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encountered in practice. In sheet metal forming processes, the material is deformed under biaxial loading states and is subjected to large strains. Hence, the identification of material constants, corresponding to the different behavior models (yield criterion, plastic hardening, temperature and strain rate dependencies …), under biaxial tensile states has become a basic issue for the characterization of phenomenological models.

The objective of this thesis is to propose calibration methods of thermo-viscoplastic models of metallic alloys submitted to in-plane biaxial tensile loadings. In this case, AA6061 is adopted to study the temperature and strain rate effect on plastic behavior through experimental and numerical approaches.

Anisotropic behavior of AA6061 is investigated by mean of uniaxial tests and equi-biaxial tensile tests at room temperature and quasi-static conditions. The equi-biaxial tensile test on a simple specimen shape is performed to calibrate a complex yield criterion with an improved method.

Based on these uniaxial tensile tests also performed at various temperatures (ambient to 200°C) and strain rate (0.002s -1 to 4s -1 ), a coupled hardening temperature-strain rate model is identified for AA6061. Then, a heating device is introduced and equipped with the biaxial tensile machine. To study the temperature and strain rate dependent hardening behavior for large strains, the biaxial tensile tests with a dedicated cruciform specimen are performed at temperatures (ambient to 160°C) and strain rates (10 -3 s -1 to 10s -1 ) close to the ones of the uniaxial tests. The coupled hardening model selected previously from uniaxial tension experiments is calibrated by inverse analysis, based on the results of the equi-biaxial tensile tests. 

General introduction

Sheet metal forming processes are widely adopted in industries to produce thin-wall parts. Nowadays, with increasing demands for safety, lower weight or reduced fabrication costs, new materials and innovative forming processes emerge. In order to reduce the amount of the timeconsuming and expensive trial-and-error processes, Finite Element (FE) simulations are intensively used to analyze the capabilities of sheet metal forming processes. To improve the accuracy of FE models, the material must be characterized for conditions close to the ones encountered in practice. In sheet metal forming processes, the material is deformed under biaxial loading states and is subjected to large strains. Hence, the identification of material constants, corresponding to the different behavior models (yield criterion, plastic hardening, temperature and strain rate dependencies …), under biaxial tensile states has become a basic issue for the characterization of phenomenological models.

Characterization of material behavior under biaxial tensile states can be performed by different tests (hydraulic bulge test of circular specimen, tension-internal pressure test of tubular specimen, biaxial tensile test of flat cruciform specimen, …). Considering the in-plane biaxial tensile test, a cruciform specimen is directly loaded along two perpendicular directions. This test presents several benefits: first, it is a frictionless test without any contact between the tested specimen and tools; moreover, many strain paths ranging from uniaxial tension to biaxial tension can be encountered during the same test in different regions of the specimen; finally, by changing the displacement ratio between the two perpendicular axes, different linear or nonlinear biaxial strain and stress states can be obtained in the central region of the specimen. Nevertheless, the main drawback of this test is related to the design of the cross specimen. Several attempts of cruciform shape design have been led these last years. Depending on the targeted application (determination of forming limit strains, calibration of a plastic yield criterion, identification of a hardening behaviour for large strains …) different specimen shapes have been proposed. The objective of this work is to propose a calibration method of thermo-viscoplastic models of metallic alloys based on an in-plane biaxial tensile test. The calibration methodologies developed these lasts years in the team to characterize the strain-rate dependency of metallic alloys under in-plane biaxial loadings are extended in order to integrate the temperature dependency. For this purpose, an experimental database including both conventional uniaxial tensile tests as well as equi-biaxial tensile tests on dedicated flat cruciform specimens of AA6061 are carried out at different temperatures and strain rates. Based on these experimental data, different strategies for calibrating the thermo-viscoplastic strainhardening model and the yield criterion are evaluated and discussed. The main content of this work is presented in 4 chapters as follows: Chapter 1 briefly recalls the constitutive models needed to describe the thermo-viscoplastic behavior of metal sheets. Main yield criteria used in sheet forming modeling and various hardening laws including thermal softening effect and strain rate sensitivity suggested in previous works are presented. Then, after a brief recall of the conventional experimental methods used to calibrate the constitutive models implemented in numerical simulation codes, the bibliography focuses on the use of in-plane biaxial tensile test on cruciform specimens. The different applications of this rheological test are reviewed and particular attention is paid to the experimental devices developed to carry out temperature characterizations.

In Chapter 2, the mechanical behavior of AA6061 is investigated by means of conventional uniaxial tensile tests. Firstly, through tests at ambient temperature along three directions at 0°, 45° and 90° from the rolling direction, the anisotropy coefficients for this material are calculated. Then, the uniaxial tensile tests are performed at different temperatures and tensile velocities to evaluate the temperature and strain rate influences on the hardening behavior of AA6061. Based on this experimental database, several temperature and strain rate dependent hardening models selected from the literature review are calibrated. By comparing the predicted results with experimental ones, the best model is chosen to further investigate the hardening behavior of AA6061 under biaxial tension at different temperatures and strain rates.

In Chapter 3, equi-biaxial tensile tests are performed on dedicated cruciform specimens of AA6061 at temperatures from ambient to 160°C and for an intermediate strain rate range. A FE model of the biaxial tensile test on cruciform specimen is defined to be used in an inverse procedure of identification of the material parameters of the thermo-viscoplastic model selected in chapter 2. The best set of parameters is obtained by minimizing the difference between experimental and numerical principal strains at the center point of the cruciform specimen for each temperature and tensile speed.

In Chapter 4, an equi-biaxial tensile test is performed on a cut type cruciform specimen of AA6061. From the in-plane major and minor strains along three specified paths, the complex anisotropic yield criterion of Bron and Besson is calibrated at room temperature and under quasi-static condition. This yield model and the thermo-viscoplastic hardening model identified in Chapter 3 are both used to simulate the equi-biaxial tensile tests for different operating conditions of temperature and strain rate. The evolution of predicted principal strains along different paths of the cruciform specimen are then compared to the experimental data to discuss the temperature and strain rate influence on the anisotropic behavior of the material.Finally, a summary of contributions of this work is given and some perspectives for further research on this subject are proposed.

Chapter 1 Characterization of thermo-viscoplastic behavior of metallic alloys 1.1 Introduction

In sheet metal forming process (stamping, hydroforming, incremental forming …) , the material is usually deformed under multi-axial states and large plastic strains can be reached. Moreover, these forming processes can be carried out at different temperatures to improve the formability of metallic alloys, in particular for aluminium alloys, while the strain rate may vary in a so-called "intermediate" range (from quasi-static to few tens of s -1 ). Thus, the identification of thermo-visco-plastic constitutive models suitable for representing the mechanical behavior of sheet metal under biaxial tensile stress states has become a basic issue. In this chapter, a brief review of constitutive models usually encountered in finite element (FE) simulations of forming processes is firstly introduced. Main isotropic and anisotropic yield criteria and temperature and strain rate dependent hardening models for metallic alloys are briefly presented and discussed. Then, conventional experimental method commonly used to investigate temperature and strain rate influences on the mechanical behavior of sheet metal are presented. Finally, a short review of the in-plane biaxial tensile testing technics proposed in the literature to characterize the mechanical behavior of sheet metal is presented.

Constitutive model of metallic alloys

The accuracy of the FE simulation of sheet metal forming process depends on the use of constitutive model that should precisely describe the material response to different mechanical and/or thermal loading conditions [START_REF] Zhang | The Material Point Method: A Continuum-Based Particle Method for Extreme Loading Cases[END_REF]. The constitutive models can be divide into three parts: 1) A yield criterion, which can define the initial plastic response of the material and formulate the relationship between the stress components when plastic yielding happens. 2) A flow rule which governs the relationship between increments of plastic strain and stress after initiation of plastic deformation. 3) A hardening law which describes the evolution of yield stress during the forming process according to the level of deformation in the material.

Yield criterion

The onset of plastic deformation for a material takes place when the stress components meet a certain relationship, which is called the yield criterion. There are two alternative way to describe the yield criterion: micromechanical or phenomenological approach [START_REF] Choi | Macroscopic anisotropy in AA5019A sheets[END_REF]. In this thesis, only the phenomenological yield models are discussed. These yield criteria are usually described by the function f as follows:

    00 , ij ij f       (1.1)
Where   ij     defines the equivalent stress, and 0  is the yield stress which is often considered equal to the uniaxial yield stress along the rolling direction. When 0 f , the material is under elastic deformation thus reversible. When =0 f , non-reversible plastic deformation occurs. The yield function is a mathematical description of a three-dimension surface in the principal stress space. Under plane stress condition (usually encountered in sheet metal forming), the yield surface is transformed to a curve as shown in Fig. 1.1. Depending on the material, isotropic or anisotropic yield criteria can be adopted to well describe the plastic yielding. Here, the classic isotropic yield criteria Tresca, Mises and anisotropy yield criteria are briefly introduced in the following section.

Isotropic yield criterion

For the isotropic materials, plastic yielding depends only on the magnitude of the principal stresses and not on their directions [START_REF] Kobayashi | Metal Forming and the Finite-element Method[END_REF]. The commonly used isotropic yield models are the Tresca model and the Von Mises model.

 Tresca yield criterion

The Tresca model is proposed based on the assumption that plastic yield occurs when a critical value of shear stress was reached. In general cases, the function can be written in the form:

    1 2 1 3 2 3 max , , i             (1.2)
Under plane stress condition, the Eq. 1.2 becomes:

  12 i      (1.3)
where i  are the principal stresses. In the plane stress condition, the yield surface of this criterion is a hexagon as shown in Fig. 1.2.

 Von Mises yield criterion

In 1913, Von Mises proposed an equation for ductile materials, which is known as the Von Mises yield criterion. The material passed from elastic state to a plastic one when the elastic energy of distortion, or a shear stress or uniaxial tensile stress reaches a critical value. This criterion can be written as follow: 

        2 2
23 ij            (1.5)
The yield surface corresponding to the Von Mises yield criterion in plane stress is an ellipse as shown in Fig. 1.2, where Y is an initial yield stress under uniaxial condition. For isotropic material, both the preceding criteria are sufficiently accurate for approximation. Although there are major differences in the mathematical form of this two model, the values of stress predicted for any given stress ratio will not differ by more than 15% [START_REF] Hu | Mechanics of Sheet Metal Forming[END_REF]. However, the Von Mises criterion is continuous and more convenient to use in numerical analysis [START_REF] Kobayashi | Metal Forming and the Finite-element Method[END_REF].

Anisotropic yield criterion

For the anisotropic materials, plastic yielding depends not only on the magnitude of the principal stresses but also on their directions. Metallic sheets usually exhibit a significant anisotropy behavior, due to their crystallographic structure and the characteristics of rolling process [START_REF] Banabic | Sheet Metal Forming Processes: Constitutive Modelling and Numerical Simulation[END_REF]. Over the years, numerous anisotropic yield criteria have been developed to account for the plastic anisotropy of sheet metal.

 Hill 1948 yield criterion

Based on the Von Mises isotropic yield criterion, Hill [START_REF] Hill | A theory of the yielding and plastic flow of anisotropic metals[END_REF] proposed an anisotropic yield criterion in 1948, which can be expressed by the following type: 
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Where F, G, H, L, M and N are the parameters to be identified. Under plane stress conditions ( 13  = 23  = 33  =0), the yield function can be written as:
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The Hill 1948 yield criterion has until recently been used frequently because of its simplicity (few parameters to identify). However, there are also drawback of the Hill 1984 [7]: (i) It can be only applied to materials forming in two or four 'ears' in axisymmetric deepdrawing process; (ii) The equivalent stress-strain curves for different materials depend on the loading path, although they should be unique and intrinsic for a given material; (iii) the dependence of the yield stress on direction is poorly predicted by this model, although the variation of the r-value is properly approximately.

 Hosford yield criterion

Hosford [8] proposed an anisotropic yield criterion based on Hershey's isotropic model which was related to the crystallographic structure of the material. It is in the form:
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Where F, G and H are the parameters which describe the anisotropy. The exponent a is related to the crystallographic structure of the material. He concluded that the best approximation was given by a=6 for body centered cubic (BCC) materials and a=8 for FCC materials.

 YLD 91

Barlat et al. [START_REF] Barlat | A six-component yield function for anisotropic materials[END_REF] extended Hosford anisotropic yield criterion and took into account the shear stress component with a linear transformation tensor. It is in the form:
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Where the exponent a has the same significance as the one used by Hosford. i S are the principal values of a transformed stress deviator ij s (Eq. 1.12). A linear transformation on the stress tensor ij  was introduced in the formulation, as (Eq. 1.10 and Eq. 1.11): i c are the six positive coefficients which define the anisotropy of the material. The identification process of the coefficients can be carried out with the results of uniaxial tensile tests along longitudinal, transversal and diagonal directions and equi-biaxial bulge test. The yield function YLD91 can describe the yield surface of materials processed with medium and low cold rolling reductions. The reduction ratio affects on texture and planar anisotropy of the material [10]. However, for materials processed with high cold rolling reduction, YLD91 cannot describe anisotropy with precision, a large difference was observed between experiments and prediction values for the pure shear [11].

 Karafillis and Boyce yield criterion

Karafillis and Boyce [START_REF] Karafillis | A general anisotropic yield criterion using bounds and a transformation weighting tensor[END_REF] proposed a general yield model with a linear transformation tensor. A coefficient c was introduced to combine an isotropic yield model and an anisotropic one. The yield model is defined by:     
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In these equations, the coefficient a and i S are the same significance with the one in YLD91. However, this model is still not sufficient to describe the materials processed with high cold rolling reduction [START_REF] Barlat | Yielding description for solution strengthened aluminum alloys[END_REF].

 YLD96 yield criterion

To represent the plastic behavior of aluminum alloy with high cold rolling reductions, the YLD96 model [11] which generated from the YLD91 model is proposed. The generalization consist in giving weight factors to the terms of Eq. 1.9:
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The coefficients a and i S have the same significant with the one in YLD91; The weight factors 1

 , 2  and 3  are related to the anisotropy of the materials and define as: This yield criterion has been applied to commercial AA6022-T4 sheets and presented a good match between the predicted and experimental yield stresses and r-values. However, the convexity of this model is still not been guaranteed.

