temperature rise at the notch root of the NT5 geometry shows good agreement with the experimental results, both in profile and level, except at the notch root, where a more severe decrease was measured experimentally than estimated by simulation. For the DENT geometry, the temperature rise is highly overestimated by simulation compared with the measured values, but the profile is in good agreement, with the maximum value located at the mid-thickness. The numerical temperature rise of DENT specimen, at the position where the maximum σ zz is localized (i.e., the position of the peak of half-M profile of σ zz ), was also superimposed in the figure . In accordance with results on PA11GF8, this temperature rise shows an inverse profile with the one at notch root (x = a), with the maximum temperature rise locating at the surface (y/t = 1) instead of at the mid-thickness (y/t = 0). However, the temperature rise level at this location is much closer to the experimental one compared with the one at notch root. 

Distribution of ∆T at surface

Conclusion

In conclusion, the same as PA11GF8, an EVP model was used to simulate the response of PA11GF30. Despite the glass-fiber reinforcement, similar conclusions were drawn as those for neat PA11 and PA11GF8. Additionally, a good correlation was found between profiles of temperature rise and theoretical stresses.

Chapter VII

Conclusion Résumé

Ce chapitre résume les contributions originales de ce travail et donne quelques perspectives pour les travaux futurs. Les conclusions distinguées peuvent être discutées en termes de matériaux : le thermoplastique PA11 et caoutchouc naturel.

• Thermoplastique PA11 :

-Trois états de contrainte typiques ont été étudiés pour examiner la corrélation entre l'état de contrainte et l'auto-échauffement : l'état de contrainte uniforme, l'état de contrainte multiaxiale et la singularité de contrainte. Les deux derniers sont décrits respectivement par Bridgman et Rice-Johnson avec des formules analytiques.

-L'augmentation de la température à la surface a été mesurée à partir d'essais expérimentaux. Une bonne cohérence a été trouvée entre la réponse mécanique, la géométrie déformée des éprouvettes et l'auto-échauffement, où un changement significatif est montré pendant l'adoucissement de la charge.

-Le modèle GTN, prenant en compte l'auto-échauffement adiabatique, a été utilisé pour simuler la réponse thermomécanique du PA11. L'évolution temporelle et la distribution spatiale de la contrainte/déformation et de l'augmentation de la température ont été analysées. La validité des théories de Bridgman et de Rice-Johnson a été confirmée par la simulation. Une bonne corrélation a été vérifiée entre l'état de contrainte et l'élévation de température.

• Caoutchouc naturel :

-Le module de compressibilité du caoutchouc naturel se détend avec le temps et la température après avoir été soumis à une compression hydrostatique. Cela révèle la compressibilité du caoutchouc naturel. This study investigated two types of polymers: a semi-crystalline thermoplastic PA11 and a vulcanized natural rubber. Both were investigated under complex stress states involving heat build-up. The objectives for each material were different. Studies on PA11 examined its temperature rise under heterogeneous multiaxial stress, while studies on rubber focused on the temperature and time dependence of compressibility.

The heat build-up response of PA11 under complex stress states was studied using theoretical, experimental, and numerical approaches. The mechanical properties and temperature rise of rubbers were characterized through various experiments. Based on the pre-determined temperatures attributed to heat build-up, the temperature and time dependence of rubbers bulk modulus were investigated. The time-dependent bulk modulus was later modeled using a generalized Maxwell constitutive relationship along with a Prony series.

Original findings on PA11

Theoretical stress state

The effect of stress heterogeneity and multiaxiality on the heat build-up of PA11 was investigated by considering three typical stress states: a uniform stress state in a representative volume element (UT sample); a multiaxial stress state in a notched sample (NT5 sample); and a stress singularity state in a fracture mechanics sample (DENT). Chapter II presented analytical stress/strain solutions at the minimum cross section of notched and DENT geometries, based respectively on Bridgman and Rice-Johnson theory.

Bridgman's theory assumes that for a notched geometry, stress follows an inverted parabolic profile, with the maximum stress located at mid-width and decreasing towards the notch root. In a DENT geometry, Rice-Johnson theory produces an M-shaped stress profile, with the highest stress located at a small distance ahead of the crack-tip. Meanwhile, the maximum strain continuously increases from mid-width towards the crack-tip.

For flat samples, 2D plane stress/strain (PS/PE) conditions are often considered.

In such conditions, the stress/strain is assumed to be constant throughout the thickness, with a higher value in plane strain than in plane stress condition. 

Mechanical and thermal response by experiments

Chapter IV analyzed the mechanical response, deformed shape of the specimen and surface temperature rise of PA11 on different geometries during tensile loading.

A strong correlation was found between the mechanical response, deformed geometries (notch/crack opening displacement, width reduction, notch root radius.), and surface temperature rise. During the load-softening stage, a pronounced change was particularly observed in these parameters.

The dependence of the mechanical response, deformed shape of the specimen, and temperature rise on the crosshead speed and glass-fiber content was discussed in terms of Ree-Eyring type curves. The comparison revealed that these results are heavily dependent on the glass-fiber content and less so on the crosshead speed.

A pronounced heterogeneity in surface temperature rise was also observed in both the thickness and width of NT5 and DENT geometries. The experimental temperature rise at the minimum cross section had similar profiles at peak load and at the end of the load-softening. Both showed good agreement with the profiles of theoretical stresses: 1) uniform in UT geometry before necking phenomenon, 2) inverted parabola, trapeze, or M-shaped profile in notched geometry depending on the crosshead speed or glass-fiber content, 3) M-shaped profile in DENT geometry.

The maximum temperature rise was observed at the mid-width (x = 0, y = t) of notched specimens under the lowest crosshead speed for neat PA11, which agrees well with Bridgman's theory. For notched specimens at higher crosshead speeds or reinforced PA11, the maximum temperature rise is located at a small distance ahead of the notch root, likely due to the effect of viscosity and glass fiber reinforcement. As for DENT specimens, the maximum temperature rise is located at a small distance ahead of the crack-tip, which is consistent with Rice-Johnson theory.

Stress/strain/temperature rise field by modeling 3D numerical modeling, using the finite element method, provided a comprehensive understanding of the spatial stress/strain and temperature rise fields within a flat geometry. An elasto-visco-plastic (EVP) model and a Gurson-Tvergaard-Needleman (GTN) model were used to simulate the response of neat PA11 and reinforced PA11, respectively. Adiabatic heating was also took into account to estimate the temperature rise. Both the EVP and GTN models were calibrated based on experimental results using 2D plane strain/stress (PE/PS) and 3D meshes.

The local distribution of principal stresses and maximum principal strain was investigated along the width and thickness. At peak load, good agreement was obtained between the numerical and theoretical profiles of principal stresses. For NT5 and DENT geometries, Bridgman and Rice-Johnson theories were valid, respectively. However, the Bridgman and Rice-Johnson theories showed limitations after peak load when void growth occurs.

A heterogeneous strain was also estimated through 3D simulation in the minimum cross section of both NT5 and DENT geometries. The maximum strain was found to be located at the notch/crack root (x = a) and mid-thickness (y = 0). These numerical results also highlighted the inaccuracy of Bridgman theory, which assumes a uniform strain in the minimum cross section under plane strain condition.

Along the width of the NT5/DENT geometry, the profiles of the numerical temperature rise at the surface (y = t) are consistent with the experimental results until the normalized width x/a exceeds a certain value. At a small distance from the notch/crack root, the numerical temperature rise continues to increase while the experimental temperature drops due to thermal exchange with the environment. Nonetheless, the experimental temperature rise demonstrated good correlation with the theoretical stress profiles.

Stress and strain gradients were estimated by simulation in the thickness of both notched and DENT geometry where the stress/strain decreases from mid-thickness to surface. The surface is actually in plane stress condition while the mid-thickness is in plane strain condition, which reveals a higher stress/strain at mid-thickness than at surface. This is in good agreement with the numerical results. Such stress heterogeneity reveals the drawback of plane stress or plane strain assumption, and 3D modeling is thus suggested for a flat geometry.

Original finding on rubbers

The study on rubbers investigated the temperature and time dependence of bulk modulus under hydrostatic stress configuration, while taking heat build-up into account. Stepwise cyclic tests were performed first to determine the stabilized temperature during cyclic loading subjected to a given load/displacement. A linear relationship was found between the temperature rise and the imposed load/displacement. Furthermore, the more the rubber is filled with carbon black, the higher the stabilized temperature rise. Based on the temperature from the stepwise tests, oedometric compression tests were conducted to characterize the temperature-dependent short-term bulk modulus K. The results showed that K decreased with increasing temperature. Additionally, static long-term creep recovery tests in the oedometric compression configuration revealed the time dependence of the bulk modulus in both creep and recovery modes. The time dependence of the bulk modulus was described and calibrated by a generalized viscoelastic Maxwell model. 

Perspectives Thermomechanical simulation on PA11

The mechanical properties of PA11 are often temperature-dependent, but this is not currently considered in the modeling. Therefore, it would be necessary to investigate these properties at different temperatures and include them in the modeling to improve simulation quality.

In the current modeling, adiabatic conditions were assumed for all crosshead speeds, instead of considering the real thermal boundary conditions. This assumption may be accurate for the highest crosshead speed (100 mm/min), but introduces more inaccuracies for lower speeds where heat exchange with the environment cannot be ignored. A more precise simulation would require boundary conditions that include radiation, thermal conduction, and thermal convection.

The current thermomechanical model allows for estimation of temperature as a function of strain and stress increment, but the computed temperature has no influence on the mechanical response. A thermomechanical model with strong coupling would be a better solution for accurately predicting both mechanical and heat build-up responses.

Constitutive modeling of rubbers response

The ultimate goal for rubbers is to accurately simulate their response over time, taking into account the relaxation of both bulk modulus and shear modulus, as well as heat build-up. The time-dependent bulk modulus has already been successfully determined, but the time-dependent shear modulus still remains to be characterized through longterm creep-recovery compression tests. Once a full set of experimental data on timedependent bulk and shear moduli is available, the constitutive generalized Maxwell model can be calibrated. This will enable FE simulations to accurately predict rubbers response under various loading configurations.
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 2 Figure 2.1.1: Engineering stress σn versus engineering strain n for uniaxial tensile tests on smooth specimens of PolyAmide 11 at different strain rates[START_REF] Boisot | Failure of polyamide 11 using a damage finite elements model[END_REF].
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 2 Figure 2.1.2: True stress versus true strain for uniaxial tensile tests on smooth specimens of Polypropylene at different temperatures [Amoedo and Lee, 1992].
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 2 Figure 2.1.3: Necking phenomenon on smooth specimens of PolyAmide 6 during uniaxial tensile tests [Laiarinandrasana et al., 2016b].
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 214 Figure 2.1.4: True stress-strain curves at different positions of a dogbone specimen under uniaxial tensile loading [Song et al., 2023].
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 2 Figure 2.1.5: Radius distribution of porosity at notch root of PA11 with different notch radii: [0.8, 1.6,[START_REF]EXPERIMENTAL RESULTS ON UT SAMPLE[END_REF] mm[START_REF] Boisot | Experimental investigations and modeling of volume change induced by void growth in polyamide 11[END_REF].
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 2 Figure 2.1.6: Results of interrupted tensile tests on notched specimens of PolyAmide 6: a) net stress versus applied displacement, and b) void morphology at sample center, observation box dimension = (140 µm) 3 [Laiarinandrasana et al., 2012].
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 2 Figure 2.1.7: Geometry of a notched sample
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 2 Figure 2.1.8: Normalized principal stresses (σxx, σyy, σzz) along width, in plane strain condition, based on Bridgman theory.
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 2 Figure 2.1.9: Dimensionless distribution of stress along the thickness under plane stress and plane strain condition.
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 2 Figure 2.1.10: Load as a function of crack mouth opening displacement (CMOD).
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Figure 2

 2 Figure 2.1.11: Slip-line stress field ahead of a crack-tip: a) at small geometry change, and b) at large geometry change during crack-tip blunting.

  Several rheological models have been developed to describe rubbers viscoelastic properties. The most common one, developed by Maxwell, consists of an ideal linear viscous Newtonian damper and an ideal linear elastic Hookean spring in series. The Maxwell model can simulate relaxation behavior but not creep response. Although stress goes to zero after sufficient time, the stress in relaxation loading never actually reaches zero. Moreover, the relaxation and creep recovery do not take place at a single time because the size of macromolecules is different. To take into account the time-dependence of the rheological modulus, a viscoelastic generalized Maxwell model was used in this study. Compared with the initial Maxwell model, the generalized model added a series of viscoelastic components instead of one single pair. The rheology representation of this model is shown in figure 2.1.13. It allows for the description of complicated creep and relaxation behavior.

Figure 2

 2 Figure 2.1.13: Rheology of generalized Maxwell model
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 2 Figure 2.1.14: Parameters of time-dependent bulk modulus of a viscoelastic model
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 2 Figure 2.2.16: Heat generation of CFRP (Carbon fiber reinforced composite)[START_REF] Renshaw | The sources of heat generation in vibrothermography[END_REF] 
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 2 Figure 2.2.18: Temperature rise of rubbers with different carbon black contents: 15 phr, 23 phr, 43 phr [Ovalle et al., 2016].

Figure 2

 2 Figure 2.2.19: Heat build-up of different crosslink structures[START_REF] Park | Heat generation of filled rubber vulcanizates and its relationship with vulcanizate network structures[END_REF] 
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 3 Figure 3.1.1: Synthesis process of PA11 from castor oil[Scherer, 2021] 
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 3 Figure 3.1.2: Schematic of injection molding[START_REF] Svečko | Acoustic emission detection of macro-cracks on engraving tool steel inserts during the injection molding cycle using PZT sensors[END_REF] 

  Figure 3.1.3: Temperature-dependent Young modulus of neat PA11[Boisot, 2009] 

Figure 3

 3 Figure 3.1.4: Schematic of Differential Scanning Calorimetry[START_REF] Gschwander | Standardization of pcm characterization via DSC[END_REF] 
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Figure 3

 3 Figure 3.1.5: Heat flow evolution as a function of the temperature: a) theoretical evolution for semicrystalline polymers, b) experimental evolution of neat PA11 under study.

Figure 3

 3 Figure 3.1.6: The structure of a spherulite[START_REF] Koltzenburg | Polymere: Synthese, Eigenschaften und Anwendungen[END_REF] 

  Figure3.1.7: Fiber orientation through the thickness of PolyAmide 66 reinforced by 30 wt.% short glass fiber, obtained by injection molding[START_REF] Rolland | In situ x-ray tomography investigation on damage mechanisms in short glass fibre reinforced thermoplastics: Effects of fibre orientation and relative humidity[END_REF].

Figure 3

 3 Figure 3.1.8: Chemical etching results obtained by SEM observation on: a) PA6 [Regrain, 2010], b) PE[Devilliers, 2012], and c) PA11[Lefebvre, 2004].

Figure 3

 3 Figure 3.1.9: Chemical etching on neat PA11 after 16 hours chemical etching.

Figure 3

 3 Figure 3.1.10: PLM observation: a) the principle of PLM, and b) the result of a thermoplastic poly-3-hyd roxybutyrate[START_REF] Barham | Crystallization and morphology of a bacterial thermoplastic: poly-3-hydroxybutyrate[END_REF].

Figure 3

 3 Figure 3.1.11: SEM observation on initial states of: a) PA11GF8, and b) PA11GF30.

  Figure 3.1.12: PLM observation on neat PA11: the spatial distribution of spherulite close to the sample surface, observation region: 124 µm × 93 µm.

Figure 3

 3 Figure 3.1.14: Spherulite observation by SEM on neat PA11. The sample was prepared by cryofractography technique. The observation area is 60 µm × 40 µm.

Figure 3

 3 Figure 3.1.15: Spherulite observation by SEM on PA11GF8. The sample was prepared by cryofractography technique. The observation area is 60 µm × 40 µm.

Figure 3

 3 Figure 3.1.16: Spherulite observation by SEM on PA11GF30. The sample was prepared by cryofractography technique. The observation area is 60 µm × 40 µm.

Figure 3

 3 Figure 3.1.17: Histogram of spherulite size of: a) PA11, b) PA11GF8, c) PA11GF30.

Figure 3

 3 Figure 3.1.18: Post-processing of apparent spherulite surface fraction, example on PA11GF30.

ThicknessFigure 3

 3 Figure 3.1.19: SEM observation on cryofractography surfaces of: a) PA11GF8, b) PA11GF30. c) and d) are segmented results by thresholding method on PA11GF8 and PA11GF30.

Figure 3

 3 Figure 3.1.20: The histogram of spherulite radius at: a) skin and b) core.

Figure 3

 3 Figure 3.2.21: Chemical structure of natural rubbers with isoprene as monomer[START_REF] Fazli | Waste rubber recycling: A review on the evolution and properties of thermoplastic elastomers[END_REF] 

Figure 3

 3 Figure 3.2.23: SEM observation on the initial microstructure of NR-CB53, the specimen was prepared by cryofractography.
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Figure 4 .

 4 Figure 4.1.1: Sample geometries, unit in mm: a) smooth sample (UT), b) notched sample (NT5) with a notch radius R = 5 mm, and c) fracture mechanics sample (DENT) with a pre-crack depth of 0.5 mm. The thickness of the flat sample is 4 mm.

Figure 4 .

 4 Figure 4.2.2: Experimental set-up of tensile tests on PA11 at Troom.

Figure 4 .

 4 Figure 4.3.3: Initial (left figures) and deformed (right figures) shape for: a) UT, b) NT5, and c) DENT geometries. 2a0, R0 and h0 are respectively initial width, notch root radius and notch/crack mouth opening, whereas 2at, Rt and ht are deformed values at instant t.

Figure 4 .

 4 Figure 4.3.4: Whitening of PA11 at: a) undeformed state, and b) deformed state after peak load.

Figure 4 .

 4 Figure 4.4.5: Engineering stress as a function of engineering strain of neat PA11 on UT geometry at three strain rates, 2 × [10 -4 , 10 -3 , 10 -2 ] s -1 : a) the entire deformation range, and b) a closer look of results at highest strain rate where illustrates Young's modulus and elastic stress limit R0.

Table

  

Figure 4 .

 4 Figure 4.4.6: Results of UT specimen on neat PA11 at 2×10 -3 s -1 : a) engineering stress as a function of engineering strain, and b) deformed shape of the specimen subjected to strains labeled in figure a).

Figure 4 . 4 .

 44 Figure 4.4.8a illustrates the schematic definition of width reduction, the reduction ratio is defined as: ∆2a/2a 0 × 100 % = ∆a/a 0 %. For neat PA11, the trend of ∆a/a 0 as a

Figure 4 .

 4 Figure 4.4.7: Normalized characteristic stress/strain as a function of strain rate for UT samples: a) l , b) p, c) s, d)σ l , e) σp and f) σs.

Figure 4 .

 4 Figure 4.4.8: a) The illustration of minimum width reduction ∆2a, and b) width reduction ratio ∆a/a0 and engineering stress as a function of engineering strain for UT geometry on neat PA11 at 2×10 -3 s -1 .

Figure 4 .

 4 Figure 4.4.9: a) The illustration of notch root radius R, and b) R and engineering stress as a function of engineering strain for UT geometry on neat PA11 at 2×10 -3 s -1 .

Figure 4 . 4 .

 44 Figure 4.4.10: Strain rate dependence of width reduction ratio of UT samples at: a) the end of linear stage σ l , b) peak stress σp, c) the end of stress-softening σs.