 Bron and Besson yield criterion

Since the YLD91 and the Karafillis and Boyce model have the same number of parameters to control anisotropy, they have the same limitation for describing complex yield surfaces. In this case, Bron and Besson [START_REF] Bron | A yield function for anisotropic materials Application to aluminum alloys[END_REF] proposed a 3D yield function, which is an extension of YLD91 and Karafillis and Boyce yield model, based on two linear transformation tensors. The function of this model can be written as follows:   . The k  are expressed in the form:
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In these equations, a, 1 b , 2 b and k  are parameters which define the shape of the yield surface. k i S are the principal values of transformed stress deviators k ij s which were defined by : 
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c are the parameters related to the anisotropy of the material. In the in-plane stress conditions, the parameter number related to anisotropy reduces down to 8 with [START_REF] Abedrabbo | Forming of AA5182-O and AA5754-O at elevated temperatures using coupled thermo-mechanical finite element models[END_REF]   , the function leads to YLD91.

These five yield criterion are based on crystallographic structure of the material. Compared with the other models, the Bron and Besson yield model have more parameters to control the anisotropy, indicating a greater flexibility for this yield criterion. This model is also found to be very accurate to describe the plastic anisotropy of various aluminium sheets such as AA2024-T4, AA6022-T4, AA2090-T3, AA7075-T351 and AA5086 [START_REF] Bron | A yield function for anisotropic materials Application to aluminum alloys[END_REF][START_REF] Zhang | Calibration of anisotropic yield criterion with conventional tests or biaxial test[END_REF]. Thus, the Bron and Besson model is adopted to study the anisotropy of the material in the following work.

Influence of temperature and strain rate on yield criterion

The use of yield (isotropic or anisotropic) models in FEA is further complicated when complex loadings, such as elevated temperature and/or strain rates, have to be considered [START_REF] Chung | Finite element simulation of sheet forming based on a planar anisotropic strain-rate potential[END_REF].

In the research of temperature and strain rate effect on the mechanical behavior of aluminum alloy, the majority are focus on the effect of elevated temperatures or strain rates on the evolution of the flow (hardening) stress. The effect of temperature and strain rate on the anisotropy of the material and how the yield surface of the aluminum alloy evolved as a function of temperature was not fully explored [START_REF] Kurukuri | Effect of temperature on anisotropy in forming simulation of aluminum alloys[END_REF].

Abedrabbo et al. [START_REF] Abedrabbo | Forming of aluminum alloys at elevated temperatures -Part 1: Material characterization[END_REF] have characterized the anisotropy of AA3003-H111 at different temperatures. With uniaxial tensile tests along rolling, 45° and transverse directions and bulge test, the anisotropic coefficients of YLD96 yield criterion were calculated for each temperature (25, 93, 149, 204, and 260°C), respectively.

With the anisotropic coefficients for each temperature, the curve-fitting method was used to obtain the anisotropic coefficients in function of temperature by 3rd or 5th order polynomial The curve fitting functions were verified by a comparison of the r-values (r0, r45 and r90) that were extracted from experimental tests to the values predicted from the yield function in which the anisotropy coefficients vary with temperature. A good agreement can be observed between the predicted and the experimental data at each temperature.

These results show that the temperature has an influence on the shape of the yield surface (particularly near the balanced biaxial region) and also the size, indicating that the effect of temperature on the anisotropy parameters for this material must be considered during the thermo-forming analysis.

Khan et al. [START_REF] Khan | Anisotropic responses, constitutive modeling and the effects of strainrate and temperature on the formability of an aluminum alloy[END_REF] further considered the strain rate effect on the anisotropic coefficients of YLD96 yield criterion by characterizing the anisotropic responses of AA5182-O in a range of strain rates (10 -4 to 1s -1 ) and temperatures (296 to 473K) under uniaxial tension (strain level between 14% to 18%) and compression (strain level between 3% to 10%). By comparing the predicted yield stress ( 0  , 45  , 90  , and b  ) and r-value (r0, r45 and r90) with experimental data at the same time, the anisotropy coefficients of YLD96 were adjusted to satisfy the yield stress anisotropy and r-value directionality simultaneously.

Fig. 1.4 Plot of r-value as a function of strain-rate at different temperature. [19]

The r-values obtained from the yield criterion are compared with the one obtained from experiments, as shown in Fig. 1.4. An evident strain rate effect on the r-values can be observed at different temperatures. At the temperatures of 296K and 373K, the r-values increase with the increasing strain rate, however, an opposite effect is observed for the temperature of 473K.

In conclusion, the strain rate effect should be considered in the characterization of anisotropy behavior for AA5182-O in this range of temperature.

From the literatures presented above, for the considered aluminium grades, anisotropic behavior of aluminium alloys seems to exhibit temperature and strain rate sensitivity.

Hardening law

The hardening law is used to describe the evolution of stress after the yielding of materials. The different types of hardening model consist of the isotropic hardening, kinematic hardening and the combined isotropic-kinematic hardening [START_REF] Zadpoor | 4 -Numerical simulation modeling of tailor welded blank forming[END_REF]. The subsequent yield function can be defined as follows:

  0 ij ij        (1.21)
The equivalent stress  governs the size of yield surface. The position of yield in stress space is determined by the back stress ij  . For the isotropic hardening, the 0 ij   and the  increases with the evolution of plastic strain (Fig. 1.5a). For the kinematic hardening, the 0 ij   and  remains constant (Fig. 1.5b). While, when the 0 ij   and the  also expanded, the material is supposed to be combined isotropic-kinematic hardening (Fig. 1.5c). For the monotonic deformation without any abrupt change of strain path, the isotropic is usually adopted. However, when there is significant change of loading direction, the kinematic or the combined isotropic-kinematical hardening should be considered, especially for the materials with Bauschinger effect under cyclic loading.

Rheological Hardening model

The hardening model are broadly classified in two major categories: physical based model and phenomenological based model, depending on the assumptions adopted for each of them [START_REF] Salvado | A review on the strain rate dependency of the dynamic viscoplastic response of FCC metals[END_REF].

Attention to physical models has increased in recent years and they are preferred in certain situations [START_REF] Panov | Modelling of behaviour of metals at high strain rates[END_REF][START_REF] Huang | A physical-based constitutive model to describe the strain-hardening and dynamic recovery behaviors of 5754 aluminum alloy[END_REF][START_REF] Vilamosa | A physically-based constitutive model applied to AA6082 aluminium alloy at large strains, high strain rates and elevated temperatures[END_REF][START_REF] Knezevic | A strainrate and temperature dependent constitutive model for BCC metals incorporating non-Schmid effects: Application to tantalum-tungsten alloys[END_REF][START_REF] Bobbili | Physically-based constitutive model for flow behavior of a Ti-22Al-25Nb alloy at high strain rates[END_REF]. One of the reasons is that the material dynamic behavior at high strain rate is affected by the microstructural evolution during deformation, which is not considered in the phenomenological models [START_REF] Salvado | A review on the strain rate dependency of the dynamic viscoplastic response of FCC metals[END_REF]. However, the large number of parameters in physical models has limited their application to some extent. Physical based models are derived from the analysis of the microstructure evolution [START_REF] Chu | Caractérisation expérimentale et prédiction de la formabilité d'un alliage d'aluminium en fonction de la température et de la vitesse de déformation[END_REF]. On the micro-scale, when the material is deformed, dislocations will be generated and annihilated, and the texture evolution will occur. It is usually assumed that concept of dislocation density links the flow stress to the underlying microstructure evolution. The flow stress  can be calculated as follows [START_REF] Lemaitre | Mé canique des maté riaux solides[END_REF]:
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Where 0  is the initial yield stress corresponding to the initial density 0  of dislocation,  is a material coefficient, G is the transversal elastic modulus, b is the burgers vector and  is the current dislocation density.

Different from physical based models, phenomenological based models are derived from experimental observations. In general, these models present simple expressions, reduce number of material constants and are easier to implement in Finite Element code. The equivalent plastic strain p  is usually chosen to represent the dislocation density  in a phenomenological model.

In the similar way of Eq. 1.22, the hardening law can be expressed by a one-internal-variable model as following:

  0 p H     (1.23)
Where 0

 is the initial yield stress and   p H  represents the strain hardening effect.

Ludwick and Voce models are two classical phenomenological models as the mathematical formula in Eq. 1.23. The description of these two models is given in Table 1.1. 

  0 1 p n Ke       Saturation law
Where K and n are the fitting parameters used to describe the material strain hardening.

Influence of temperature and strain rate for hardening model

When the deformation of materials take place at various temperatures and strain rates, the hardening law should also take into account the thermal softening effect  

TT and the strain rate sensitivity   V  [START_REF] Chu | Caractérisation expérimentale et prédiction de la formabilité d'un alliage d'aluminium en fonction de la température et de la vitesse de déformation[END_REF][START_REF] Huh | Evaluation of dynamic hardening models for BCC, FCC, and HCP metals at a wide range of strain rates[END_REF].

The thermal softening effect and stain rate sensitivity effect can be incorporated additively or multiplicatively into the formulations of the hardening law [START_REF] Diot | Caracté risation expé rimentale et numé rique[END_REF]. For the strain rate function, the additional formulation is usually applied to high strain rate conditions which is not usually encountered in sheet metal forming. So in the following only multiplicative models are considered. In literature, one can find mainly four types of multiplicative formulations applied to the strain hardening model described by Eq. 1.23 [START_REF] Paul | Tensile flow behavior of ultra low carbon, low carbon and micro alloyed steel sheets for auto application under low to intermediate strain rate[END_REF]. These mathematical formulations are recalled in the Table 1.2 below.

Table 1.2 Multiplicative formulations for hardening model.

Type

Formulation Main Feature 1       0 p H T T V       
 Same temperature and strain rate influences on both the initial yield stress and the strain hardening.

2       0 p H T T V      
Temperature and strain rate influence only on the strain hardening.

3       0 p T T V H       
Temperature and strain rate influences only on the initial yield stress.

4         0 1 2 2 p T T H T T V      
Only temperature influence on the initial yield stress, but temperature and strain rate influences on the strain hardening.  Influences are different.

The thermal softening effect can lead to a significant decrease of the flow stress, especially in adiabatic forming conditions. In last decades, several temperature functions have been proposed to describe the temperature effects as recalled in [START_REF] Sung | A plastic constitutive equation incorporating strain, strain-rate, and temperature[END_REF], and summarized in Table 1.3. In these functions, m T is the melting temperature, 0 T is the reference temperature and T is the current temperature. 

      0 1 T T T T     RK model [34]   1 exp 1 m m T T T T K TT          Power law model [32]   0 T TT T      Johnson-cook model [35]   0 0 1 m m TT TT TT       Exponential model [36]   0 0 exp m m TT T T C TT           Chu et al. model [27]     01 exp T T n n T 
In [START_REF] Sung | A plastic constitutive equation incorporating strain, strain-rate, and temperature[END_REF], it is shown that Linear, Power, and Johnson-cook model give the same prediction at temperatures below 100°C. In [START_REF] Chu | Temperature and strain rate influence on AA5086 Forming Limit Curves: Experimental results and discussion on the validity of the M-K model[END_REF] and [START_REF] Liang | Thermo-viscoplastic behavior of AA6061 under dynamic biaxial loadings[END_REF], the use of the RK model leads to a good match in the prediction of yield stress for AA5086 and AA6061 at temperatures ranging from 20°C to 200°C. Models proposed by Chu et al. in [START_REF] Chu | Caractérisation expérimentale et prédiction de la formabilité d'un alliage d'aluminium en fonction de la température et de la vitesse de déformation[END_REF] have been applied to the temperature below 200°C.

Similarly to the temperature, several functions of the strain rate sensitivity term   V  are listed in Table 1.4. 0  represents the reference strain rate and  is the equivalent strain rate.

The range of strain rates for which they are most commonly used in literature is given in the right-hand column of the table. 

  m V   0.01 to 10 Johnson-cook [35]   0 1+ ln VC       
Up to 10 4

Kocks and Mecking [39]

 

1 0 m V        10 2 to 10 4 Gavrus et al. [40]   0 1 arcsin 2 m Vh            Around 10 3
According to the temperature and strain rate sensitivity functions presented above, the appropriated function to be chosen for a constitutive model depends mainly on the temperature and strain rate ranges concerned (i.e. encountered in the forming process).Two commonly used type-1 models (with temperature and strain rate effects on both initial yield stress and strain hardening at the same time) are given as follows:

 Johnson-cook (JC) model

JC model [START_REF] Johnson | A Constitutive Model And Data For Metals n[END_REF] is a widely used model to describe the hardening behavior with consideration of the strain hardening, strain rate sensitivity and thermal softening effect of material. This is a purely empirical hardening model. It can be written as follows:

  0 00 1 ln 1 m n p m TT A B C TT                             (1.24)
A is the yield stress at reference temperature 0 T and reference strain rate 0  . B is a strain hardening coefficient and n is the strain hardening exponent. C and m are material parameters that represent the coefficient of strain rate sensitive and thermal softening effect, respectively. For the JC model, there is no coupling between strain and temperature during plastic deformation. Due to its simplicity and relative few material constants, many modifications of JC model have been proposed such as [START_REF] Børvik | A computational model of viscoplasticity and ductile damage for impact and penetration[END_REF][START_REF] Rule | A REVISED FORM FOR THE JOHNSON-COOK STRENGTH MODEL[END_REF][START_REF] Zhang | Behaviors of IC10 alloy over a wide range of strain rates and temperatures: Experiments and modeling[END_REF][START_REF] Vural | Experimental analysis and constitutive modeling for the newly developed 2139-T8 alloy[END_REF][START_REF] Lin | Constitutive descriptions for hot compressed 2124-T851 aluminum alloy over a wide range of temperature and strain rate[END_REF][START_REF] Lin | A modified Johnson-Cook model for tensile behaviors of typical high-strength alloy steel[END_REF][START_REF] Shin | A Phenomenological Constitutive Equation to Describe Various Flow Stress Behaviors of Materials in Wide Strain Rate and Temperature Regimes[END_REF][START_REF] Wang | A constitutive description of tensile behavior for brass over a wide range of strain rates[END_REF][START_REF] Hou | A modified Johnson-Cook constitutive model for Mg-Gd-Y alloy extended to a wide range of temperatures[END_REF][START_REF] Lin | A phenomenological constitutive model for high temperature flow stress prediction of Al-Cu-Mg alloy[END_REF]. This model is generally used for impact or fracture analyze, the strain rate can be up to 10 4 s -1 , but rarely applied in sheet metal forming process.

 Khan-Huang (KH) model

Khan and Huang [START_REF] Khan | Experimental and theoretical study of mechanical behavior of 1100 aluminum in the strain rate range 10-5-104s-1[END_REF] studied the mechanical behavior of AA1100 in a wide strain rate range (10 -5 to 10 4 s -1 ). After analyzing the experimental results, they proposed the KH hardening model, without taking into account the temperature effects. The KH model can be written as follows:

      1 0 0 ln 1 ln p p E ae                  (1.25)
Where 0  , E  , a,  are material constants, The reference strain rate 0  is fixed to 10 6 by the authors. The KH model is able to predict a strong hardening behavior in a large range of strain rate. However, the lack of temperature effect led to a further modification for this model [START_REF] Khan | Behaviors of three BCC metal over a wide range of strain rates and temperatures: experiments and modeling[END_REF].

Examples for the type-2 (temperature and strain rate effects on strain hardening) and type-3 (temperature or strain rate effects on the initial yield stress) models are given as follows:

 Zerilli-Amstrong (ZA) model A classic example of a type-2 model is the Zerilli-Amstrong (ZA) [START_REF] Zerilli | Dislocation -mechanics-based constitutive relations for material dynamics calculations[END_REF] model for FCC metals. This model is based on dislocation mechanic and incorporates the effect of strain hardening, strain rate, temperature and grain size. According to this model, the temperature and strain rate have an influence on the strain hardening, but not on the initial yield stress. The ZA model for FCC metal can be written as follows:

34 2 ln 1 C T C T C ap Ce       (1.26) a
 is an athermal component of stress that considers the contribution of the initial dislocation density for the yield stress, which can be regarded as the initial yield stress 0  without consideration of temperature and strain rate influence. i C are materials parameters.

 Modified KH model

The modified KH model proposed by Yu et al. [START_REF] Yu | Constitutive model on the description of plastic behavior of DP600 steel at strain rate from 10-4 to 103s-1[END_REF] is an example of the type-3 model. This model has been used to study the rate-dependent mechanical behavior of a DP600 steel at strain rate ranging from 10 -4 to 1600s -1 . It can be written as follows:

0 0 1 ln p m p D E ae                    (1.27)
The initial yield stress is strain rate dependent, while without consideration of temperature or strain rate effect for the strain hardening. 0  , a, D, E  , m and  are the material parameters and the reference strain rate s / 10 4 0     . This model described well the hardening behavior for DP600 steel in this strain rate range and shows that the strain hardening of DP600 has little dependence on the strain rate.

Several kinds of the type-4 model have been presented and calibrated by Chu et al. [START_REF] Chu | Caractérisation expérimentale et prédiction de la formabilité d'un alliage d'aluminium en fonction de la température et de la vitesse de déformation[END_REF] These kind of models are well adapted to the range of temperature and strain rate considered here.

 Chu et al. models

As long as type 4 models are concerned, Chu et al. [START_REF] Chu | Caractérisation expérimentale et prédiction de la formabilité d'un alliage d'aluminium en fonction de la température et de la vitesse de déformation[END_REF] investigated the thermo-elastoviscoplastic hardening behavior for AA5086 in a temperature range from 20°C to 200°C and for a strain rate range from 0.01 to 10s -1 . Ludwick (power law type) and Voce (saturation type) hardening models incorporating temperature and strain rate sensitivity functions have been proposed, as follows:

Ludwick model:

        01 01 exp 0 1 2 = n n T m m T pp T K K T       (1.28)
Voce model:

            01 exp 0 1 2 3 4 = 1 exp exp m m T pp T K K T K K T         (1.29)   0 T 
is the initial yield stress with consideration of temperature effect. Ki, ni, and mi are material parameters.

In the ranges of temperature (less than 200°C) and intermediate strain rate (few ten of s -1 ) of interest here, which also correspond to those targeted by Chu et al. [START_REF] Chu | Caractérisation expérimentale et prédiction de la formabilité d'un alliage d'aluminium en fonction de la température et de la vitesse de déformation[END_REF], good predictive results were obtained by these type-4 thermo-viscoplastic strain-hardening models. However, a noticeable difference between the power and saturated type models is observed for large plastic strains as encountered in forming processes.

Conventional experimental tests for metallic material characterizations

In this part, a brief review of the conventional testing methods most commonly used to investigate the mechanical properties of sheet metal under different temperatures and strain rates is introduced. These traditional tests, including uniaxial tensile test, simple shear test, hydraulic bulge test and plane strain test, are usually adopted for characterization of plastic behavior under different stress states.

Uniaxial test

Uniaxial test is widely used to investigate the mechanical properties of metallic materials. It can provide the Young's modulus, Poisson's ratio, yield strength, ultimate tensile strength (UTS), uniform elongation and anisotropic coefficients. The uniaxial tensile specimen is presented below in Fig. 1.6.

Fig. 1.6 In-plane uniaxial tensile specimen at an angle  to the rolling direction.

The true strain, stress and strain rate can be calculated when the deformation is uniform in the central gauge area of initial length 0 L before localization, the true strain is calculated by:

0 ln L L   (1.30)
True stress is calculated by:

  0 exp F F SS     (1.31)
Where F is the loading force. S0 and S are the initial and current cross sections.

True strain rate is calculated by:

dV dt L    (1.32)
Where V is the loading velocity.

Based on this uniaxial tensile test, considered as homogeneous, experimental true stresstrue strain curves can be obtained at different initial strain rate.

Hereafter are some examples for the uniaxial test at different temperatures and strain rates. In order to study the deformation behavior of aluminum at warm forming conditions, Li et al. [START_REF] Li | Tensile deformation behavior of aluminum alloys at warm forming temperatures[END_REF] have performed the uniaxial tensile tests for three kinds of aluminum alloys (AA5182, AA5754, and AA6111) at different temperatures (200, 250,300, and 350°C) and for a strain rate range from 0.015s -1 to 1.5s -1 . The dependency of strain hardening and strain rate sensitivity on the temperature is identified. Abedrabbo et al. [START_REF] Abedrabbo | Forming of aluminum alloys at elevated temperatures -Part 1: Material characterization[END_REF][START_REF] Abedrabbo | Forming of AA5182-O and AA5754-O at elevated temperatures using coupled thermo-mechanical finite element models[END_REF] used the uniaxial tensile test to identified the temperature-dependent anisotropic yield models for three aluminum alloys, AA3003-H111, AA5182-O and AA5754-O at the temperature range of 25 to 260°C and strain rate range of 0.001 to 0.08s -1 . Codrington et al. [START_REF] Codrington | Induction heating apparatus for high temperature testing of thermo-mechanical properties[END_REF] identified the hardening model for AA7000-T4 at 260 and 480°C by using an induction heating apparatus with uniaxial tension. A constant strain rate of 10 -3 s -1 was used throughout all the tests. With the induction heater in this work, the temperature of the test specimen can reach around 1500°C, depending on the material and specimen size. Chen et al. [START_REF] Chen | Formability Evaluation of Aluminum Alloy 6061-T6 Sheet at Room and Elevated Temperatures[END_REF] evaluated the formability of AA6061 sheet under different forming conditions. With the uniaxial tensile test at the different temperatures (room temperature, 180°C, and 380°C) and strain rates (0.0005 to 0.05s -1 ), the hardening exponent n and strain rate sensitivity index m are identified.

From an experimental point of view, the flow stress-strain curve under uniaxial tension is easily obtained by measuring the experimental force and the specimen elongation of the gauge area (either by a classical extensometer or by image correlation depending of the temperature level) during the test. In this case, it is highly recommended to use a heating device (e.g. an adiabatic box with a window) that provides a good field of view in the uniaxial test.

However, the maximum homogeneous strain level under uniaxial test is limited (generally less than 20% for aluminum alloy), due to the necking phenomenon. Another drawback is only the uniaxial stress state is obtained under uniaxial test, quite different to the one encountered in forming process.

Simple shear test

The simple shear test is commonly used to obtain the shear modulus, elastic limit and shear strength of the materials [START_REF] Chu | Caractérisation expérimentale et prédiction de la formabilité d'un alliage d'aluminium en fonction de la température et de la vitesse de déformation[END_REF]. It has been proved that simple shear test is a very efficient technique to characterize the material properties of sheet metal at large strains under cyclic loadings [START_REF] Bouvier | Simple shear tests: Experimental techniques and characterization of the plastic anisotropy of rolled sheets at large strains[END_REF]. A well-known test device for simple shear testing of sheet metal is based on the American Society for Testing and Materials Standard (ASTM B831) [START_REF]Test Method for Shear Testing of Thin Aluminum Alloy Products[END_REF]. The ASTM standard is primarily intended to investigate the behavior of thin aluminum products under shear loading using a single shear zone. The shear testing specimen is given in Fig. 1.7(a). A modified simple shear specimen (Fig. 1.7(b)) based on the ASTM standard was developed by Merklein and Biasutti [START_REF] Merklein | Forward and reverse simple shear test experiments for material modeling in forming simulations[END_REF] to facilitate a reversal of the load direction. This opens a pathway to evaluate the material behavior under cyclic shear loading to describe kinematic hardening behavior [START_REF] Yin | An experimental and numerical investigation of different shear test configurations for sheet metal characterization[END_REF]. For the modified specimen, the shear zone of the specimen has an initial length of 0 =4.7 l mm and width of 0 1.6 w mm  . The shear stress  is determined from:

𝜏 = 𝐹 𝑙 0 ⋅𝑤 0 (1.33)
The modified ASTM specimen can be directly used in uniaxial testing machines because of its simple geometry. Hence, the heating method for uniaxial test can be adopted directly. In the investigation of plastic behavior for AA6082, Pellegrino et al. [START_REF] Pellegrino | Modeling of the Plastic Characteristics of AA6082 for the Friction Stir Welding Process[END_REF] performed the shear test with this shape of specimen to obtain the shear stress state from ambient temperature to 500°C. The shear strain rate is 0.001s -1 . Bernard et al. [START_REF] Bernard | Influence of Portevin-Le Chatelier Effect on Shear Strain Path Reversal in an Al-Mg Alloy at Room and High Temperatures[END_REF] investigated the influence of Portevin-Le Chatelier effect on shear stress-strain curves of AA5754-O at different temperatures (25 to 200°C) and strain rates ( ).

The simple shear test can be also performed at various temperatures and strain rates. Compared with the uniaxial test, a shear test can be used to identify failure parameters due to ductile fracture and not instability. No thinning occurs in a well-designed shear specimen, thus diffuse and localized necking is avoided. Damage growth is retarded because of the lower stress triaxiality. Generally, larger strains can be reached in shear tests, by which better material modeling is achieved [START_REF] Peirs | Novel pure-shear sheet specimen geometry for dynamic material characterisation[END_REF]. Also, there are some disadvantages for simple shear test. For example, the shear stress is not homogeneously distributed over the gauge section, the tensile and compression stress exist in the shear region; uncontrolled specimen deformation occurs in the clamps which will influence the calculated strain in the gauge area; frequently, bulking and cracking arise at the borders of the shear region [START_REF] Bouvier | Characterization of the strain-induced plastic anisotropy of rolled sheets by using sequences of simple shear and uniaxial tensile tests[END_REF].

Plane strain compression test

The plane strain compression test is an useful method for extending the flow curve to large strains [START_REF] Rees | Plane strain compression of aluminium alloy sheets[END_REF]. A schematic diagram illustrating the configuration of the plane strain compression platens and the specimen is shown in Fig. 1.9. The preferred dimensions of the specimen are given in Eq. 1.34 [START_REF] Loveday | Measurement of flow stress in hot plane strain compression tests n[END_REF]:

0.6 5 13 hw bw w         (1.34)
The stress and strain components can be calculated with the equations as follows, and the respective strain and stress can be obtained. 

Schematic diagram of plane strain compression test. [69]

There are some works about plane strain compression tests at different temperatures and strain rates.

Boldetti et al. [START_REF] Boldetti | Measurement and prediction of deformation in plane strain compression tests of AA5182[END_REF] investigated the deformation of AA5182 under plane strain compression. The plane strain compression tests were performed at 400°C and a strain rate of 0.7s -1 . The maximum strain at the gauge area reaches around 25%. Cheng et al. [START_REF] Cheng | Deformation behavior of hot-rolled IN718 superalloy under plane strain compression at elevated temperature[END_REF] studied the flow behavior of a commercial superalloy IN718 under plane strain compression test with a simulator thermo-mechanical device. The tests were carried out at the temperature range of 900 to 1050°C and the strain rate range of 10 -3 to 10s -1 . In order to determine the hot working characteristics of the Ti-6242 alloy at high temperature, the plane strain compression test was performed at the temperature of 1223 to 1370K and a strain rate of 0.01 to 10s -1 [START_REF] Xiao | High-Temperature Deformation Behavior of Ti-6Al-2Sn-4Zr-2Mo Alloy with Lamellar Microstructure Under Plane-Strain Compression[END_REF].

The heating of the plane strain compressions in the literatures above are all performed in a thermo-mechanical treatment simulator (like the simulator Gleeble 3800 [73]), which provide a heating chamber to heat the specimen before the test.

According to the review above, the plane strain compression test can be widely used in the study of thermo-mechanical behavior of metallic alloys. A high temperature (around 1000°C) can be reached for the plane strain compression test. However, One drawback of the plane strain compression test is that the free edges lead to an inhomogeneous strain field in this area and require extra analysis [74].

Hydraulic bulge test

For the bulge test, the central zone of circular plate is deformed under biaxial tensile state, as shown in Fig. 1.10. The hydraulic fluid, viscous materials or gas can be chosen as the pressure medium. The flow stress can be calculated with the following equations:
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Fig. 1.10 Schematic of bulge test. [75]

Where p is the hydraulic pressure, d R is the radius of dome, c R is the radius of fillet of the cavity, c d is the diameter of the cavity, d t is the current thickness at the top of the dome, 0 t is the initial sheet thickness, and d h is the height of dome.

Compared with the uniaxial test, bulge test is usually used to obtain the material behavior under balanced tensile path, especially for the equivalent stress and equivalent strain curves, which can reach up even two times of strain level than that obtained by uniaxial tensile test [START_REF] Lăzărescu | Characterization of plastic behaviour of sheet metals by hydraulic bulge test[END_REF].