Figure 4 .

 4 Figure 4.4.11: Strain rate dependence of minimum necking radius Rmin of UT samples at the end of stress-softening σs for neat PA11.

Figure 4 . 4 .

 44 Figure 4.4.12a displays the spatial distribution of temperature rise of neat PA11 on UT geometry at 2×10 -3 s -1 . Each thermography relates to a giving strain labeled in the corresponding engineering stress-strain curve in figure4.4.12b. The evolution of maximum temperature rise ∆T max (∆T max = T max -T room ) on the whole surface in width is also superimposed in figure4.4.12b. 

Figure 4 .

 4 Figure 4.4.12: The thermomechanical results of UT specimen on neat PA11 at 2×10 -3 s -1 : a) the evolution of surface temperature fields, each image corresponds to an engineering strain in b) the evolution of stress and maximum temperature rise ∆Tmax as a function of engineering strain.

Figure 4 .

 4 Figure 4.4.13: The temperature rise profiles in: a) longitudinal direction at mid-width, and b) transverse direction at the highest temperature rise point.

69 4 . 4 .

 44 Figure 4.4.14b shows an additional temperature rise related with stress-softening for UT at 2×10 -3 s -1 .

Figure 4 .

 4 Figure 4.4.14: The evolution of stress and maximum temperature rise ∆Tmax of neat PA11 at: a) 2×10-4 s -1 , b) 2×10 -3 s -1 , c) 2×10 -2 s -1 .

Figure 4 .

 4 Figure 4.4.15: Width reduction ratio as a function of strain rate of UT samples at: a) the end of linear stage σ l , b) peak stress σp, and c) the end of stress-softening σs.

Figure 4 .

 4 Figure 4.4.16: SEM observation on necked zone of UT specimens on neat PA11: in horizontal direction (a, b, c) at a) 2 ×10 -4 s -1 , b) 2 ×10 -3 s -1 , and c) 2 ×10 -2 s -1 ), and d) in vertical direction at 2 ×10 -4 s -1 . e) The illustration of observation zone.

  Figures 4.4.17a, 4.4.17b and 71 4.4. EXPERIMENTAL RESULTS ON UT SAMPLE 4.4.17c display respectively the evolution trend of neat PA11, PA11GF8 and PA11GF30

Figure 4 .

 4 Figure 4.4.17: The trend of engineering stress-strain curves of UT specimens for: a) neat PA11, b) PA11GF8, and c) PA11GF30. The annotated stress-strain parameters present: 1) stress and strain at the end of quasi-linear stress evolution stage σ l and l , 2) peak stress and the corresponding strain σp and p, 3) stress and strain at the end of stress-softening σs and s.

Figures

  Figures 4.4.18a, 4.4.18b and 4.4.18c show respectively l , p and s , normalized by the maximum strain among tests at different strain rates, as a function of strain rate for three materials. From the figures, l increases with higher strain rate for whatever glass-fiber content. p and s , however, decrease with increasing strain rate. The higher the strain rate, the lower the strain rate at rupture.

Figure 4 .

 4 Figure 4.4.18: Strain rate dependencies of normalized characteristic strains: a) l , b) p, c) s, and normalized characteristic stresses: d) σ l , e) σp, and f) σs. Each figure presents normalized values for all materials.

Figure 4 .

 4 Figure 4.4.19: Glass-fiber content dependencies of normalized characteristic strains: a) l , b) p, c) s, and normalized characteristic stresses: d) σ l , e) σp, and f) σs. Each figure presents normalized values at all strain rates.

Figure 4 .

 4 Figure 4.4.20: The minimum width reduction ratio and engineering stress as a function of engineering strain at 2×10 -3 s -1 for: a) neat PA11, b) PA11GF8, and c) PA11GF30.

Figure 4 .

 4 Figure 4.4.21: Width reduction ratio as a function of glass-fiber content of UT samples at: a) the end of linear stage σ l , b) peak stress σp, c) the end of stress-softening σs.

  Figure 4.4.23 displays the thermal results of PA11GF8 at moderate strain rate.

  Figure 4.4.22: Width reduction ratio as a function of glass-fiber content of UT samples at: a) the end of linear stage σ l , b) peak stress σp, and c) the end of stress-softening σs.

Figure

  Figure 4.4.23a shows the temperature rise ∆T max as a function of engineering strain, with stress evolution as a reference. Figure4.4.23b displays the spatial distribution of temperature rise: i) at initial state, ii) at the end of linear stage σ l , iii) at peak stress σ p , and iv) at the end of stress-softening σ s . From the thermography images, the temperature rise distributes uniformly in specimen width from the initial state to peak stress. A concentrated temperature rise is observed at the end of stress-softening prior to rupture.Figures 4.4.23c and 4.4.23d display respectively the profiles of ∆T in longitudinal and transverse direction of the hottest point of sample, annotated in dotted lines in each thermography image. In accordance with result on neat PA11, the temperature rise in longitudinal direction is relative uniform up to peak stress, two peaks were observed at different longitudinal positions prior to rupture. In transverse direction, the maximum temperature rise locates around mid-width and decreases towards sample border.

Figure 4 .

 4 Figure 4.4.23: Thermal results of PA11GF8 on UT geometry: a) the engineering stress and ∆Tmax as a function of engineering strain, b) the surface temperature distribution in specimen width, c) the temperature rise ∆T in longitudinal direction at highest temperature rise point, and d) the temperature rise ∆T in transverse direction at highest temperature rise point.
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Figure 4 .

 4 Figure 4.4.24: Thermal results of PA11GF30 on UT geometry: a) the engineering stress and ∆Tmax as a function of engineering strain, b) the surface temperature distribution in specimen width, c) the temperature rise ∆T in longitudinal direction at highest temperature rise point, and d) the temperature rise ∆T in transverse direction at highest temperature rise point.

Figure 4 .Figure 4

 44 Figure 4.4.25: The engineering stress and maximum temperature rise ∆Tmax as a function of engineering strain of UT geometry at 2×10 -4 s -1 for: a) neat PA11, b) PA11GF8, c) PA11GF30.

  (a) At σ l (b) At σ p (c) At σ s

Figure 4 .Figures 4

 44 Figure 4.4.27: Glass-fiber content dependence of ∆Tmax at: a) σ l , b) σp and c) σs for all strain rates.

Figure 4 .

 4 Figure 4.4.28: Global SEM observation on fracture surface of PA11GF8 specimen at: a) 2 ×10 -4 s -1 , b) 2 ×10 -3 s -1 , and c) 2 ×10 -2 s -1 .

Figure 4 .

 4 Figure 4.4.29: Local SEM observation on highly deformed region of PA11GF8 specimen at: a) 2 ×10 -4 s -1 , b) 2 ×10 -3 s -1 , and c) 2 ×10 -2 s -1 .

Figure 4 .

 4 Figure 4.4.30: Global SEM observation on fracture surface of PA11GF30 specimen at: a) 2 ×10 -4 s -1 , b) 2 ×10 -3 s -1 , and c) 2 ×10 -2 s -1 .

Figure 4 .

 4 Figure 4.4.31: Global SEM observation on highly deformed region of PA11GF30 at: a) 2 ×10 -4 s -1 , b) 2 ×10 -3 s -1 , and c) 2 ×10 -2 s -1 .

Figure 4 .

 4 Figure 4.5.32: a) The load as a function of applied displacement of NT5 specimen on neat PA11 at three crosshead speeds, [1, 10, 100] mm/min, and b) a closer look on the result of 100 mm/min.

Figures

   present respectively the displacement at the end of linear stage U l , peak load U p , the end of the load-softening U s as a function of strain rate. It shows that the higher the crosshead speed, the higher the U l . U p and U s , however,

  Initial notch → re-necking → Extension of new notch

Figure 4 .

 4 Figure 4.5.33: a) The load evolution of NT5 specimen on neat PA11 at 10 mm/min, vertical dotted lines divide four deformation stages, and b) the corresponding specimen shape.

Figure 4 .Figure 4

 44 Figure 4.5.34: Crosshead speed dependence of normalized characteristic displacements: a) U l , b) Up, c) Us and normalized characteristic loads: d) F l , e) Fp, and f) Fs.

Figure 4

 4 Figure 4.5.35: The results of NT5 specimen on neat PA11 at 10 mm/min: a) load versus applied displacement, and b) the whitening contour maps at different applied displacements illustrated in figure a).

Figure 4 .

 4 Figure 4.5.36: Whitening results of NT5 specimen on PA11 at 10 mm/min: a) whitening contour maps, and b) the evolution of load and whitening length w as a function of applied displacement.

  (a) ∆h = h t -h 0 (b) PA11, 10 mm/min

Figure 4 .

 4 Figure 4.5.37: ∆h results of NT5 specimen on neat PA11 at 10 mm/min: a) Notch opening illustration, and b) the evolution of load and notch opening displacement ∆h as a function of applied displacement.

  (a) ∆a = a t -a 0 (b) PA11, 10 mm/min

Figure 4 .

 4 Figure 4.5.38: Width reduction results of NT5 specimen on neat PA11 at 10 mm/min: a) width reduction illustration, and b) the evolution of load and width reduction ratio ∆a/a0 as a function of applied displacement.

Figure 4 .

 4 Figure 4.5.39: Notch root radius results of NT5 specimen on neat PA11 at 10 mm/min: a) notch root R illustration, and b) the evolution of load and notch root radius R as a function of applied displacement.

Figure 4 .

 4 Figure 4.5.40: Crosshead speed dependence of: a) ∆h, and b) the slope of ∆h of neat PA11.

Figure 4 .

 4 Figure 4.5.41: Crosshead speed dependence of: a) ∆a/a0, and b) the slope of ∆a/a0 of neat PA11.

Figure 4 .