In order to make bulge test at high temperature, Kalkman et al. [START_REF] Kalkman | High-temperature bulge-test setup for mechanical testing of free-standing thin films[END_REF] have developed a bulge test setup (Fig. 1.11) which enables testing the mechanical behavior of metallic thin film samples between room temperature and at least 300°C. However, the strain rate with this setup is below 10 -5 s -1 . Mahabunphachai et al. [START_REF] Mahabunphachai | Investigations on forming of aluminum 5052 and 6061 sheet alloys at warm temperatures[END_REF] used the hydraulic bulge test to investigate the formability of AA5052 and AA6061 at different temperatures (room temperature, 100°C, 200°C, and 300°C) and strain rates (0.0013 to 0.013 s -1 ). Liu et al. [START_REF] Liu | A novel approach to determine plastic hardening curves of AA7075 sheet utilizing hydraulic bulging test at elevated temperature[END_REF] determined the plastic hardening curves for AA7075 at elevated temperature with the hydraulic bulge test. The tests were performed from ambient temperature to 350°C. The strain rate reached in the test is around 0.00093s -1 .

Fig. 1.11 Schematic cross section of the high temperature bulge test setup. [77]

Combined with the split Hopkinson pressure bar system, the bulge test can be performed at higher strain rates (up to 300s -1 ) in [START_REF] Ramezani | Plastic bulging of sheet metals at high strain rates[END_REF][START_REF] Grolleau | Biaxial Testing of Sheet Materials at High Strain Rates Using Viscoelastic Bars[END_REF].

However, few works have been performed with the bulge test to characterize the mechanical behavior of sheet metal under different temperatures and intermediate or high strain rates. Main reasons are the complexity of the post-treatment stage of this out of-plane test which are due to non-homogeneous of both temperature and strain fields in the specimen, and friction between the sample and the die.

Conclusion

The conventional testing methods presented in this section are widely used to investigate the mechanical properties of the metallic materials. Nevertheless, these conventional tests also have some limitations: low level of strain achieved, heterogeneity of the test, difficulty to reproduce the true stress states of the material during the process, ..., which have been mentioned previously.

In-plane biaxial tensile test

According to the drawbacks of the conventional test mentioned in the previous section, the in-plane biaxial tensile testing technique has been proposed to characterize the mechanical behavior of sheet metal.

These characterizations, based on the in-plane biaxial test performed on cruciform specimen, mainly involve three aspects: (i) characterization of yield locus; (ii) identification of the hardening model for large strains; (iii) determination of Forming Limit Curve (FLC).

Stand-alone biaxial testing machines, with four independent actuators along two directions by which various linear and non-linear load paths can be realized, are shown in Fig. 1.12. This kind of biaxial machines are more appropriated than link mechanism attachments used in a conventional uniaxial testing machine to convert uniaxial tensile or compressive force into two forces along two perpendicular directions of the cruciform specimen.

Despite the testing machine, the most important part is the design of the cruciform specimen [START_REF] Hannon | A review of planar biaxial tensile test systems for sheet metal[END_REF]. The different goals of investigations require different shapes of specimen. Two main design prerequisites are proposed in [START_REF] Tiernan | Design optimisation of biaxial tensile test specimen using finite element analysis[END_REF]: (i) stress-strain homogeneity within the center section, enabling stress calculations with minimal deviations; (ii) ensuring that yield occurs in the test section, to avoid premature rupture in the arms. Three type of specimens have been proposed [START_REF] Ohtake | Geometry Determination of Cruciform-Type Specimen and Biaxial Tensile Test of C/C Composites[END_REF]: cut type with notch between two arms; thickness reduction at the center; strips and slots along each arm, as shown in Fig. 1.13. Most of the cruciform specimens in the researches up to date are using as one of these types or a combination of the different types. The application of the in-plane biaxial test to the characterization of the mechanical behavior of sheet metal is presented in the following.

Application of in-plane biaxial tensile test 1.4.1.1 Characterization of yield locus

Kuwabara et al. [START_REF] Kuwabara | Measurement and analysis of yield locus and work hardening characteristics of steel sheets wtih different r-values[END_REF] determined the yield surface for different kinds of cold-rolled steel sheet based on prescribing an abrupt strain path change. The study is performed on the proposed biaxial machine [START_REF] Kuwabara | Measurement and analysis of differential work hardening in cold-rolled steel sheet under biaxial tension[END_REF] and the shape of specimen with slots along each arm is shown in Fig. 1.14. The cruciform specimen are subjected to biaxial stretching with different tensile loading ratios (1:0, 4;1, 2:1, 4:3, 1:1, 3:4, 1:2, 1:4 and 0:1). Strain rates in the test were low:

  4
1.6 2.6 10 / s   . The measured yield locus and the directions of plastic strain rate vectors have been compared with the predictions by different yield criteria. It is worth notice that the maximum equivalent strain for this specimen was only 0.04 which is low. Naka et al. [START_REF] Naka | Effects of temperature on yield locus for 5083 aluminum alloy sheet[END_REF][START_REF] Naka | Effect of Strain-Rate and Temperature on Yield Locus for 5083 Aluminum Alloy Sheet[END_REF] investigated the temperature and strain rate effects on the yield locus for AA5083 with the cruciform biaxial tensile test for temperatures between 30 and 300°C and a strain rate of 10 -5 to 10 -2 s -1 . The cruciform specimen with notches between two arms is shown in Fig. 1.15. The biaxial testing is performed at the temperature from 30 to 300°C at the strain rate of 10s -1 . To achieve different stress ratio, the testing speed for each axis are defined as X:Y= (0:4), (1:4), (2:4), (3:4), (4:4), (4:3), (4:2), (4:1) and (4:0). The X and Y directions are parallel to the rolling direction and transverse direction respectively. The size of yield locus drastically decreased with increasing temperature. The author concluded that the yield loci and equi-plastic strain surfaces for AA5083 show remarkable temperature dependence; the yield functions of Barlat and Logan-Hosford are the best to describe the shape of the yield locus for this material. 

Fig. 1.16 (a) Cruciform specimen of UT/PST; (b) Cruciform specimen of UT/EBT. [90]

Zhang et al. [START_REF] Zhang | Calibration of anisotropic yield criterion with conventional tests or biaxial test[END_REF] identified the Bron and Besson yield model for AA 5086 with a single biaxial tensile test at room temperature and quasi-static condition. The shape of cruciform specimen is shown in Fig. 1.17. The parameters of Bron and Besson yield model is obtained by minimizing the experimental and numerical simulation data of principal strains along a specified path in the central gauge of the specimen. The identified yield model is compared with the Hill 48 yield model which is identified with the conventional testing method (uniaxial tension, simple shear test and bulge test). The authors concluded that the Bron and Besson yield model has a better performance in the description of principal strains for AA5086, and a single biaxial tensile test is sufficient to obtain all the material parameters of a complex yield criterion. 

Identification of hardening model

Gozzi et al. [START_REF] Gozzi | Extra high strength steel plasticity-experimental work and constitutive modelling[END_REF][START_REF] Gozzi | Experimental investigation of the behavior of extra high strength steel[END_REF] investigated the plastic behavior of extra high strength steel under nonlinear strain paths in the biaxial tension. Two shapes of cruciform specimen have been designed for the biaxial tensile test, as shown in Fig. 1.18. With the smooth transition shape of the specimen, the stress concentration can be reduce on the arms, and three slots along each arm can make the deformation uniform. The maximum equivalent strain at the center zone is about 0.01, which is obtain by the strain gauge at the center of the specimen. The stress is calculated from the force divided by the modified cross section. A series of tests are carried out under two stage loading path: an initial proportional path; an unloading and a subsequent proportional reloading path in a new direction. From the results, it can be seen that the kinematic hardening model is better to predict the material under non-monotonic loading. W. Liu et al. [START_REF] Liu | Identification of strainrate dependent hardening sensitivity of metallic sheets under in-plane biaxial loading[END_REF] identified the hardening behavior of AA5086 for large strain with the inplane biaxial tensile test. In order to obtain the large strain, a dedicated shape of cruciform specimen with a thickness reduction at the center zone, slits along each arm and notches between two arms is proposed as shown in Fig. 1.19. With the numerical simulation for the dedicated shape of specimen, a strain concentration is observed in the center of specimen and the maximum equivalent plastic strain at the center point is up to 30% which is larger than the one from uniaxial tension (20%). The designed specimen is validated by a quasi-static equibiaxial tensile test on AA5086. The strain in the central area of the specimen is measured by Digital Image Correlation technique. The equivalent strain in the central zone of specimen reaches 30% as expected. The corresponding experimental forces along two arms and strains in the center point is used to identify the hardening behavior of material by inverse analyses. A modified type of Voce hardening law is combined with three yield criteria (Mises, Hill 48 and Bron and Besson). The identification results from different yield functions are compared with the experimental flow stress curve obtain from uniaxial tensile test (below 20%). The author concluded that the in-plane biaxial tensile test permits to identify the hardening behavior up to large strains with a dedicated cruciform specimen. 

Determination of forming limit curve

Xiao et al. [START_REF] Xiao | Forming limit in thermal cruciform biaxial tensile testing of titanium alloy[END_REF] developed two shapes of cruciform specimen (Fig. 1.20) to investigate the forming limit of TA1 titanium alloy at three different temperatures (20, 400, and 600°C) and different stroke ratios of X:Y = 3:1, 3:2, 3:3, and 1:3 to cover the whole forming limit diagram.

The tests are performed under quasi-static condition (0.0025s -1 ). The shape of the specimen is validated with numerical simulation. The simulation show that, for the type-A specimen, the stress was concentrated at the border between the filleted corner and traditional straight surface, which resulted in a premature fracture in this region; for the type-B, the stress was concentrated at the center area of the arc surface. The forming limit curves obtained from the biaxial tension at different temperature are compared with the numerical simulation data and show a good agreement.

Fig. 1.20 Cruciform specimen with circular grooves. [95]

Zidane et al. [START_REF] Zidane | Development of an in-plane biaxial test for forming limit curve (FLC) characterization of metallic sheets[END_REF] investigated the forming limit curve of AA5086 with in-plane biaxial tensile test. A specific cruciform specimen, which includes a two-step thickness reduction at the center zone, is designed with the numerical simulation and validated in the biaxial tensile test for AA5086. The geometry of the specimen is shown in Fig. 1.21. Finally, the authors conclude that a single biaxial tensile test with the designed cruciform specimen is sufficient to characterize both the forming limit diagram and rheological behavior for the material. Based on this work, Song et al. [START_REF] Song | Characterization of forming limits at fracture with an optimized cruciform specimen: Application to DP600 steel sheets[END_REF] further investigated the forming limit curve at fracture (FLCF) for DP600 by optimizing the geometry of cruciform specimen (Fig. 1.22). With the FLCF obtained from the experiment, the fracture yield criteria is identified through numerical simulation and used to predict the FLCF for different strain path. 

Heating device for biaxial testing machine

With the development of thermal sheet-forming technology, biaxial testing technologies using mature mechanical devices at ordinary temperatures must be validated for implementation at high temperatures. Thermal cruciform biaxial tensile systems have been developed greatly. With the help of apparatus used in high-temperature environments, many researchers have performed biaxial tensile testing of sheet metals at elevated temperatures [START_REF] Pelton | Proceedings of the International Conference on Shape Memory and Superelastic Technologies[END_REF].

Compared with ambient-temperature testing, biaxial tensile tests including temperature effects become more complex [99]. Specimens can be heated during the testing using laser beams, heating guns or other methods [100].

Geiger et al. [START_REF] Geiger | Novel concept of experimental setup for characterisation of plastic yielding of sheet metal at elevated temperatures[END_REF] designed an experimental setup to characterize the plastic yielding of sheet metal at elevated temperature with biaxial tension. A local heating was performed on the central zone of the cruciform specimen as shown in Fig. 1.23. A diode laser was elected to be the heating sources in the experiments because of several advantages compared to the other heating methods, the author claimed that:

1. Localization can be simply controlled by the size of laser spot (compared with conductive heating) 2. Integration of the laser source is not relevant since the laser beam can arbitrarily be manipulated with optical elements (compared with inductive heating). 3. Friction will not appear, because the laser is a contactless tool (compared with heating cartridge). 4. Power is abound (compared with infrared radiation).

Fig. 1.23 Schematic design of the cruciform specimen. [101]

A scheme of the experimental setup is shown in Fig. 1.24 (a). Through a specially developed cylindrical optics, the horizontal integration of the laser source is beam-forming and leading into a vertical propagation with a mirror. A hollow construction of the punch (Fig. 1.24(b)) allows heating with the laser beam from bottom. Using the diode laser to heat the center section of a magnesium alloy specimen, a temperature of 250 °C is measured by pyrometer.

Fig. 1.24 (a) Experimental setup; (b) Special designed hollow punch. [101]

Abu-Farha et al. [START_REF] Abu-Farha | Cruciform-shaped specimens for elevated temperature biaxial testing of lightweight materials[END_REF] evaluated quasi-static deformation behavior of AA5083, Mg AZ31B, and twinning induced plasticity (TWIP) steel at 300 °C under biaxial tension. The experiment device is shown in Fig. 1.25. High-temperature testing was facilitated by using a heat gun that capped a localized heating chamber surrounding the gauge area of the specimen. The maximum temperature of 350°C could be achieved within the specimen's gauge area. Two thermocouples were positioned inside the heating chamber for temperature measurement. The method used to heat the specimen center directly avoids damage to the test equipment parts such as the chuck, pull rod and related sensors. In order to meet the experimental temperature requirements for materials with high crystallization temperature, high-power equipment are used in some studies.

Kulawinski et al. [START_REF] Kulawinski | Fatigue behavior of the nickel-base superalloy Waspaloy TM under proportional biaxial-planar loading at high temperature[END_REF] investigated the fatigue behavior of the forged nickel-base superalloy Waspaloy TM at the temperature of 400°C and 650°C under uniaxial and biaxial tension with a constant strain rate of 10 -3 s -1 . For the biaxial testing, a servo-hydraulic biaxial planar tension-compression machine was adopted as shown in Fig. 1.26(a). In the test, the cruciform specimens were inductively heated by a cylindrical inductor coil which is placed in front of one side of the gauge area (Fig. 1.26(b)). The temperature was measured and controlled by a K-type thermocouple, and could reach 650 °C. Moreover, the specimen was instrumented with 13 thermocouples on the surface to measure the temperature field on the specimen (Fig. 1.28). Through the measurement, the temperature distribution at 650°C is given by a thermography image as shown in Fig. 1.28. A homogeneous, circular shape temperature field is observed in the gauge area, which is characteristic for the cylindrical inductor coil. Xiao et al. [START_REF] Xiao | Biaxial tensile testing of cruciform slim superalloy at elevated temperatures[END_REF] studied the thermo-mechanical deformation behavior of a GH738 nickelbased superalloy at elevated temperatures under biaxial tension. The experiments were performed under three different temperatures (20, 300 and 500°C) and different tensile velocity ratios ( 0.02mm/s on each side; 0.03mm/s on the X-axis, and 0.02mm/s on the Y-axis). A heating device was developed and equipped with the biaxial tensile machine as shown in Fig. 1.29. The heating furnace maintained a constant temperature between room temperature and 800°C, which was guaranteed by four communicating temperature zones that could be separately controlled. The heating wires were arranged in the walls and bottom of the heating furnace. Each temperature control zone controlled the heating wires of a furnace wall. Ceramic fiberboards were installed in the inner walls, bottom, and top of the heating furnace to maintain the temperature and insulate the heat to guarantee peripheral equipment temperature at 40°C or below.

A disadvantage of this equipment is that strokes are sacrificed and the dimensions of the tensile specimen have to be shorten in order to prevent the excessive deflection generated from the gravity of the clamping chuck and tensile bar, because of the inability to install linear bearings in the heating furnace. Shao et al. [START_REF] Shao | Development of a New Biaxial Testing System for Generating Forming Limit Diagrams for Sheet Metals Under Hot Stamping Conditions[END_REF] designed a novel biaxial testing system in a Gleeble testing machine to generate temperature forming limits of sheet metals. The heating system is based on the Joule effect, four clamping regions on the four arms of the cruciform specimen are contacted tightly with stainless steel top plates, which are electrodes for resistance heating. Three types of heating and cooling strategies for the cruciform specimen are proposed as shown in Fig. 1.30. For the Type-1 (Fig. 1.30(a)), one arm on the specimen is connect to the positive electrode and the opposite one to the negative electrode and two nozzles are used for cooling. The temperature on the specimen remains low and the distribution is not uniform on the specimen, since there is no electrical current flow in the other two arms of the specimen. For the Type-2 (Fig. 1.30(b)), two adjacent arms are attached to positive electrodes and the other two to negative electrodes. The electrical current can goes through the entire specimen to heat it and four nozzles are used for cooling. For the Type-3 (Fig. 1.30(c)), two opposite arms are attached to positive electrodes and the other two to negative one and the same cooling method as Type-2 is used. The target temperature is of 535°C and the heating system was tested for an AA6082 sheet. The location of thermocouples and the measurement temperature on the specimens are shown in Fig. 1.31. After, a further investigation for the heating system was performed by FE numerical simulations to obtain the temperature fields on specimens for the three types of strategies. Base on the above analysis, the Type-2 is the most acceptable one since fractures could occur in the central region by consideration of temperature distribution on a specimen. Also, the biaxial tensile test were perform on this experimental system to investigate the forming limit curves for AA6082 at temperatures of 400 and 500°C and strain rate of 0.1/s. Finally, the author concluded that, this method can be used to determine the hot formability of many sheet metals with the maximum temperature up to 1000°C. 

(Number dots on specimens are thermocouples location). [105] you either enlarge the figure or you remove it, we don't see the location of the thermocouples…

Conclusion

In the literatures above, the in-plane biaxial can be very efficient for the identification of yield locus, hardening model and determination of forming limit curves for different materials. By changing the deformation paths, the yield models and FLCs can be easily achieved with this test.

In order to study the temperature influence on the mechanical behavior of the materials, several heating devices have been proposed for the in-plane biaxial test. It can be seen that the cylindrical inductor in [START_REF] Kulawinski | Fatigue behavior of the nickel-base superalloy Waspaloy TM under proportional biaxial-planar loading at high temperature[END_REF] (650°C) and the heating furnace (800°C) in [START_REF] Xiao | A Review of Cruciform Biaxial Tensile Testing of Sheet Metals[END_REF] are more efficient to obtain high temperatures for the specimen than the other methods. Compared with the other heating methods, the temperature can be considered as constant and homogeneous in the specimen before the test.

It can be concluded that, for the in-plane biaxial tensile test at various temperatures, a heating system with insulated box is the best choice to equip the available biaxial tensile device.

Conclusion

In this chapter, a brief review of different constitutive models and experimental methods used for the characterization of mechanical behavior of metallic alloys have been presented.

In the FE simulation of sheet metal forming processes, an appropriate constitutive model is necessary to obtain a good prediction of the material behavior. To improve the accuracy of this constitutive model, temperature and strain rate sensitivities are critical issues to be considered. In the literature, influence of both temperature and strain rate on the material mechanical behavior is mainly focused on the flow stress. However, for the effect of temperature and strain-rate on the anisotropic behavior and the evolution of the yield surface, further explorations are still needed.

Many experimental methods have been developed for the material characterization. Compared with conventional methods, the in-plane biaxial tensile is interesting since it allows to reach large plastic strains under different strain paths and biaxial loadings closed to the ones encountered in forming processes

In the following work, in chapter 2, uniaxial tensile tests are performed in a temperature range from ambient to 200°C and strain rates ranging from 2.10 -3 to 4s -1 for an aluminium alloy AA6061. Based on this experimental database, a temperature and strain rate dependent hardening model is chosen and calibrated. In chapter 3, equi-biaxial tensile tests are carried out for the same conditions of temperature and strain rate. Through an inverse analysis based on a FE model of the biaxial tensile test, the temperature and strain rate dependent hardening model, selected in chapter 2, is calibrated from the experimental biaxial tensile test database. Finally, in chapter 4, the identified hardening model will be coupled with the complex anisotropic yield criterion of Bron and Besson to discuss the temperature and strain rate influences on the anisotropic behavior of the material AA6061.

Chapter 2 Experimental investigation of hardening behavior of AA6061 under different temperatures and strain rates 2.1 Introduction

The Aluminum alloys 6xxx are widely used in the industry because of their high extrudability, good formability and excellent corrosion resistance [START_REF] Murtha | New 6XXX Aluminum Alloy for Automotive Body Sheet Applications[END_REF]. The AA6061 is a typical alloy of this series which is used for the production of structural components in automotive and aircraft industry [START_REF] Dorbane | Observations of the mechanical response and evolution of damage of AA 6061-T6 under different strain rates and temperatures[END_REF]. In the marine industry, this alloy is used to produce flatbottomed watercraft due to its light weight, high strength, and good corrosion resistance even exposed to salt water [START_REF] Agarwal | Void growth in 6061aluminum alloy under triaxial stress state[END_REF]. Nevertheless, the aluminum alloy sheets generally exhibit low formability and large spring back at room temperature compare to the traditional steel sheets. Then the forming of aluminum alloy sheets at elevated temperatures is supposed to be one of the effective solutions to improve the formability and reduce spring back effects.

There have been various studies about temperature and strain rate influence on the mechanical properties of aluminum alloy 6xxx. For example, Fan et al. [START_REF] Fan | Dynamic mechanical behavior of 6061 al alloy at elevated temperatures and different strain rates[END_REF] investigated the dynamic mechanical behavior of AA6061 at different temperatures (293K to 673K) and different strain rates (10 -3 to 10 4 s -1 ) with the split Hopkinson pressure bar test. The result indicates a significant temperature effect on the strain hardening of this material, while the strain rate effect is more obvious at relatively high temperature (573K to 673K) than low temperature. Mohamed et al. [START_REF] Mohamed | Investigation of deformation and failure features in hot stamping of AA6082: Experimentation and modelling[END_REF] investigated the deformation and damage of AA6082 in hot stamping and cold die quenching. A set of viscoplastic damage constitutive equations were developed and calibrated for AA6082 over a range of strain rates (0.1 to 10s -1 ) and temperature (450 to 525°C) and used in the simulations of panel part manufacture. Chen et al. [START_REF] Chen | Formability Evaluation of Aluminum Alloy 6061-T6 Sheet at Room and Elevated Temperatures[END_REF] evaluated the effect of temperature (ambient to 380°C) and strain rate (0.0005 to 0.05s -1 ) on the formability of AA6061-T6. The experimental results show that the forming limits of this material increased with the increasing temperature and the decreasing forming speed.

Therefore, the investigation of mechanical behavior for Aluminum alloy 6xxx at different temperatures and strain rates is necessary if we want to make reliable the optimization of forming processes for such conditions. In this chapter, a first study is proposed based on uniaxial tensile tests. The anisotropy behavior of AA6061 is evaluated thanks to tests along rolling, diagonal and transversal direction. Then, uniaxial tensile tests are performed along rolling direction in the strain rate range from 0.002s -1 to 4s -1 and for a range of temperature from ambient to 200 C . Several hardening models introduced in Chapter 1 are selected to identify the material hardening behavior under the tested temperatures and strain rates. The parameters are identified and the predicted flow stresses for all the hardening models are compared to experimental results and discussed.

Uniaxial tests of AA6061

Material

The material used in this work is AA6061-O. The chemical components for this material are shown in Table 2.1. 

Experiment setup

In this study, the conventional uniaxial tensile test was preliminary adopted to investigate the mechanical behavior of AA6061 at various temperatures and strain rates.

The specimen considered has a constant cross section with the following initial dimensions: gauge length (𝐿 0 ) of 50mm, thickness (𝑡 0 ) of 2 mm and a width (𝑊 0 ) of 10 mm as shown in Fig. 2.1.

Fig. 2.1 Dimension of uniaxial tensile specimen.

The servo-hydraulic tensile machine equipped with a heating system was adopted in the test as shown in Fig. 2.2 (a). In order to ensure a constant and homogeneous temperature of the specimen at the beginning of the test, the specimen and the lower and upper grip devices are placed inside an insulated box (Fig. 2.2 (b)).

Fig. 2.2 (a) Servo-hydraulic tensile testing machine; (b) Insulated box.

The deformation of the specimen is filmed with a high speed camera (Photron FASTCAM-APX RS), through the insulated box door equipped with an optical quality window. Forces are measured by a strain gauge sensor mounted on the upper fixed crosshead. Main parameters of the video and load measurement systems are presented in Table 2.2. The DIC (Digital image correlation) method is adopted to measure the deformation of the specimen during the tests. The sequence of images obtained from the camera is analyzed with the commercial software GOM Correlate 2017. Fig. 2.3 shows the analysis area on the surface of the specimen, within a dimension of 30mm along x and 10mm along y. With a facet size of 32 pixels and a point distance of 16 pixels, deformations are evaluated for 234 points for each specimen. In the following section, an average of both xx  and yy  is calculated with all the analyzed points for a given time. The reference image for the calculation of the strain field is the initial image.

Fig. 2.3 Analyzed area of uniaxial tensile specimen.

The initial strain rate 𝜀ẋ 𝑥 , true stress 𝜎 𝑥𝑥 during the tests can be calculated with Eq. 2.1:

  0 0 =1 xx xx xx vL FS          (2.1)
where v is the tensile velocity, 0 0 0 S t W  is the initial cross section of the gauge area.

Anisotropy behavior of AA6061

Firstly, uniaxial tensile tests were carried out along 0 , 45 ,90

  according to the rolling direction at ambient and quasi-static state (0.1mm/s) to investigate the anisotropic behavior of AA6061. Single test for each direction, respectively. The Young's modulus can be obtained from the stress-strain curve before plastic deformation takes place (longitudinal stress between 40 and 110 MPa). The true stress along the longitudinal direction is calculated with the Eq. 2.1, as presented above. The Young's modulus calculated for the three directions are shown in Table 2.3. According to these values, the effect of orientation is not significant. Hence, the Young's modulus used in the following work is the value along the rolling direction at ambient temperature: E=63240 MPa. We will consider that the Young's modulus is independent on temperature for the studied range. 

p yy p zz r     (2.2)
The assumption of the incompressibility of the material is assumed during the deformation: The plastic anisotropy coefficient ( r  ) can be obtained from the evolution of width plastic strain to the thickness plastic strain in the equivalent plastic strain range of [0.02, 0.08]; [0.08, 0.14] and [0.02, 0.14] along three directions, and the r-values at different plastic ranges are given in Table 2.4 and presented in Fig. 2.5. The r-values trend to decrease with the equivalent plastic strain. The values obtained from the range 0.08 to 0.14 are nearly 25% lower than the ones obtained from 0.02 to 0.08. The r-value in 45° orientation is higher than 0° and 90° orientations to the rolling condition. This indicates the drawability is good in 45° orientation to the rolling direction for this material. 

0 p p p xx yy zz       .

Uniaxial tensile at different temperatures and strain rates

Uniaxial tensile (UT) tests are carried out at different temperatures (20, 150 and 200 °C) and with different constant tensile speeds: 0.1, 10 and 200 mm/s corresponding to an initial strain rate of respectively 0.002, 0.2 and 4 s -1 (Eq.2.1). Test results obtained from UT tests are performed along the sheet rolling direction.

With the displacement calculated from the velocities of the different tests, the forcedisplacement curves for different temperatures and strain rates are given in Fig. 2.6. For the different tensile velocities, the maximum force decreases with the increase of temperature.

Fig. 2.6 Force versus displacement curves at different temperatures for each tensile speed.

The true stress and strain curves at different tensile speeds and temperatures are determined and plotted as shown in Fig. 2.7 and Fig. 2.8.

The strain rate influence on the flow stress is presented in Fig. 2.7. A slight positive strain rate influence on the flow stresses at ambient temperature can be observed. At 150°C, the flow stresses for the tensile velocities of 0.1mm/s and 10mm/s are almost the same, while the flow stress for 200 mm/s is 20MPa higher than for the other conditions, for an equivalent strain of 18%. A significant strain rate influence is showed at 200°C, the flow stress increases with the temperature. In addition, the elongation at rupture is significantly decreased with the increase of tensile velocity at 200°C (Fig. 2.7c). Indicating a high elongation can be obtained at low strain rate, because this material have intrinsically high strain rate sensitivity, especially at elevated temperature [START_REF] Flanigan | Tensile properties affecting the formability of aluminum-alloy sheet at elevated temperatures[END_REF][START_REF] Yao | The strain-rate dependence of flow stress and work-hardening rate in three Al-Mg alloys[END_REF]. It can be also seen that, for a given temperature, this material has a better ductility for low strain rates (Fig. 2.7). And for the same tensile velocity, the ductility is reduced with the increase of temperature (Fig. 2.8).