 4 Figure 4.5.42: Crosshead speed dependence of: a) R, and b) the slope of R.

Figure 4 .

 4 5.44 displays the temperature rise profiles along width and thickness at the notch root of NT5 specimens at different crosshead speeds. Figures from the top to bottom presents respectively results at 1, 10 and 100 mm/min. The left figures are results along width, the right along thickness. Each figure presents ∆T profiles at three characteristic loads: F l , F p and F s .
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  4.5. EXPERIMENTAL RESULTS ON NT5 SAMPLE (a) PA11, 10 mm/min, Width (b) PA11, 10 mm/min, Thickness

Figure 4 .

 4 Figure 4.5.43: The load and ∆Tmax as a function of applied displacement at 10 mm/min, and corresponding thermography images under annotated displacements: a) on width, and b) on thickness.

Figure 4 .

 4 Figure 4.5.44: ∆T profiles at notch root of NT5 specimen on PA11: (a, b, c) in width, and (d, e, f) in thickness. From top to bottom presents respectively results at 1, 10, 100 mm/min.

Figure 4 .

 4 Figure 4.5.45: The load and maximum temperature rise ∆Tmax as a function of applied displacement of NT5 specimen on neat PA11 at: a) 1 mm/min, b) 10 mm/min, c) 100 mm/min.

Figure 4 .Figures 4

 44 Figure 4.5.46: a) Temperature rise ∆T and b) temperature rise rate ∆T/∆U of NT5 specimen on neat PA11 under three crosshead speeds at different deformation stages.

Figure 4 .

 4 Figure 4.5.47: Global SEM observation on NT5 samples of NT5 specimen on neat PA11 at: a) 1 mm/min, b) 10 mm/min, c) 100 mm/min.

Figure 4 .

 4 Figure 4.5.48: Local SEM observation of NT5 specimen on neat PA11 at 10 mm/min

Figure 4 .

 4 Figure 4.5.49: The load as a function of applied displacement of NT5 geometry at 10 mm/min for: a) neat PA11, b) PA11GF8,and c) PA11GF30. The annotated characteristic U-F parameters are: 1) load and displacement at the end of linear stage (F l and U l ), 2) peak load and the corresponding displacement (Fp and Up, 3) the load and applied displacement at the end of the load-softening (Fs and Us), and 4) load and displacement at failure (F f and U f ).

Figures

   present respectively the normalized U l , U p , U s , and U f as a function of crosshead speed for three materials. Despite of variation in glass-fiber content, U p , U s and U f decrease with increasing crosshead speed, with a few scattered exceptions. show respectively normalized F l , F p , F s and F f as a function of crosshead speed. Similar to results on UT geometry, the higher the

Figure 4

 4 Figure 4.5.50: Strain rate dependence of normalized characteristic displacements: a) U l , b) Up, c) Us, and d) U f for all materials.

Figure 4 .

 4 Figure 4.5.51: Strain rate dependence of normalized characteristic loads: a) F l , b) Fp, c) Fs, and d) F f for all materials.

  100

Figure 4 .

 4 Figure 4.5.52: Glass-fiber content dependence of normalized characteristic displacements: a) U l , b) Up, c) Us, and d) U f for all crosshead speeds.

Figure 4 .

 4 Figure 4.5.53: Glass-fiber content dependence of normalized characteristic displacements: a) U l , b) Up, c) Us, and d) U f , and normalized characteristic loads: e) F l , f) Fp, g) Fs, and h) F f for all crosshead speeds.

Figure 4 .

 4 Figure 4.5.54: Notch opening displacement and load as a function of applied displacement for NT5 geometry at 10 mm/min for: a) neat PA11, b) PA11GF8, and c) PA11GF30.

Figure 4 .

 4 Figure 4.5.55: Width reduction ratio and load as a function of applied displacement of NT5 geometry at 10 mm/min for: a) neat PA11, b) PA11GF8, c) PA11GF30.

Figure 4 .

 4 Figure 4.5.56: Notch root radius and load as a function of applied displacement of NT5 geometry at 10 mm/min for: a) neat PA11, b) PA11GF8, c) PA11GF30.

Figure 4 .

 4 Figure 4.5.57: Crosshead speed dependence of ∆h at: a) F l , b) Fp, and c) Fs for all materials.

Figure 4 .

 4 Figure 4.5.58: Glass-fiber content dependence of ∆h at: a) F l , b) Fp, and c) Fs for all crosshead speeds.

Figure 4 .

 4 Figure 4.5.59: Crosshead speed dependence of width reduction ratio at: a) F l , b) Fp, and c) Fs for all materials.

Figure 4 .

 4 Figure 4.5.60: Glass-fiber content dependence of width reduction ratio at: a) F l , b) Fp, and c) Fs for all materials.

Figure 4 .

 4 Figure 4.5.61 summarizes the thermal results of PA11GF8 at moderate crosshead speed, including spatial distribution of surface temperature rise, temperature rise profiles and evolution of temperature rise with increasing displacement.

Figure

  Figure 4.5.61a displays the load of PA11GF8 as a function of applied displacement at 10 mm/min. The surface temperature rise fields related to the applied displacement annotated in dotted gray lines in load-displacement curve, are shown in figure4.5.61b. In each thermography image, the left contour map represents the temperature rise in width, the right represents temperature rise in thickness. From thermography images, the surface temperature rise distributes uniformly in both width and thickness at F l . A strong heterogeneity of surface temperature rise is exhibited at peak load and prior to rupture in both width and thickness. The position of the maximum temperature rise is annotated in white arrow in each image, the results show that the maximum temperature rise is not located at the same position during the loading.

Figure 4 .Figure 4

 44 Figure 4.5.61: Thermal results on PA11GF8 of NT5 samples: a) the evolution of load and ∆Tmax as a function of applied displacement, b) surface temperature rise fields in width and thickness.

Figure 4 .

 4 Figure 4.5.62a displays the load of PA11GF30 as a function of applied displacement at 10 mm/min. The surface temperature rise fields, related to the applied displacements annotated in dotted gray lines in load-displacement curve, are shown

Figure 4 .Figures 4

 44 Figure 4.5.62: Thermal results on PA11GF30 of NT5 samples: a) the evolution of load and ∆Tmax as a function of applied displacement, b) surface temperature rise fields in width and thickness.

Figure 4 .Figure 4

 44 Figure 4.5.63: ∆Tmax and load as a function of applied displacement of NT5 geometry at 10 mm/min for: a) PA11, b) PA11GF8, c) PA11GF30.

Figure 4 .

 4 Figure 4.5.65: Glass-fiber content dependence of ∆Tmax prior to failure for all crosshead speeds.

Figure 4 .

 4 Figure 4.5.66: Global SEM observation of NT5 specimen on PA11GF8 at: a) 1 mm/min, b) 10 mm/min, c) 100 mm/min. Inside the red box is the more deformed region, outside is less deformed region.

111 4 .

 4 5. EXPERIMENTAL RESULTS ON NT5 SAMPLE (a) 10 mm/min, more deformed region (b) 10 mm/min, less deformed region

Figure 4 .

 4 Figure 4.5.67: Local SEM observation on fracture surface of NT5 specimen on PA11GF8 at 10 mm/min: a) more deformed region, and b) less deformed region.

Figure 4 .

 4 Figure 4.5.68: Global SEM observation of NT5 specimen on PA11GF30 at: a) 1 mm/min, b) 10 mm/min, c) 100 mm/min.

Figure 4 .

 4 Figure 4.5.69: Local SEM observation of NT5 specimen on PA11GF30 at 10 mm/min at: a) more deformed region, and b) less deformed region.

Figure 4

 4 Figure 4.6.70a displays the load as a function of applied displacement for DENT samples on neat PA11 at three crosshead speeds, [1, 10, 100] mm/min. The results of two repeated tests for each crosshead speed are presented in the same figure. Unlike UT and NT5, there is barely presence of load-softening, samples fail almost right after the peak load. In agreement with results on UT and NT5, the load evolution profile is independent of the crosshead speed.

Figure 4 .

 4 Figure 4.6.70: a) The load as a function of applied displacement of NT5 geometry on neat PA11 at three crosshead speeds, [1, 10, 100] mm/min, and b) a closer look on load-applied displacement of 100 mm/min.

Figure 4 .

 4 Figure 4.6.71: Deformation stages of DENT specimen under tensile loading at 10 mm/min: the load as a function of applied displacement and corresponding specimen shape change under displacements annotated in load-applied displacement curve.

Figure 4 .

 4 Figure 4.6.72: Crosshead speed dependence of: a) U f , and b) Fp.

Figure 4 .

 4 Figure 4.6.73: a) Illustration of crack mouth opening displacement, and b) the load and crack opening displacement ∆h as a function of applied displacement for PA11 at 10 mm/min.

Figure 4 .Figure 4

 44 Figure 4.6.74: a) Illustration of width reduction, and b) the load and minimum width reduction ratio ∆a/a0 as a function of applied displacement for DENT geometry on neat PA11 at 10 mm/min.

Figure 4 .

 4 Figure 4.6.75 displays the surface temperature evolution of neat PA11 at 10 mm/min in both width and thickness.Figure 4.6.75b and 4.6.75c display respectively the surface temperature distribution in width and thickness, each temperature contour map relates

Figure 4 .

 4 Figure 4.6.75: Thermal results of DENT geometry on neat PA11 at 10 mm/min: a) the load and ∆Tmax in both width and thickness as a function of applied displacement, and the spatial surface temperature evolution in: b) width and c) thickness. Each temperature contour map corresponds to an applied displacement labeled in a).

Figure 4 .

 4 Figure 4.6.76: Profiles of temperature rise ∆T at crack root of DENT geometry on neat PA11 at 10 mm/min: a) in width, and b) in thickness.

Figure 4 .

 4 Figure 4.6.77b shows the ∆T max prior to failure as a function of crosshead speed. Similar to results on UT and NT5 samples, ∆T max increases with increasing crosshead speed.

Figure 4 .

 4 Figure 4.6.77: a) The definition of maximum temperature rise ∆Tmax, and b) crosshead speed dependence of ∆Tmax.

Figures 4

 4  present respectively the fractography observations of DENT samples on neat PA11 at: a) 1 mm/min, b) 10 mm/min, and c) 100 mm/min. The pre-crack of 0.5 mm, cut-out manually by a razor blade, was framed in red dashed rectangle in each figure.

Figure 4 .Figure 4

 44 Figure 4.6.78: Global SEM observation of fracture surfaces of DENT geometry on neat PA11 at: a) 1 mm/min, b) 10 mm/min, and c) 100 mm/min.

Figure 4 .

 4 Figure 4.6.79: Load as a function of applied displacement of DENT geometry for: a) PA11, b) PA11GF8, c) PA11GF30. Each figure contains results at three crosshead speeds, [1, 10, 100] mm/min.

Figures

  Figures 4.6.80a and 4.6.80b display respectively U f and F p as a function of crosshead speed for all materials. The results show a general decreasing trend of applied displacement at break, but an increase in peak load with increasing crosshead speed.

Figure 4 .

 4 Figure 4.6.80: Crosshead speed dependence of: a) U f and b) Fp for all materials.

Figure 4 .

 4 Figure 4.6.81: Glass-fiber content dependence of: a) U f and b) Fp for all crosshead speeds.

Figure 4 .

 4 Figure 4.6.82: Crosshead speed dependence of ∆T prior to rupture for all glass-fiber contents.

Figure 4 .

 4 Figure 4.6.83 shows ∆T as a function of glass-fiber content for all crosshead speeds. A lower temperature rise was obtained prior to rupture with more reinforced PA11 for

Figure 4 .

 4 Figure 4.6.83: Glass-fiber content dependence of ∆T prior to rupture for all crosshead speeds.

Figure 4 .

 4 Figure 4.6.84: Global SEM observation of fracture surface of: PA11GF8 (a, b, c) at a) 1 mm/min, b) 10 mm/min and c) 100 mm/min, and PA11GF30 (d, e, f) at d) 1 mm/min, e) 10 mm/min and f) 100 mm/min. The red dotted frames are pre-crack zone, red solid lines separates ductile and brittle fracture.

  (a) PA11GF8, 10 mm/min (b) PA11GF8, 10 mm/min

Figure 4 .

 4 Figure 4.6.85: Local SEM observation of DENT geometry on PA11GF8 at 10 mm/min on: a) ductile zone, and b) brittle zone.

Figure 4 .

 4 Figure 4.6.86: Crosshead speed and glass-fiber content dependences of brittle surface ratio.
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Figure 5

 5 Figure 5.1.1: Shear modulus measurement by: a) pure shear, b) torsion.

Figure 5

 5 Figure 5.2.2: Dimension of rubber samples, unit in mm: a) diabolo, b) pancake, and c) disk. The rubber part is identified in black and located at sample center, the rest is metal end-grips.

Figure 5

 5 Figure 5.3.3: Schematic of temperature rise ∆T under stepwise cyclic tests.

4 :FFigure 5 Figure 5 . 4 .Figure 5

 45545 Figure 5.3.4: Schematic of creep-recovery tests: the strain evolution as a function of time.

Figure 5

 5 Figure 5.4.7: Stabilized ∆T of stepwise cyclic tests as a function of: a) applied displacement, and b) applied load.

Figure 5

 5 Figure 5.4.8: Uniaxial tensile results on diabolo samples for NR-CB30 and NR-CB53 at three crosshead speeds, [1, 10, 100] mm/min: a) F/S0 as a function of ∆l/l0, b) modulus E as a function of ∆l/l0.

Figure 5 . 4 .

 54 Figure5.4.10 summarizes the ∆T max evolution for different crosshead speeds, [1, 10, 100] mm/min, on NR-CB30. The ∆T max magnitudes differs with crosshead speed, almost no temperature rise was observed during deformation at lower crosshead speed (1 mm/min). The temperature rise at rupture is significant whatever the crosshead speed. Two characteristic temperature rises (∆T max prior to rupture and ∆T max at rupture) are summarized in table 5.4.5. The ∆T max prior to rupture and at rupture increases with crosshead speed for whatever carbon black content.

Figure 5 Figure 5

 55 Figure 5.4.9: Surface temperature rise result on NR-CB30 at 100 mm/min: a) engineering stress and maximum temperature rise ∆Tmax as a function of applied displacement, and b) surface temperature rise fields at the displacement labeled in figure a.

Figure 5

 5 Figure 5.4.11: Uniaixal tensile results on pancake samples for NR-CB30 and NR-CB53 at three crosshead speeds, [1, 10, 100] mm/min: a) F/S0 as a function of ∆l/l0, b) E pseudo modulus as a function of ∆l/l0.

Surface temperature rise Figure 5 Figure 5 . 4 .

 rise554 Figure 5.4.12: Surface temperature rise result on NR-CB30 at 100 mm/min: a) engineering stress and maximum temperature rise ∆Tmax as a function of applied displacement, and b) surface temperature rise fields at the displacement labeled in figure a.

Figure 5 . 4 .

 54 Figure 5.4.14: ∆Tmax of NR-CB30 as a function of applied displacement at different crosshead speeds, [1, 10, 100] mm/min.

Figure 5 Figure 5

 55 Figure 5.4.15: Fracture facies of pancake samples under hydrostatic tension at three crosshead speeds for each rubber: a) NR-CB30, and b) NR-CB53.

  A closer look was given to the E and F/S 0 evolution in figure 5.4.17b, a slight decrease of E occurred at the very beginning of deformation. The initial compression modulus E init and the minimum compression modulus E min at different testing temperatures, [30, 45, 60, 75] • C, were summarized and plotted respectively in figure 5.4.18a and figure 5.4.18b. Both E init and E min demonstrate a modulus transition at 45 • C.

Figure 5 Figure 5 . 4 .

 554 Figure 5.4.17: Results of a NR-CB53 disk specimen under uniaxial compression at 30 • C: a) F/S0 and E as a function of ∆h/h0, and b) a closer look at small deformation.

Figure 5 . 4 .

 54 Figure 5.4.19: Results on disk samples under hydrostatic compression: a) engineering stress F/S0 as a function of engineering strain ∆h/H0 for NR-CB53 at 30 • C, and b) bulk modulus K as a function of temperatures,[30, 45, 60, 75] • C for each carbon black content.

Figure 5

 5 Figure 5.4.20: Results of pancake samples in torsion: a) Shear stress as s function of shear strain γ for NR-CB30 at [30, 300, 3000] deg/min and NR-CB53 at [30, 300] deg/min, and b) shear modulus G as a function of shear strain for NR-CB30 at different rotation speeds.

  Figure 5.4.21 shows the fracture surfaces of NR-CB30 and NR-CB53 in torsion on pancake geometry at the same rotation speed (30 deg/min). The fracture facies are very different from those observed in other deformation modes.

Figure 5 . 4 .

 54 Figure 5.4.21: Fracture surface of pancake specimen in torsion for NR-CB30 and NR-CB53 at 30 deg/min.

Figure 5 . 4 .Figure 5

 545 Figure 5.4.22 displays the deformation ∆h/H 0 of NR-CB53 at 45 • C, as a function of time, subjected to creep-recovery in oedometric compression configuration. The applied load during the creep step was 10 kN, equivalent to an engineering stress of 32 MPa. The entire creep-recovery process is decomposed into three parts: linear part where load and unload occur; creep part where the specimen is under a constant load; recovery part where the load is removed. A permanent deformation was observed even after the load was removed 1

Figure 5 . 4 .

 54 Figure 5.4.23: Engineering stress of NR-CB53 at 45 • C as a function of engineering strain at 1 mm/min in oedometric compression for: uniaxial compression and creep-recovery tests.

Figure 5

 5 Figure 5.4.24: Compliance in creep J k a a function of creep time for NR-CB53 at 45 • C.
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Figure

  Figure 6.1.1: Meshing of 2D solution: a) NT5, and b) DENT.

Figure 6

 6 Figure 6.3.2: Experimental and numerical load as a function of notch opening displacement of NT5 geometry at 10 mm/min. Numerical results were obtained from 3D simulation with an elastic model with Young's modulus equals to 547 MPa and 1000 MPa.

Figure 6

 6 Figure 6.3.3: Numerical and experimental crosshead speed dependence of: a) stiffness, b) F0,and c) Fp for neat PA11 on NT5 geometry, the numerical results were obtained from 3D simulation with an EVP model.

Figures 6 Figure 6

 66 Figures 6.3.5a and 6.3.5b display the width reduction ratio ∆a/a 0 of NT5 and DENT, respectively, as a function of notch/crack opening displacement. Each figure shows numerical (2D PS/PE and 3D) and experimental data for neat PA11 at 10 mm/min.

Figure 6

 6 Figure 6.3.5: Numerical (2D PS/PE and 3D) and experimental width reduction ratio ∆a/a0 of: a) NT5, and b) DENT geometries as a function of notch/crack opening displacement for neat PA11 at 10 mm/min.

Figure 6

 6 Figure 6.3.6: Crosshead speed dependence of numerical (2D PS/PE and 3D) and experimental stiffness of neat PA11 on: a) NT5, and b) DENT geometry.

  Figure 6.3.7: Crosshead speed dependence of numerical (2D PS/PE and 3D) and experimental characteristic loads of neat PA11 on: NT5 (a, b, c) and DENT (d, e). Figures a) and d): the limit load F0; figures b) and e): the peak load Fp; figure c) the load at the end of load-softening Fs.

  Figure 6.3.8: Crosshead speed dependence of numerical (2D PS/PE and 3D) and experimental width reduction ratio of neat PA11 on NT5 geometry at: a) F0, b) Fp, and c) Fs.