Calibration method for different hardening models

The analytical method and numerical method by inverse analysis are two commonly used methods for the calibration of hardening models. The procedure of calibration consists in minimizing the cost function between experimental data and the result obtained from analytical models or numerical models.

In the uniaxial tensile tests, the deformation in the gauge section of the specimen is supposed to be homogeneous, then the values of equivalent stress exp  and strain exp  can be calculated from the experimental data. Also, with a set of parameter values, the analytical stress cal  can be calculated through the analytical model for a given strain value. The cost function  , which means the absolute error can be expressed as follows:

  exp exp 1 N cal i i i i N         (2.4) exp i
 and cal i  are the stresses obtained by experiment and calculated from analytical model at the th i increment respectively. N is the number of strain measurement points from experiment. In this method, the best parameters can be achieved by minimizing the cost function E .

The advantage of this method is that the time consumption is relatively small, but the temperature and strain rate are considered as constants during the tests.

Hardening models

In the literature, FCC structures, including aluminum alloys, exhibit large strain hardening due to the amount of dislocation interactions with increasing strain [START_REF] Kocks | Physics and phenomenology of strain hardening: the FCC case[END_REF]. The strain hardening tends to be highly temperature and strain rate dependent [34].

Chu et al. [START_REF] Chu | Caractérisation expérimentale et prédiction de la formabilité d'un alliage d'aluminium en fonction de la température et de la vitesse de déformation[END_REF] investigated the hardening behavior of AA5086 in a range of temperatures (ambient to 200°C) and strain rates (0.01 to 1s -1 ) with different kinds of hardening models, which included the physical-based Zerilli-Armstrong (ZA) mode and phenomenological models such as Ludwick and Voce model.

Compared to the physical-based models, the phenomenological models have fewer parameters and are easier to integrate in commercial numerical simulation software. The Ludwick and Voce hardening model which have been proposed in [START_REF] Chu | Caractérisation expérimentale et prédiction de la formabilité d'un alliage d'aluminium en fonction de la température et de la vitesse de déformation[END_REF] are selected in this work to predict the hardening behavior of AA6061 at different temperatures and tensile speeds.

Ludwick model

Generally, the Ludwick model incorporates the strain rate influence by means of multiplicative formulation as shown in Eq. 2.5. The parameters K, n and m can be identified under different temperatures and strain rates, respectively. The evolution of these parameters with temperature permits to postulate a temperature function for each rheological parameter. In the work of Chu [START_REF] Chu | Caractérisation expérimentale et prédiction de la formabilité d'un alliage d'aluminium en fonction de la température et de la vitesse de déformation[END_REF], the parameters are expressed as

  12 K T K K T  ,   12 n T n n T  , and 
  1 0 mT m T m e  .
The final Ludwick model incorporating temperature and strain rate influence has been presented in Eq. 1.34 and given as Eq. 2.6 here.

0 = nm p k      (2.5)         01 01 exp 0 1 2 = n n T m m T pp T K K T       (2.6)
In Eq. 2.6, 1 K , 2 K , 0 n , 1 n , 0 m and 1 m are the parameters which should be identified. In [START_REF] Chu | Caractérisation expérimentale et prédiction de la formabilité d'un alliage d'aluminium en fonction de la température et de la vitesse de déformation[END_REF], the Ludwick model describes well the flow stress for AA5086 for low strain levels, while an overestimation is observed for high strains. This is caused by the monotonic strain hardening 51 character of the power law type.

Voce models

The Voce-type models are commonly used to describe the mechanical behaviors of aluminum alloys due to their saturation character at high strains. Three types of Voce model were presented as follows.

 V1 model.

The original formula of 1

V model is shown in Eq. 2.7. The parameters 1 C , 2 C and m are expressed through an exponential term. The final formulation of 1

V model shown in Eq. 1.35 and written as Eq. 2.8 here.

  0 1 2 1 exp m p CC         (2.7)         01 exp 0 1 2 3 4 = exp 1 exp exp m m T pp T K K T K K T           (2.8)  V2 model.
Aretz et al. [START_REF] Aretz | An extension of Hill's localized necking model[END_REF] have introduced a Voce-type model to describe the strain hardening behavior of AA5182-O (Eq. 2.9). The final 2

V model is given by Eq. 2.10.

    0 1 2 = + 1 exp m p CC      (2.9)             01 exp 0 1 2 3 4 = 1 exp exp m m T pp T K K T K K T         (2.10)  V3 model.
Based on the 2 V model, the 3 V model includes an additional power law strain term 3 C p  , as shown in Eq.2.11. The final 3

V model is given by Eq.2.12.

    3 0 1 2 = + 1 exp C m p CC      (2.11)             01 exp 0 1 2 3 4 = 1 exp exp m m T n pp T K K T K K T         (2.12)
Where Ki, ni, and mi are parameters to be identified for the three Voce-type models.

The calibration of the aforementioned hardening laws for AA6061 at different temperatures and strain rates under uniaxial tension is performed in the following section.

Identification of rheological parameters for different hardening models

Initial yield stresses of AA6061

Zhang et al. [START_REF] Zhang | Characterization of anisotropic yield criterion with biaxial tension test[END_REF] proposed an analytical method to determine the initial yield stress by extrapolating a mathematical model that describes the uniaxial tensile stress along the rolling direction under small strain conditions. If the hardening is described by a Voce model (Eq.2.13), it can be approximated at the first order Taylor expansion (Eq.2.14) to describe the flow stress for a small plastic strain.
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It leads to a linear variation of the stress with the equivalent plastic strain close to zero. With a linear trend curve defined from the equivalent plastic strain range of 0.001 to 0.002 (Fig. 2.9), the initial yield stress was taken as the intersection of the stress axis and the trend curve. This method is introduced to determine the initial yield stress in this study, and the obtained initial yield stresses for each test of uniaxial tension are listed in Table 2.5. Experimental results show that the initial yield stress decreases with the increase of temperature, while the strain rate influence is generally not significant. Hence, in this work, only the temperature effect is considered for the initial yield stress. The evolution of initial yield stress in the range of temperatures can be described with the model given in Eq. 2.15 [34]. 

Fig. 2.9 Determination of initial yield stress. Table 2.5 Initial yield stress for different condition

Identified the hardening models

The analytical method is adopted for the calibration of hardening models under uniaxial tension. The temperature and strain rate are considered as constants in the identified procedure, indicating the plastic work on heating transfer is neglected here. The initial values are selected from the work of [START_REF] Diot | Caracté risation expé rimentale et numé rique[END_REF]. The calibration process is realized by using the modeFRONTIER software [117], which is an integration platform for multi-objective optimization, integrated with the MATLAB. To optimize the initial set of parameters, the SIMPLEX algorithm is selected here. The SIMPLX algorithm is a classical method for solving linear programming in optimization. This algorithm method has high efficiency for local optimization [START_REF] Liu | Identification of strainrate dependent hardening sensitivity of metallic sheets under in-plane biaxial loading[END_REF].

The parameters of each hardening models for AA6061 have been calibrated with experimental data along rolling direction and presented below.

 Ludwick model

Table 2.6 gives the parameters for the Ludwick model and the cost function between experimental and analytical data. The predictive results compared with experimental data under different tensile conditions are shown in Fig. 2.11. In the range of temperatures and tensile speeds, the Ludwick model gives a good correlation at low strain. When the equivalent plastic strain is above 15%, the predicted flow stress tends to be overestimated compared to the experimental data due to the power law strain term of the hardening model.

Table 2.6 Optimized parameters for the final Ludwick model

1 K (MPa) 2 K (MPa/°C) 0 n 1 n (1/°C) 0 m 1 m (1/°C) Cost

Fig. 2.11 Predictive results of Ludwick model under different temperatures and tensile speeds.

 V1 model

The identified parameters for the 1 V model are presented in Table 2.7 and the predictive flow stresses are shown in Fig. 2.12. The 1 V model presents a good correlation with the experimental data both for low and high strains. As confirmed by the value of the cost function, the predictions of this model are better than the ones from the Ludwick model. 

Table 2.7 Optimized parameters for

1 V model. 1 K (MPa) 2 K (1/°C) 3 K 4 K (1/°C) 0 m 1 m (1/°C) Cost

 V2 model

The identified parameters for the 2 V model are presented in Table 2.8 and the predictive flow stresses are shown in Fig. 2.13. The 2 V model gives a significant underestimation of the experimental stresses at the beginning of the plastic stage. Also, the saturation character appears with the equivalent plastic strain up to 18%. The cost function for this model is larger than for the other models, which indicates that the 2 V model is not appropriate to describe the hardening behavior of AA6061 at different temperatures and strain rates.

Table 2.8 Optimized parameters for

2 V model 1 K (MPa) 2 K (MPa/°C) 3 K 4 K (1/°C) 0 m 1 m (1/

 V3 model

The 3

V model has been also identified in this work. Compared to the 2 V model, the 3 V model includes a power law strain term that will lead to a flow stress increase with the strain level while 2

V model exhibits a more pronounced saturated stress state for high strains [START_REF] Hu | Mechanics of Sheet Metal Forming[END_REF].

The identified parameters for the 3 V model are presented in Table 2.9 and the predictive results of flow stresses are shown in Fig. 2.14. Compared to the 2 V model, the 3 V model gives a better prediction of experimental data at the beginning of the plastic stage.

Fig. 2.15 gives the comparison of flow stresses for the four hardening models with a strain level up to 40%. For the equivalent strain below 18%, the predictions of Ludwick, V1 and V3 models are very close for the different conditions, while the V2 model gives an underestimation at 200mm/s and 200°C (Fig. 2.15c). For the equivalent plastic strain above 18%, the Ludwick model shows a monotonic character of strain hardening for each temperature and tensile speed, while a pronounced steady flow stress is observed for the V2 model for all the forming conditions. An intermediate flow stress between the Ludwick model and the V2 model is given by the V1 and V3 models. This two models give a similar saturation stress state at high strain level under 200°C and different tensile speeds (Fig. 2.15b,c).

Based on the results presented above, the selected models all give a reasonable description of strain hardening for AA6061 in a range of temperatures and strain rates. With the evolution of strain, the saturation type models tend to give better predictive results. Due to the minimum cost function value obtained for the 1 V model, this model will be selected to predict the strain hardening for different temperatures and strain rates under biaxial tensile conditions. 

Conclusion

In this chapter, a first characterization of the elasto-viscoplastic behavior of AA6061 is proposed thanks to the conventional uniaxial tensile test. The flow stresses at different temperatures and strain rates were directly obtained from the experimental results. The DIC technique was introduced to measure the strain evolution during the tests. From the experimental results, it can be found that the strain rate sensitivity at ambient temperature is negligible, while it becomes more and more significant with the increase of temperature. For a given strain rate, the temperature has a negative effect on the flow stresses.

The identification of parameters for Ludwick and Voce-type hardening models was performed in the same range of temperatures and strain rates. The four selected models give a good description of flow stresses for the different conditions with a strain level below 20%. The V1 model seems to be the more suitable model, it is selected to study elasto-viscoplastic behavior of AA6061 under in-plane biaxial conditions in the following chapter.

Chapter 3 Investigation on the thermo-viscoplastic behavior of AA6061 by biaxial tests 3.1 Introduction

In the previous chapter, the thermo-viscoplastic hardening model for AA6061 has been identified based on uniaxial tension tests. Experimental results have shown that a maximum strain at rupture of approximately 20% is reached with such tests. To predict the hardening behavior at larger strains, biaxial tensile tests performed on a dedicated cruciform specimen are introduced in this work. This biaxial tensile machine also enables dynamic tensile tests to be carried out, allowing characterization in a strain rate range from quasi-static to the so-called "intermediate" strain rate (up to few s -1 ). A specific heating device associated with this biaxial machine is used to carry out the temperature dependent characterizations.

The strain field on the surface of specimens for each test is determined by means of DIC technique. Through the comparison between experimental and numerical principal strains at the central point of the cruciform specimen, the material constants of the thermo-viscoplastic hardening model which has been discussed in chapter 2 are identified. This calibration stage is based on an inverse procedure coupling a FE simulation of the biaxial tensile test with an optimization platform.

Biaxial tensile tests of AA6061

Experimental setup

In the last decade, a specific in-plane biaxial tensile device in LGCGM (Fig. 3.1) has been used to investigate different mechanical behaviors (forming limits, failure criterion, viscoplastic hardening, plastic criterion…) for metallic materials under biaxial loadings [START_REF] Zhang | Characterization of anisotropic yield criterion with biaxial tension test[END_REF][START_REF] Liu | Identification of strainrate dependent hardening sensitivity of metallic sheets under in-plane biaxial loading[END_REF][START_REF] Song | Identification of forming limits at fracture of DP600 sheet metal under linear and unloaded non-linear strain paths[END_REF][START_REF] Song | Characterization of forming limits at fracture with an optimized cruciform specimen: Application to DP600 steel sheets[END_REF]. This machine consists of two orthogonal axes in a horizontal configuration. Four independent hydraulic cylinders and four accumulators (two per axis) are fitted on this machine. The maximum loading capacity is 50KN for each axis while a maximum tensile speed of 2m/s on each cylinder can be reach, allowing quasi-static and dynamic tests. By imposing different tensile velocities on each direction, different strain paths can be imposed at the central point of the cruciform specimen. The forces along the two perpendicular directions are measured by two load sensors which link the grip system of the specimen and the sliding bar.