Figure 6

 6 Figure 6.3.9: Numerical σzz along the normalized width x/a at the mid-thickness (y = 0) of: a) NT5, and b) DENT geometries for neat PA11 at 10 mm/min. Each figure presents σzz at F0 and Fp, figure a) presents also σzz at Fs.

Figure 6

 6 Figure 6.3.11: Numerical σzz along the normalized width x/a at the surface (y = t) of: a) NT5, and b) DENT geometries for neat PA11 at 10 mm/min at peak load.

Figure 6

 6 Figure 6.3.13: σxx along the normalized width x/a of: a) NT5, and b) DENT geometries for neat PA11 at 10 mm/min at peak load. Each figure presents numerical σxx from 2D PE and the thickness of 3D simulation. Figure a) superimposes as well the theoretical σxx, determined by Bridgman formula.

Figure 6

 6 Figure 6.3.14: σyy along the normalized width x/a of: a) NT5, and b) DENT geometries for neat PA11 at 10 mm/min at peak load. Each figure presents numerical σyy from 2D PE and the thickness of 3D simulation. Figure a) superimposes as well the theoretical σyy, determined by Bridgman formula.

Figure 6 Figure 6

 66 Figure 6.3.15: Three numerical principal stresses (σxx, σyy, and σzz) along the normalized width of the mid-thickness of: a) NT5, and b) DENT, for neat PA11 at 10 mm/min at peak load.

Figure 6 Figure 6

 66 Figure 6.3.17: Numerical zz along normalized thickness at the mid-width and notch/crack root of: a) NT5, and b) DENT geometries, for neat PA11 at 10 mm/min.

Figure 6

 6 Figure 6.3.18: Numerical void volume fraction (fg), at Fp and Fs, along the normalized width at the mid-thickness of NT5 geometry.

Figure 6

 6 Figure 6.3.19 shows the experimental surface temperature, as a function of open-ing displacement, at the mid-width (x = 0, y = t) and mid-thickness (x = a, y = 0) of the NT5 specimen under 10 mm/min. The corresponding numerical temperature, with a β of 0.5, is superimposed in the figure. It demonstrates that the numerical temperature rise evolution trend is similar to the experimental one: significant temperature rise occurs during load softening (between F p and F s ). However, the simulation

Figure 6

 6 Figure 6.3.19: Numerical and experimental temperature rise, at notch root and surface, of NT5 as a function of opening displacement at 10 mm/min.

Figure 6

 6 Figure 6.3.20: Numerical and experimental temperature rise along the normalized width at the surface (y = t) of: a) NT5, and b) DENT.

Figure 6

 6 Figure 6.3.21: Numerical and experimental temperature rise at peak load along the normalized thickness at the notch/crack root (x = a) of: a) NT5, and b) DENT geometry.

Figure 6

 6 Figure 6.3.22: Numerical temperature rise at peak load along the normalized width at the mid-thickness of: a) NT5, and b) DENT. Numerical temperature rise at peak load along the normalized thickness at the mid-width of: c) NT5, and d) DENT.
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 6464 Figure 6.4.24 displays the numerical and experimental width reduction ratio ∆a/a 0 of the NT5 geometry as a function of notch opening displacement for PA11GF8 at 10 mm/min.

Figure 6 . 4 .

 64 Figure 6.4.29: σzz along the normalized width of: a) NT5, and b) DENT geometry at peak load Fp for PA11GF8 at 10 mm/min. Each figure includes σzz from: 2D PE simulation, the mid-thickness of 3D simulation. Figure a) superimposes also the theoretical σzz based on Bridgman theory.

σFigure 6

 6 Figure 6.4.30: Numerical σzz along the normalized thickness of: a) NT5, and b) DENT geometry at both mid-width (x = 0) and notch/crack root (x = a) of 3D simulation.

Figure 6 . 4 .

 64 Figure 6.4.31: Numerical σxx along the normalized thickness of: a) NT5, and b) DENT geometry at both mid-width (x = 0) and notch/crack root (x = a) of 3D simulation.

Figure 6 Figure 6 Figure 6 . 4 .

 6664 Figure 6.4.32: Numerical σyy along the normalized thickness of: a) NT5, and b) DENT geometry at both mid-width (x = 0) and notch/crack root (x = a) of 3D simulation.

Figure 6

 6 Figure 6.4.35: Numerical and experimental temperature rise along the normalized width of the surface (y = t) of: a) NT5, and b) DENT geometry at peak load, for PA11GF8 at 10 mm/min.

Figures 6. 4 .Figure 6 Figure 6

 466 Figures 6.4.38a and 6.4.38b display the numerical temperature rise along the normalized thickness of the mid-width (x = 0) of the NT5 and DENT geometries, respectively. The same ∆T profile was obtained for both NT5 and DENT, where the maximum temperature rise is located at the mid-width and decreases towards the surface.

Figure 6

 6 Figure 6.4.38: Numerical temperature rise along the normalized thickness of the mid-width (x = 0) of: a) NT5, and b) DENT geometry.

Figure 6 Figure 6

 66 Figure 6.5.39: Numerical and experimental load as a function of notch/crack opening displacement of: a) NT5, and b) DENT geometry for PA11GF30 at 10 mm/min. The numerical results includes 2D PS/PE and 3D simulation.

Figure 6

 6 Figure 6.5.41: Numerical and experimental crosshead speed dependence of stiffness for PA11GF30.

Figure 6

 6 Figure 6.5.43: Numerical σzz, at F0 and Fp, as a function of normalized width at the mid-thickness (y = 0) of: a) NT5, and b) DENT geometry for PA11GF30 at 10 mm/min.

Figures 6 Figure 6 Figure 6

 666 Figures 6.5.45a and 6.5.45b show the numerical σ zz at peak load as a function of normalized width at the surface (y = t) of the NT5 and DENT geometries, respectively. Each figure includes the σ zz from 2D PS simulation and the surface (y = t) of 3D simulation. For both NT5 and DENT geometries, the profiles and values of σ zz obtained

Figure 6

 6 Figure 6.5.46: Numerical σzz as a function of normalized thickness at the mid-width (x = 0) and notch/crack root (x = a) of: a) NT5, and b) DENT geometry.

σFigure 6

 6 Figure 6.5.47: Numerical σxx at peak load along the normalized width of: a) NT5, and b) DENT geometry from 2D and the mid-thickness of 3D simulation. Figure a) also superimposes the theoretical σxx based on Bridgman formula.

Figure 6 Figure 6

 66 Figure 6.5.48: Numerical σyy at peak load along the normalized width of: a) NT5, and b) DENT geometry from the mid-thickness of 3D simulation. Figure a) also superimposes the theoretical σyy based on Bridgman formula.
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 66 Figures 6.5.51a and 6.5.51b show the temperature rise along the normalized width at the surface (y = t) of NT5 and DENT geometries, respectively. Each figure presents

Figure 6

 6 Figure 6.5.51: Numerical and experimental temperature rise ∆T along the normalized width at the surface (y = t) of: a) NT5, and b) DENT geometry, for PA11GF30 at peak load.

Figure 6 Figure 6

 66 Figure 6.5.52: Numerical and experimental temperature rise ∆T along the normalized width at notch root (x = a) of: a) NT5, and b) DENT geometry, for PA11GF30 at peak load.
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  ė and ∆ the deviatoric and volumetric strain rate, G and K the time-dependent shear modulus and bulk modulus. Time-dependent K can be characterized with the recovery behavior of creep-recovery tests under hydrostatic configuration. the ratio of the stabilized bulk modulus K ∞ and non-relaxed bulk modulus K 0 (determined by uniaxial confined compression tests). The ω i is the relaxation weight at relaxation time τ i ,

	21	2.1. CONTINUUM MECHANICS
	The classic rubbers recovery process (normalized deformation versus time) is de-
	picted in figure 2.1.14. The initial value of this curve	0 max	is equal to 1, the final
	value ∞ max	is equal to i=n	
		i=1	
				14)
		20	

with

51 3.1 Neat and short-glass fiber reinforced PA11 3.1.1 Technical specifications 3.1.1.1 Physico-chemical properties
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	3.2.3 Since sustainable development is advocated in every industrial sector, bio-friendly
	materials are in high demand. As a recyclable and renewable material, PolyAmide 11
	(PA11) has been manufactured in large scale from castor oil since 1955. It is widely used
	in industries especially automobile/aerospace/offshore sectors for its good flexibility,
	excellent aging resistance and high mechanical strength as well as its good electric
	resistance.	
	Its properties are summarized in table 3.1.1. To name a few, in comparison with
	metals, PA11 has relatively low stiffness but high ductility, lower thermal conductivity
	(0.28 Wm -1 K -1 ) but higher specific heat (2400 Jkg -1 K -1 ). The melting temperature
	T m is approximately 189 • C, which gives an indication of the maximum operating
	temperature. The glass transition temperature T g is 48 • C around which the storage
	modulus varies significantly. Polymers are also good insulators with extremely high
	electrical resistance.	
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Table 3

 3 

	.1.1: Common properties of neat PA11 at room temperature [Designerdata, 2022]
	Parameter	Value	Unit
	Young's modulus	1250	MPa
	Shear modulus	475	MPa
	Tensile strength	47	MPa
	Density	1.03	g/cm 3
	Thermal conductivity	0.28	Wm -1 K -1
	Thermal expansion	11×10 -5 K -1
	Specific heat	2400	Jkg -1 K -1
	Melting temperature T m	189	• C
	Glass transition temperature T g 48	• C
	Electric resistivity	1E+14	Ω×cm
	Water absorption	1.5	%
	3.1.1.2 Synthesis process		
	PA11 is a synthetic polymer generated by a polymerization process [Rulkens and
	Koning, 2012]. There are two polymerization techniques for the synthesis of polymers:

Table 4 .