Fig. 3.1 Biaxial tensile device in

LGCGM. [START_REF] Zhang | Characterization of anisotropic yield criterion with biaxial tension test[END_REF][START_REF] Liu | Identification of strainrate dependent hardening sensitivity of metallic sheets under in-plane biaxial loading[END_REF] 

Fig. 3.2 Mechanical part of one specimen arm loading device. [118]

For the dynamic tensile tests, the additional masses are accelerated along the sliding bars to obtain the required velocity before the specimen is loaded, then the specimen is impacted suddenly and the velocity is maintained during the test due to the inertia effect of the additional mass. It has been shown in [START_REF] Liu | Identification of strainrate dependent hardening sensitivity of metallic sheets under in-plane biaxial loading[END_REF] that when the sliding bars are suddenly impacted by additional masses, the load sensors ring at one of their eigen frequencies, leading to temporal force signals with many oscillations. Since only the specimen is modeled in the numerical simulations of the biaxial tensile test used later in this chapter (for the calibration of the thermo-viscoplastic hardening models by inverse procedure), the measured experimental force signals are the combination of both the dynamic elastic response of the load sensor and the material behavior of the specimen. Hence, the less vibration measurement forces is expected to be used in the numerical simulations. In this purpose, a damping layer is added between the sliding bar and the additional mass, as shown in Fig. 3.2, to reduce the level of vibration. This method has been used in [START_REF] Liu | Identification of strainrate dependent hardening sensitivity of metallic sheets under in-plane biaxial loading[END_REF] for dynamic biaxial tests on AA5086. Compared with the dynamic test without damping, the oscillation on the measured forces has been greatly reduced with a damping layer between the sliding bar and the impactor.

The heating device which has been developed here consists of an airflow generator and an insulated box as shown in Fig. 3.3a. The generated hot air is flowed into the insulated box through an inlet pipe and then return to the airflow generator through an outlet pipe. For a given set-point temperature, the temperature of the hot air sent by the air generator is regulated from the temperature measured inside the chamber by a remote probe. The temperature of the specimen is measured by thermocouples placed on the sample inner the insulation box. The allowed temperature range of the air flow generator is from -75°C to 200°C.

As shown in Fig. 3.3, a high-speed camera is placed on the central vertical axis of the biaxial bench to capture successive images of the specimen during the tensile stage through the glass pane on the top of the insulated box. The specimen is lighted from the outside, at the level of the glass window, by four strands of light directed towards the central area of the specimen (Fig. 3.3b).

Fig. 3.3 Biaxial tensile machine equipped with heating device.

Cruciform specimen shape

The shape of the cruciform specimen used in this study (Fig. 3.4) has been proposed by W. Liu et al. [START_REF] Liu | Identification of sheet metal hardening for large strains with an in-plane biaxial tensile test and a dedicated cross specimen[END_REF]. With this shape, large equivalent plastic strains (up to 30% of equivalent plastic strain) in the central zone under equi-biaxial tensile loadings, for quasi-static or dynamic conditions, are obtained. In this study, the x axis corresponds to the transverse direction and y axis corresponds to the rolling direction.

Fig. 3.4 Cruciform specimen shape for biaxial tensile test

Experimental operating conditions

Equi-biaxial tensile tests are performed at temperatures of 20°C, 100°C and 160°C for tensile speeds of 0.02mm/s, 2mm/s and 200mm/s (velocities applied on each arm).

Taking into account the heat losses (connecting pipes between the air flow generator and the insulated box, thermal conduction between grips and specimen arm, …), a maximum temperature of 160°C can be reached at the level of the cruciform specimen placed on the test bench. It takes about 50 minutes to heat the specimen from ambient temperature to 160°C. Also, considering this heating time, the specimen temperature is assumed homogeneous before the test.

Main parameters of the camera and load measurement sensors are presented in Table 3.1. The specimens are not symmetrical in thickness as it can be seen in Fig. 3.4, so the random speckle pattern is generated on the flat side of the specimen before the tests (Fig. 3.5a). In the correlation stage, the subsets are defined on the images with a size of 32 pixels × 32 pixels and a distance of 16 pixels × 16 pixels to calculate the deformation. The magnification factor is 0.037mm/pixel. The gauge area treated by DIC is around 15mm square area with 720 analysis points as the blue area in Fig. 3.5b. The black circle of diameter 7.25mm corresponds to the central zone of constant thickness of the specimen. As will be seen later, the identification of strain-hardening is based on the experimental evaluation of the equivalent plastic strain at the central point of the specimen, the strain at this point is obtained by the average value as follows:
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where m and n are number of points to be averaged along respectively X and Y directions and t is the time. In this work, the average strains are calculated over the 22  points on a 0.5mm square zone at the center of the specimen as the red square in 

Experimental results of equi-biaxial tensile tests on AA6061

Biaxial tensile tests are performed at tensile speeds of 0.02mm/s, 2mm/s, 200mm/s and temperatures of 20°C, 100°C and 160°C. The experimental data needed for the identification stage of the thermo-viscoplastic strain-hardening model are: the principal strains at the center of the cruciform specimen and the tensile forces measured along the two axes (X and Y directions) of the specimen. Obviously, these temporal evolutions are synchronized before their use. Raw experimental data and post-processed data which will be used in the inverse identification procedure for the different operating conditions are presented below.

Equi-biaxial tensile test at 0.02mm/s and 20°C.

For the quasi-static biaxial tensile with a tensile speed of 0.02mm/s at room temperature, 634 images before the rupture are recorded, corresponding to a total time of 63.3s. The equivalent, major and minor strain fields at t = 55s in the gauge area are presented in Fig. 3.6a, b and c, respectively. The red circle corresponding to the thickness reduction zone (diameter of 10mm). Axis-x corresponds to the transversal direction, axis-y corresponds to the rolling direction. As explained above, the Von-mises equivalent and principal strains at the central point are calculated by the strain average on four points defined in a square area of 0.5mm side (Fig. 3.6a). This figure shows that the equivalent and principal strains are concentrated and nearly homogeneous in the central zone of the specimen. The red and blue arrows in Fig. 3.6b, c represented the directions of major and minor strains at the center of the specimen. 

Fig. 3.7 (a) Experimental forces; (b) Equivalent and principal strains evolutions at the central point

The evolution of experimental forces versus time are shown in Fig. 3.7a. The maximum equivalent strain at the central point is about 25%, while the maximum major and minor principal strain at the central point are about 13% and 11%, respectively (Fig. 3.7b). Due to a slight asynchronization between the two axes, a small discrepancy is observed between the major and the minor principal strains. The influence of this slight desynchronization and of the possible anisotropy of the material is also visible on the curves showing the temporal evolution of the experimental forces according to the X and Y directions of the specimen (Fig. 3.7a). Portevin-Le Chatelier (PLC) effect [START_REF] Hä Hner | On the kinematics of Portevin-Le Chatelier bands: theoretical and numerical modelling[END_REF], which are plastic instabilities, can be observed on the evolution of strain curves which present steps especially for large strains. This phenomenon is also clearly observed on the loads versus time curves which exhibit fluctuations. It can be noted that the phenomenon of serration is clearly more pronounced on the effort measured according to X direction than according to Y direction. These fluctuations are the signature of PLC bands whose appearance is classically governed by the strain level, the strain rate and the temperature. However, the PLC effect has not taken into consideration in the identification procedure.

The curves of strain path and strain rate at the central point are shown in Fig. 3.8. As shown in this figure, the low strain levels at the beginning of the test (up to about 28s for this test) lead to two very noisy signals (strain path and strain rate). The strain path at the central point is about 0.9 after t = 35s which is nearly an equi-biaxial tensile strain state. The equivalent strain rate at the central point is fluctuating around 0.005s -1 from t = 30s to t = 55s. The strain rate is calculated as follows:
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where m is the time interval.

Fig. 3.8 Strain path and strain rate evolution at the central point

Due to PLC effects which appear especially at low tensile test velocities, both temporal force and strain curves must be smoothed before to be use in the inverse procedure of identification. For the considered operating condition (0.02mm/s; 20°C), the smoothed force and strain curves (using the moving average filter method in MATLAB) are shown in Fig. 3.9. Since the necking is not taken into account in this work, the time for the identification is considered up to t = 55s. 

Equi-biaxial tensile test at 0.02mm/s and 160°C

For the tensile speed of 0.02mm/s at 160°C, there are 641 images before the rupture corresponding to t = 64s. The equivalent, major and minor strain fields at the gauge area at t = 64s are presented in Fig 3 .10a, b, andc, respectively. Because we are close to the rupture and that the strain localization has already appeared at the edge of thickness reduction area (Fig. 3.10a), the strain distribution on this area is not uniform. Despite a slight desynchronization observed on the force versus time curves, Fig. 3.11a, of about 0.1mm, the strain evolutions at the central point are almost the same. Evolutions of equivalent and principle strains at the central point are shown in Fig. 3.11b. The maximum force for this condition is about 10% lower than the one at ambient due to the increase of temperature. The maximum equivalent strain for the central point is about 29%. The maximum major and minor principal strain at the central point are about 16.5% and 13%, respectively. PLC effects are greatly reduced at this level of temperature of 160°C. The increasing of temperature at low strain rate leads to a clear reduction of the serration amplitude for AA6061. 

(a) Experimental forces; (b) Equivalent and principal strains evolutions at the central point

The strain path and strain rate evolution at the central zone of the specimen is shown in Fig. 3.12. The strain path at the central point is about 0.93 after t = 40s which is nearly an equibiaxial tensile strain state. The equivalent strain rate at the central point varied from 0.005s -1 to 0.01s -1 from t = 40s to t = 55s.

Fig. 3.12 Strain path and strain rate evolution at the central point

The experimental forces along the two specimen arms and principal strains at the central point have also been pre-processed for the identification, as shown in Fig. 3.13. The selected time for identification is up to t = 55s. 

Equi-biaxial tensile test at 2mm/s and temperatures of 20°C, 100°C and 160°C.

For the tensile speed of 2mm/s at ambient temperature, there are 348 images before the rupture corresponding to t = 0.694s. The equivalent, major and minor strain fields at the gauge area at t = 0.6s are presented in Fig. 3.14a, b, and c, respectively.

The evolution of experimental forces and equivalent and principle strains at the central point are shown in Fig. 3.15. The maximum equivalent strain for the central point is about 25%. The maximum major and minor principal strains at this point are about 14% and 12%, respectively. A slight PLC effect is also observed, however this is much less pronounced at this speed of 2mm/s than at a speed of 0.02mm/s for the same 20°C temperature.

Fig. 3.14 Strain fields at 2mm/s and 20°C temperature: (a) Equivalent strain; (b) Major strain;

(c) Minor strain.

Fig. 3.15 (a) Experimental forces; (b) Equivalent and principal strains evolutions at the central point

Strain path and strain rate evolutions at the central point of the specimen are shown in Fig. 3.16. Due to the desynchronization of experimental forces at different directions, the strain path is nearly proportional of 0.8 after t = 0.4s. The equivalent strain rate at the central point is fluctuating around 0.5s -1 from t = 0.3s to t = 0.6s.

Fig. 3.16 Strain path and strain rate evolution at the central point.

The post-treated experimental forces along the two specimen arms and principal strains at the central point of the specimen are presented in Fig. 3.17 with those corresponding to operating conditions (2mm/s ; 100°C) and (2mm/s ; 160°C). 

Equi-biaxial tensile test at 200mm/s and temperatures of 20°C, 100°C and 160°C

In order to avoid oscillations induced on the force measurement by the excitation of the eigen frequencies of the mechanical parts of the specimen clamping system during tests at high speeds (such as the speed of 200mm/s), a damping element is introduced into the experimental set-up as explained in paragraph 3.2.1 and detailed in [START_REF] Liu | Identification of strainrate dependent hardening sensitivity of metallic sheets under in-plane biaxial loading[END_REF]. The experimental results for those dynamic tests at 200mm/s are presented as follows.

For the tensile speed of 200mm/s at ambient temperature (20°C), the equivalent, major and minor strain fields at the gauge area at t = 0.01s are presented in Fig. 3.18a, b, and c, respectively. Evolutions of experimental forces and the average of equivalent and principle strains for the central point are shown in Fig. 3.19. The maximum equivalent strain for the central point can reach about 30%, which is larger than the one under quasi-static condition (about 25%). Because of the forces along two directions are desynchronized , the major principal at the central point is reach up to 20%, while the minor principal strain is just about 9% at rupture. Compared with the quasi-static tensile test at room temperature, the PLC effect is not observed at such a tensile velocity. 

Fig. 3.19 (a) Experimental forces; (b) Equivalent and principal strains evolutions at the central point.

Strain path and strain rate evolutions at the central point of the specimen is shown in Fig. 3.20. The strain path is between 0.5 and 0.7 during the plastic strain stage. The equivalent strain rate at the central point is around 40s -1 between t = 0.007s and t = 0.011s.

Fig. 3.20 Strain path and strain rate evolution at the central point

The post-treated data for all the operating conditions at 200mm/s (it means at temperatures 20°C, 100°C and 160°C) are presented in Fig. 3.21.

Discussion

The 8 designs of equi-biaxial tensile test for AA6061 performed in this study are recalled in Table 3.2. According to the strain fields presented above, the maximum strains localized in the central zone of reduced thickness show a relatively uniform distribution as expected. The experimental strain path at the central point varies around a mean value of 0.8 for the 0.02mm/s and 2mm/s conditions and shows more dispersion for the 200mm/s tests. Depending on the tensile test, the equivalent strain rate varies within a range from 0.005s -1 to 40s -1 .

Table 3.2 Experimental designs for AA6061

Ambient 100°C 160°C 0.02mm/s   2mm/s    200mm/s   
In order to visualize the influence of the different operating conditions (temperature and speeds), the evolution of the tensile forces according to the rolling direction (Y direction) is represented as a function of the equivalent deformation at the central point of the specimen (Fig. 

Fig. 3.21 Pre-processed experimental force and principal strain curves at 200mm/s

Compared the forces along y-axis (rolling direction) for the quasi-static condition, the tensile strengths decrease with the increasing of temperature (Fig. 3.22). The forces at 160°C between the tensile speeds of 0.02mm/s and 2mm/s are quite similar, indicating the strain rate effect is negligible at the low tensile speeds in a certain range of temperatures (20 to 160°C). The force at 2mm/s and ambient temperature is a little larger than the one at 0.02mm/s, which may be led by the geometry of the specimen for this condition is not totally the same to the others.

Fig. 3.22 Evolution of forces versus equivalent strain for quasi-static condition.

The forces along the rolling direction (y-axis) for dynamic condition are also compared in Fig. 3.23. A negative temperature effect on the tensile strength can be observed. For the high tensile speed, the ductility of AA6061 increases with increasing temperature.