 4 2.1: Summary of experimental equipments

	Samples	Optical camera	Infrared camera	Cell of Instron machine
	UT	Manta	Width + Thickness: InfraTec	10 kN
	NT5: PA11 & PA11GF8	Manta	Width: Flir, Thickness: Fluke	10 kN
	NT5: PA11GF30	Manta	Width + Thickness: InfraTec	10 kN
	DENT	Manta	Width + Thickness: InfraTec	10 kN

1 No effect of the lightening on the surface radiation was observed

57 CHAPTER IV. MECHANICAL RESPONSE AND SURFACE TEMPERATURE RISE OF PA11

58

Table 4 .

 4 

		Optical camera	Infrared camera	
	Camera	Manta	Cedip Titanium 520	Fluke TiX 560	InfraTec 8350
	Resolution	2048 × 2048	320 × 256	320 × 240	640 × 512
	Max.Frequency [Hz]	28.6	178	9	200
	Sensitivity	-	20 mK	50 mK	20 mK
	Accuracy				

2.2: Summary of camera specifications

Table 4 . 4

 44 

.4: E and R 0 of PA11, at T room Material Young's modulus [MPa

Strain rate dependence of stress and strain

  

					1
	PA11	547	18	20	22
	PA11GF8	1213	8	10	12
	PA11GF30	2721	8	10	12
	b				

  , a slight heterogeneity is already observed at peak load, a highly strong heterogeneous temperature rise distribution is shown prior to rupture where several heating zones are exhibited at different locations.Figure 4.4.24c and 4.4.24d display respectively the profiles of ∆T in longitudinal and transverse direction of the hottest point whose location is annotated in thermography images in dotted lines. From the longitudinal profiles, ∆T is rather uniform at σ l , a slight fluctuation is shown at peak stress, such fluctuation becomes more pronounced prior to rupture where several ∆T peaks are observed. From profiles of ∆T in transverse direction, a light ∆T gradient is observed at σ p where maximum temperature rise decreases from mid-width towards sample border, two temperature rise peaks are measured at σ s .

4.4.23a 

shows the temperature rise ∆T max as a function of engineering strain, with stress evolution as a reference.

Figure 4.4.23b 

displays the spatial distribution of temperature rise: i) at initial state, ii) at the end of linear stage σ l , iii) at peak stress σ p , and iv) at the end of stress-softening σ s . From the thermography images, the temperature rise distributes uniformly in specimen width from the initial state to peak stress. A concentrated temperature rise is observed at the end of stress-softening prior to rupture.

Figures 4.4.23c and 4.4.23d 

display respectively the profiles of ∆T in longitudinal and transverse direction of the hottest point of sample, annotated in dotted lines in each thermography image. In accordance with result on neat PA11, the temperature rise in longitudinal direction is relative uniform up to peak stress, two peaks were observed at different longitudinal positions prior to rupture. In transverse direction, the maximum temperature rise locates around mid-width and decreases towards sample border.

b Temperature rise of PA11GF30 Same analyses were done on PA11GF30 as on PA11GF8.

Figure 4.4.24 

shows the thermal results on PA11GF30 at moderate strain rate.

Figure 4.4.24a 

displays ∆T max as a function of engineering strain, with the evolution of engineering stress as a reference.

Figure 4.4.24b 

shows the spatial distribution of temperature rise at initial, σ l , σ p and σ s . From thermography results, the surface temperature rise appears uniform up to σ l

Table 4

 4 

	.5.5: Stiffness and F 0 of neat PA11, at T room
		1 mm/min 10 mm/min 100 mm/min
	Stiffness [N/mm]	373	436	470
	F 0 [N]	439	508	631
		81		

  4.5. EXPERIMENTAL RESULTS ON NT5 SAMPLEspeed, and the fastest whitening occurs during the load-softening stage where re-necking happens.

	Table 4.5.6: w, [mm]		Table 4.5.7: w/∆U, [-]
	V [mm/min]	1	10	100	V [mm/min]	1	10	100
	Initial	-	-	-	Linear	-	-	-
	End of linearity	-	-	-	Nonlinear	-	-	-
	Peak load	-	-	-	Load-softening 1.52 2.68 2.86
	End of load-softening 2.21 3.11 3.16	Load plateau	1.18 1.19 1.29
	g Crosshead speed dependence of notch opening displacement	

Table 4

 4 

	.5.8: ∆h, [mm]		Table 4.5.9: ∆h/∆U, [-]
	V [mm/min]	1	10	100	V [mm/min]	1	10	100
	Initial	0	0	0	Linear	0.20 0.21 0.22
	F l : End of linearity	0.42 0.42 0.55	Nonlinear	0.54 0.46 0.67
	Fp: Peak load	2.09 1.41 1.39	Load-softening 0.99 1.14 1.29
	Fs: End of load-softening 3.67 3.00 2.98	Load plateau	0.98 0.97 0.97

h Crosshead speed dependence of width reduction ratio

  Similar analyses were made on width reduction ratio as on notch opening displacement. Table4.5.10 summarizes the width reduction ratio at each characteristic load, whose result was plotted in figure4.5.41a as a function of crosshead speed. From the figure, the higher the crosshead speed, the less the width reduces. The slope of width reduction ratio at each evolution stage, linear (0 -F l ), nonlinear (F l -F p ), load-softening (F p -F s ), and plateau (F s -F r ), is summarized in table4.5.11 and plotted in figure 4.5.41b. Similar to results on notch opening displacement, the width reduction rate is not sensitive to the crosshead speed during linear and load plateau stage. During nonlinear and load-softening stage, however, a greater width reduction rate was obtained at a higher crosshead speed, especially during the load-softening stage.

			CHAPTER IV. MECHANICAL RESPONSE AND SURFACE
			TEMPERATURE RISE OF PA11	90
		3	
	h [mm]	2		Fl Fp Fs
		1	
		10 0	10 1 Crosshead speed [mm/min]	10 2

Table 4 .

 4 5.10: ∆a 0 /a 0 ,[%] 

	V [mm/min]	1	10	100
	Initial	0	0	0
	F l : End of linearity	-1.60	-1.10	-1.10
	Fp: Peak load	-10.50	-9.70	-9.00
	Fs: End of load-softening -29.50 -28.50 -29.70

Table 4 .

 4 5.11: Slope of ∆a 0 /a 0 , [mm -1 ]

	V [mm/min]	1	10	100
	Linear	-0.77	-0.53	-0.44
	Nonlinear	-2.83	-3.92	-5.93
	Load-softening -10.85 -15.61 -16.56
	Load plateau	-4.90	-4.44	-4.19

Table 4 .

 4 5.12: Notch root radius R,[mm] 

						Table 4.5.13: ∆R/∆U, [-]
	V [mm/min]	1	10	100	V [mm/min]	1	10	100
	Initial		4.89 4.86 4.80	Linear	0.31	0.20	0.23
	F l : End of linearity	5.43 5.27 5.27	Nonlinear	0.51	0.63	0.44
	Fp: Peak load	7.08 6.67 6.34	Load-softening -2.51 -2.63 -4.98
	Fs: End of load-softening 1.81 1.68 1.46	Load plateau	7.16	3.03	1.73
	10 0	10 1 Crosshead speed [mm/min]	10 2			

Table 4 .

 4 5.14: Temperature at each stage though thickness

	PA11, thickness

Table 4 .

 4 5.15: ∆Tmax /∆U of neat PA11, [ • C/mm]

	Linear	18.5	-0.4	20.3	-0.3	21.1	-0.2
	Nonlinear	19	0.5	22.2	1.9	24	2.9
	Load-softening	21.2	2.2	32.8	10.6	51.3	27.3
	Load plateau	21	-0.2	36.1	3.3	69.3	18
	Rupture	90.8	69.8	91.1	55	92.1	22.8
		V [mm/min]	1	10	100	
			Linear	-0.18 -0.15 0.01	
		Nonlinear	0.21	0.77	3.55	
		Load-softening 1.95 10.00 21.18	
		Load plateau -0.18 0.60	8.73	
			95				

Table 4

 4 

		.5.16: Stiffness, [N/mm]	
		1 mm/min 10 mm/min 100 mm/min
	PA11	373	436	470
	PA11GF8	580	671	791
	PA11GF30	1592	1716	1756
		Table 4.5.17: F 0 , [N]	
		1 mm/min 10 mm/min 100 mm/min
	PA11	439	508	631
	PA11GF8	533	615	696
	PA11GF30	572	850	903
	b			

Crosshead speed dependence of U and F

  

Table 4

 4 

	.5.18: Embrittlement ratio for PA11GF8
	Crosshead speed [mm/min]	1	10	100
	S brittle /S total	45 % 53 % 64 %
	b Fracture surface of PA11GF30			
	Figures 4.5.68a, 4.5.68b and 4.5.68c display the global view of fracture facies of
	PA11GF30 at three crosshead speeds. The global view is not able to give more
	information due to the interference of high content of glass-fiber, but the initial form of
	the cross section seems to keep generally rectangular at break. A closer look at fracture
	surface gives evidence of the coexistence of more and less deformed region, examples at
	10 mm/min are shown in figure 4.5.69a and 4.5.69b. Many fibrils are observed in mored
	deformed region, the stretch opening is smaller than that of PA11GF8.
		110		

Table 4

 4 

	.6.19: Stiffness and F 0 of neat PA11
	Crosshead speed [mm/min]	1	10 100
	Stiffness [N/mm]	370 410 460
	F 0 [N]	344 466 530
	b Load evolution stages		

Table 5 .

 5 3.2: Summary of experimental tests on rubbersDuring each block, 2000 cycles of sinusoidal displacements or loads are imposed with constant frequency of 1 Hz (2000 cycles are enough to attain the stabilization state under 1 Hz [Le[START_REF] Saux | Fast evaluation of the fatigue lifetime of rubber-like materials based on a heat build-up protocol and micro-tomography measurements[END_REF]), the imposed displacement/load is then removed (sample may remain in slight compression at zero displacement/load state) during 15 minutes to cool down the materials before the following block starts. In this work, eight displacement amplitudes,

	Loading type/direction	Geometry	Temperature [°C]	Cell load	Velocity	Cameras	End criterion	Objectives
	Stepwise cyclic	Traction Imposed F Traction Imposed U	Diabolo	T room	2 kN	1 Hz	IR IR	--	ΔT = f(F) ΔT = f(U)
		Traction	Diabolo Pancake	T room	10 kN	[1, 10, 100] mm/min	IR + Optical IR + Optical	Rupture Rupture	E Epseudo
	Monotonic short-term	Torsion	Pancake	T room	10 kN	[1, 10, 100] mm/min	IR	Rupture	G 0
		Compression	1 Disk	[30, 45, 60, 75]	100 kN	1 mm/min	-	~ 50 kN	E
		Oedometric Compression	3 Disks	[30, 45, 60, 75]	100 kN	1 mm/min	-	~ 50 kN	K 0
	Static long-term Creep-recovery	Oedometric Compression	3 Disks	[30, 45, 60]	100 kN	1 mm/min	-	1 hr + 2 hr	K(τ)

Table 5 .

 5 3.3: Experimental specifications of short-term tests

	Experiment Type	Tension	Compression	Torsion
	Temperature [			

• C] T room ≈ 19 T room ≈

Table 5 .

 5 4.4: E init and E min of rubbers in uniaxial tensile

	E [MPa]		E init			E min	
	Crosshead speed [mm/min]	1	10	100	1	10	100
	NR-CB30	0.90 0.66 0.71 0.26 0.25 0.27
	NR-CB53	1.83 2.26 1.20 0.45 0.47 0.48
	Surface temperature rise Figure						

Table 5 .

 5 4.5: Summary of temperature rise for diabolo samples in tension, [ • C] ∆T max prior to rupture ∆T max at rupture

	Crosshead speed [mm/min]	1	10	100	1	10	100
	NR-CB30	0.5 5.8	25.3	80.1 21.1 43.8
	NR-CB53	1.0 8.3	24.2	2.4 19.2 102.9

Table 5

 5 

	.4.6: Initial E pseudo , [MPa]	
	Crosshead speed [mm/min]	1	10	100
	NR-CB30	17.6 17.2 17.6
	NR-CB53	24.8 24.6 23.7

Table 5 .

 5 4.7: Summary of ∆T max for pancake samples in tension, [ • C]

	∆T max [ • C]	Prior to rupture		At rupture
	Crosshead speed [mm/min]	1	10	100	1	10	100
	NR-CB30	6.2 13.0 18.7 77.6 75.0 91.7 5.8 11.3 14.0 67.9 75.4 76.5
	NR-CB53	3.0 15.5 22.7 50.6 60 72.9 3.8 16.6 18.7 44.5 61.1 74.8

Table 5

 5 

						.4.8: Parameters in oedometric compression tests	
		Material			NR-CB30			NR-CB53
	Temperature [ • C]	30	45	60	75	30	45	60	75
	E min [MPa]		11.2	7.2	13.5	11	10.2	8.0	13.8	14.3
	F S 0	/	∆h H 0	[MPa]	924	870	805	664	927	903	868	716
			v [-]		0.4980 0.4986 0.4972 0.4972 0.4982 0.4985 0.4973 0.4966
	K exp [MPa]		938	863	804	655	940	883	852	701
	K (v=0.5) [MPa]	924	870	805	664	927	903	868	716
	K exp -K (v=0.5) K (v=0.5)	[%]	1.5	0.8	0.1	1.4	1.4	2.1	1.8	2.1
	same table, a maximum error of 2.1 % was obtained. K exp and K (v=0.5) at different
	temperatures,								

Table 5 .

 5 

	4.9: Initial and minimum shear modulus	
	Material		NR-CB30	NR-CB53
	Rotation speed [deg/min]	30	300 3000	30	300
	G init				

Table 6

 6 

	.1.1: Mesh specifications of NT5 and DENT geometries
	Geometry	NT5	DENT
	Total length [mm]	40	
	Element type	c2d8r: 2D; c3d20r: 3D
	Element size [mm] 0.017 -2.8 0.032 -3.5
	Nb of nodes	11 479, 2D 133 272, 3D 14 497, 3D 1 696, 2D
	Nb of elements	3 742 , 2D 28 545, 3D	533, 2D

  In Zset, adiabatic heating is implemented in GTN model, the temperature of material is calculated by equation VI.7. The initial temperature T is required, ρ and C p are material constants, their values are summarized in table 6.1.3. During deformation, materials density decreases due to the increase of void volume. ρ and C p are grouped as one variable ρC p in Zset, its dependence on void volume fraction f v is taken into account such that:

Table 6 .

 6 3.4: Parameters of GTN model for neat PA11

  except ahead of the crack-tip, where σ xx becomes lower than σ yy . The numerical results confirm a multi-axial stress state in both NT5 and DENT geometry.

Table 6 .

 6 

	4.5: Model parameters of PA11GF8
	E

In order to ensure the contact between the specimen and the piston for the displacement measurement during the recovery step, the recovery load cannot be set to absolute zero, its value is actually around 47 N.

One extra constraint for DENT: x ≤

mm. The pre-crack (x ≥ 2 mm) is in free boundary conditions.

0.7 % pds/v: weigh the solution then add 0.7 % wt. of KMnO4

V.17. The values of the three parameters described above are summarized in table 5.4.10 for each carbon black content at each temperature, [30,45,60] • C. ω iτ i parameters were optimized by fitting the experimental data at the recovery step. The number of ω iτ i pairs depends on the complexity of the recovery data, three groups ω iτ i parameters were chosen for the tests under study. The optimized parameters are summarized in table 5. [START_REF]EXPERIMENTAL RESULTS ON UT SAMPLE[END_REF].11 for each carbon black content at each temperature, the fitting result of NR-CB53 at 45 • C is shown in figure 5.4.25. A good agreement in profile was observed between the numerical and theoretical stresses, where the maximum value is located at the sample center (x = 0, y = 0). Moreover, the σ xx obtained by 3D and 2D PE simulation is similar, especially close to the notch root. Nevertheless, the numerical σ xx is higher than the theoretical one at normalized width x/a less than about 0.8, then decreases as it gets closer to the notch root.

Regarding DENT, the σ xx is also very close in 3D and 2D PE simulations, especially close to the center and notch root. A half-M profile was also observed in σ xx as in σ zz , where the maximum σ xx is located at a small distance (x/a ≈ 0.9) ahead of the crack-tip, which is in good agreement with Rice-Johnson theory.

Distribution of σ yy

σ yy along the width at mid-thickness at F p Figures 6.3 The numerical width reduction ratios obtained from 2D PS and 3D simulations match well with the experimental results. However, the 2D PE simulation overestimates the width reduction degree, especially at larger deformations. 

Ree-Erying type curves

The numerical results of PA11GF8 on: 1) stiffness, 2) loads at the corresponding opening displacement of experimental F 0 and F p , and 3) width reduction ratios at the opening displacement of experimental F 0 and F p , were summarized and will be discussed in the following in terms of Ree-Erying type curves. of width reduction ratios were well-estimated by 2D PS and 3D simulations, while an overestimation was obtained for 2D PE simulation, especially at lower crosshead speeds. This is consistent with results on stiffness and characteristic loads. the Bridgman/Rice-Johnson theory due to the dominance of elasticity. However, at F p , the profile of numerical σ zz aligns with the theory: the maximum stress is located at the center of the notched geometry and at a small distance ahead of the crack-tip on a DENT geometry. In accordance with results on neat PA11 and PA11GF8, the profiles of σ zz at F 0 are different from those at F p . At F 0 , elasticity prevails in the specimen, and the maximum σ zz is located at the notch/crack root. At F p , the numerical profiles of σ zz are in good agreement with theoretical ones, and the maximum σ zz is located respectively at the center (x = 0) of NT5 geometry and at a small distance from the crack-tip of DENT geometry. This result confirms the validity of Bridgman and Rice-Johnson theories because the material is in the elastoplastic domain at F p .

Appendix A

Etching protocol

The etching process is the same for PA11, PE and PA6, the basic chemical solution allows to dissolve amorphous phase is KM n O 4 . The difference lies in the etching time, 16 h, 1h and 5 minutes will be needed respectively for PA11, PE and PA6.

Operating process:

The first step of operating process used for the permanganic scraping is the following: Then, to obtain the optimal resolution of lamella:

) and H 2 O in the proportion of 10:4:1

In practice:

The etching process consists of two steps:

•

Step 1: Prepare a mixture of 20 ml of H 2 SO 4 , 10 ml of H 3 PO 4 (85 %) and 0.36 g of KM n O 4 . Put the sample in the mixture by keeping a permanent agitation with a agitator, the etching time depends on the material.

•

Step 2: Prepare a mixture of 2 ml of H 2 O, 8 ml of H 3 PO 4 (85 %), 20 ml of H 2 SO 4 and 0.5 g of KM n O 4 (the order can't be disturbed). Put the sample in the mixture by keeping a permanent agitation with a agitator, the etching time depends on the material.
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Cleaning cycle

• 10 min cooling, with a mixture of H 2 SO 4 and H 2 O in the proportions of 2:7, in the ice to dissipate the heat released during the dilution of the residual acid presented in the sample.

• 6 min at ambient temperature in H 2 O 2 (30 %) in order to eliminate the residual of salt and oxides of manganese formed during the scraping.

• 4 min in H 2 O at ambient temperature for the rinse.

• 5 min at ambient temperature in acetone to eliminate the rinse water before drying the sample in compressed air.
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