Fig. 3.23 Evolution of forces versus equivalent strain for dynamic condition.

The maximum forces along the rolling direction (Y-direction) for all the experimental tested conditions are presented in Fig. 3.24. At the same tensile speed, the tensile strength decreases with the increasing of temperature for both quasi-static and dynamic conditions. Within the range of the tested strain rates, no clear trend can be seen at room temperature, so negligible strain rate can be assumed at this temperature. A small positive strain rate sensitivity can be observed at 160°C between the conditions 0.02mm/s, 2mm/s and 200mm/s and the same trend seems to be found at 100°C between the two conditions tested.

The maximum equivalent strains are obtained at the image just before rupture. The maximum equivalent strains are quite similar between different temperatures under low speed tension. While in the tensile speed of 200mm/s, the maximum equivalent strain increases gradually with increasing temperature (up to 40%). It can be supposed that the ductile ability for AA6061 is dependent on the temperature at a high strain rate. The strain rate effect is negligible when the temperature is below 100°C. Therefore, in order to reduce the time consuming in optimization, the case at 100°C with the tensile speed of 0.02mm/s is not considered in the test.

Fig. 3.24 Comparison of the maximum force and equivalent strain for the 8 different operating conditions.

Based on the aforementioned analysis, the temperature and tensile speed have an influence on the mechanical behavior of AA6061 under biaxial tension. The experimental results obtained from the biaxial tensile tests at different temperatures and strain rates can be introduced in the identification of hardening behavior for AA6061 at a large strain (25% to 30%).

Identification of thermo-viscoplastic hardening model under in-plane biaxial loadings

The thermo-viscoplastic hardening model (Eq. 2.7) calibrated under uniaxial tension in chapter 2 is identified in this section by means of inverse procedure since the assumed homogeneity of the uniaxial tensile test cannot be retained for the in-plane biaxial tensile test which is highly heterogeneous.

Procedure of inverse analysis

The inverse procedure of parameter identification is presented in Fig. 3.25. This procedure is based on a finite element (FE) model of the in-plane biaxial tensile test applied on the cruciform specimen defined in section 3.2.2. Temporal evolutions of experimental forces along the two axes of the specimen are introduced as boundary conditions in the FE model to simulate the biaxial tension of AA6061. At the end of the simulation, the numerical observable quantities are the principal strains at the central point of the specimen whereas the experimental observables are the principal strains calculated by DIC technic. By comparing the temporal evolutions of the experimental and numerical principal strains at the central point of the specimen, the cost function  is calculated as follows:
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Where p is the number of design in the identification; q is the total number of time points during simulation; 1 sim  and 2 sim  are the major and minor numerical strains at the central point of the specimen; exp 1  and exp 2  are the experimental principal strains at the central point of the specimen.

The best set of parameters of the hardening model is obtained by minimizing the gap between experiment and numerical simulation strain versus time curves. To do this, the multidisciplinary and multi-objective optimization platform modeFRONTIER is used. This software allows the coupling between FE simulation codes, such as Abaqus used in this study, and optimization algorithms. The convergence for Simplex method is less efficient than that for many other algorithms when the parameter number is increased. A best approach could consist in a hybrid method to localize approximately the global minimum of the cost function and then converge efficiently with a first-order optimization algorithm. In this work, the MOGA and Simplex were chosen for parameter identification. MOGA (Multi-objectives Genetic Algorithm) is adopted as guided random search method. This method is suitable for solving multi-objective optimization related problems with the capability to explore the diverse regions of solution space. In the early stages of optimization, this method is used to roughly determine the value area of parameters. Thereafter, the Simplex method is applied for looking for the local minimum solution.

Finite element model

Based on a coupled temperature-displacement analysis with implicit solver, FE simulations of the biaxial tensile test at different loading conditions (temperatures: 20, 100 and 160 °C and tensile speeds: 0.02, 2, and 200 mm/s) are led. The model is based on a shell element mesh of the in-plane cross specimen. To keep reasonable simulation time, shell element mesh is preferred rather than 3D element mesh. This point is of paramount importance since this model is integrated next in an inverse procedure for the identification of material parameters. This procedure requires an important number of FE simulations to determine the best set of material parameters of the thermo-viscoplastic model. The mesh of the specimen is shown in Fig. 3.26 (only one quarter due to symmetry). From a parametric study, W. Liu et al. [START_REF] Liu | Identification of strainrate dependent hardening sensitivity of metallic sheets under in-plane biaxial loading[END_REF] have defined the equivalent thicknesses of the different regions of the shell element mesh giving the same strain evolution in the central zone of the specimen than the one given by the 3D solid mesh. Zone A is the central flat thickness-reduced zone with the thickness of 0.625 mm, zone B is the transition zone with a thickness of 1.3125 mm, while zone C has the initial sheet thickness of 2 mm. Four node shell element (S4RT) are used for this model. For boundary conditions, sides 1 and 2 are symmetry axes. Experimental forces Fx and Fy are applied on sides 3 and 4 along axis X and Y, respectively. Since the central zone is the zone of interest under biaxial tensile state, a refined mesh with a dimension of 0.25mm, is defined in this area. Adiabatic assumption is assumed for all simulated conditions.

Fig. 3.26 FE mesh of the cruciform specimen

The Young's modulus (E = 63240 MPa) for AA6061 obtained in chapter 2 is assumed independent on the temperature and the strain rate. The Poisson ratio for this material is = 0.33 [112] is also considered a constant for different conditions. The hardening law identified in section 2.3 is programmed through the user subroutine UHARD in the environment software ABAQUS. The thermal properties of AA6061 adopted in simulations are presented in Table 3.3 [START_REF] Liang | Thermo-viscoplastic behavior of AA6061 under dynamic biaxial loadings[END_REF]. The thermo-viscoplastic model to be identified is recalled below (Eq. 2.8 and 2.15):
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In these numerical simulations, adiabatic conditions are assumed and no heat exchanges are considered between the specimen and the environment of the insulated box and specimen grips. At the beginning of the simulation, a constant temperature (the set-point one) is assumed in the specimen.

Parameter identification

In Chapter 2, an analytical regression method has been used to calibrate the parameters of the hardening model at different temperatures and strain rates under uniaxial tension. In this analytical model (where stress and strain fields are considered as homogeneous), the adiabatic deformation-induced thermal effect is neglected. In contrary to the uniaxial tensile test, the biaxial tensile test performed on the specific specimen shape defined in this study is strongly inhomogeneous and do not allow experimental determination of the initial yield stress under biaxial strain state. Hence, the initial yield stress at ambient temperature (20°C) is identified with the others hardening parameters for the different biaxial tensile conditions experimentally tested. The initial yield stress parameter K0 = 0.2295 (section 2.5.1) determined from uniaxial tensile conditions is always considered here for the identification stage under biaxial loadings since the temperature effect on the initial yield stress is assumed to be the same whatever the strain state.

The parameters of the thermo-viscoplastic hardening model identified are shown in Table 3.4. The prediction of principal strains for the different conditions are compared with experimental data, as shown in Fig. 3.27. Fig. 3.27 shows that the identified hardening model based on biaxial tensile tests can well describe the evolution of principal strains in the range of temperatures and strain rates tested. The initial yield stress under biaxial tension at room temperature is lower than the one obtained from uniaxial tension ( 0_ 166.16

uniaxial MPa   ). For the tensile velocity of 2mm/s at 100°C and 160°C (Fig. 3.27d, e), the prediction of principal strains give an underestimation compared to the experimental data mainly at the end of the test for larger strains. That maybe due to the adiabatic in the simulation and the softening effect dominate the hardening behavior. For the tensile velocity of 200mm/s at 100°C and 160°C (Fig. 3.27 g. h), this phenomenon have not been observed in terms of the strain rate compensation. For the tensile velocity of 2mm/s at ambient temperature (Fig. 3.27c), the prediction of strains are higher than the experimental results with the increasing of time, we suppose there is a difference of size or thickness at the central area of this specimen than the others.

The predictions of the flow stresses at a large strain by the identified hardening model for different temperatures (ambient, 100°C, and 160°C) and strain rates (0.001s -1 , 0.1s -1 , and 10s -1 ) are shown in Fig. 3.28. Constant temperatures and strain rates are introduced in these models and the equivalent stress is plotted up to an equivalent plastic strain of 40%. It can be seen that the predicted flow stresses decrease with the increase of temperature. A positive strain rate influence on the flow stress curves can be observed at each temperature, and with the increase of temperature, the strain rate effect becomes more and more significant in a large strain. 

Conclusion

In this Chapter, a heating system has been developed for a specific dynamic biaxial tensile device and biaxial tensile tests on AA6061 have been performed in a range of temperature (ambient to 160°C) and strain rates (10 -3 to 10s -1 ). With a dedicated cruciform specimen proposed by Liu W. et al. [START_REF] Liu | Identification of sheet metal hardening for large strains with an in-plane biaxial tensile test and a dedicated cross specimen[END_REF], the temperature and strain rate sensitive hardening behavior of AA6061 has been identified for large strains.

With the aforementioned analysis, we can draw several conclusions: [START_REF] Zhang | The Material Point Method: A Continuum-Based Particle Method for Extreme Loading Cases[END_REF]. With the developed heating system, the specimen can be precisely controlled and kept at a homogeneous temperature before the test. The limitations are the maximal achievable temperature and the heating time from ambient to this maximal temperature.

(2). Experimental results show that the temperature has a negative effect on the tensile strength. The influence of strain rate is negligible with the temperature below 100°C, while a positive effect on the tensile strength can be observed at 160°C.

(3). The predicted strains at the cruciform specimen center by the identified thermoviscoplastic hardening model under biaxial tension in a range of temperatures (ambient to 160°C) and strain rates (10 -3 to 10s -1 ) presents good agreement with experimental data. The biaxial flow stresses at different tensile speeds are very similar at temperatures below 100°C , while at 160°C a positive strain rate is observed. This is basically the same as the conclusion drawn from the experimental data.

In the following Chapter, the thermo-viscoplastic hardening model identified under biaxial tension will be coupled with an anisotropic yield criterion to study the temperature and strain rate sensitivity of the anisotropic response of AA6061.

Chapter 4 Investigation of anisotropic behavior of AA6061 under biaxial tensile state 4.1 Introduction

The heterogeneous strain field measured by digital image correlation in the central gauge area of a cruciform specimen can permit to characterize the plastic anisotropic behavior of metallic sheets with a unique specimen [START_REF] Zhang | Calibration of anisotropic yield criterion with conventional tests or biaxial test[END_REF]. Indeed, minor and major strains measured along several paths exhibit a wide range of strain states, from uniaxial to equi-biaxial stress state. Thanks to the recording of forces along the two loading directions and to the strain field measurement, an identification of complex anisotropic yield criteria with several parameters is possible by inverse procedure. Then, a unique test is sufficient to characterize the anisotropic behavior of the sheet.

The first aim of this study is to verify that the method can be applied when the in-plane biaxial tensile test is performed under different conditions of temperature and strain rate. Then the effect of temperature and strain rate on the anisotropic behavior of AA6061 sheet will be discussed. For this purpose, the biaxial device equipped with the air flow generator is used to perform in-plane biaxial tensile tests at different tensile velocities (1mm/s and 200mm/s) and temperatures (-40°C, ambient, and 160°C) . With the user's subroutine UMAT on Abaqus, the parameters of the Bron and Besson criterion are identified at room temperature and for quasistatic conditions. The biaxial tensile tests for the different tested conditions are simulated by the FE method, the identified hardening behavior of the material, including the effect of strain rate and temperature, is introduced. Then, with the anisotropic parameters identified at room temperature and for quasi-static condition, the predictive evolution of principal strains and strain path ratios for the different tested conditions are presented and compared to the experimental ones.

Calibration method for anisotropic yield criterion

Presentation of the method

Recently, Zhang et al. [START_REF] Zhang | Calibration of anisotropic yield criterion with conventional tests or biaxial test[END_REF] proposed a new methodology to identify the parameters of anisotropic yield criteria for metal sheets. This method has been validated both on an aluminum alloy (AA5086) and on a dual phase steel (DP980). Two anisotropic yield criteria, Hill48 [START_REF] Hill | A theory of the yielding and plastic flow of anisotropic metals[END_REF] and Bron and Besson [START_REF] Bron | A yield function for anisotropic materials Application to aluminum alloys[END_REF], have been identified by the proposed methodology. In the study, conventional homogeneous tests (uniaxial tension, hydraulic bulging and simple shear) are firstly used to identify the parameters of each yield criterion. Then, in order to evaluate the efficiency of the method, the results are compared with the ones obtained with only one equibiaxial tensile test performed on a cruciform sample. It was shown that the yield surfaces identified by the conventional method and by the proposed method are very close.

The finite element simulation of the cruciform specimen was carried out with the experimental forces of biaxial test imposed as boundary conditions (Fig. 4.1b). Due to the symmetry of the specimen, only a quarter of the specimen is modeled. The experimental forces 2

x F and 2 y F are imposed on the two arms. The inverse analysis methodology consists of minimizing the gap between the experimental and numerical distributions of the major and minor strains along the diagonal direction of the sample central area as shown in Fig. 4.1a, at an instant before the rupture. The flowchart of the identification process with equi-biaxial tensile test is given in Fig. 4.2.

Fig. 4.1 (a) Specific strain path for the identification; (b) FE boundary conditions with imposed force

Fig. 4.2 Flowchart of the identification process with the biaxial test. [116]

For AA5086, with the identification strategy presented above, the Bron and Besson yield criterion can well describe the evolution of principal strains along the diagonal path as shown in Fig. 4.3c, but for the longitudinal and transversal path (x and y direction), predictions show significant differences compared to the experimental data as shown in Fig. 4.3a and Fig. 4.3b.

Fig. 4.3 Evolution of principal strain and strain path ratio along different directions: (a) diagonal path; (b) longitudinal path; (c) transversal path.

The method based on the single equi-biaxial tensile test is considered to be adequate to get the parameters for both yield criterion (such as Hill48) with few parameters but also for more complex yield criterion such as Bron & Besson (with 12 parameters). However, some discrepancies can be observed when predicted and experimental principal strains are compared along transversal and longitudinal (rolling direction) paths in the central area of the cross specimen.

Improvement of the method

Identification strategy

In order to improve the accuracy of the predictive results, a modification of the identification strategy is proposed in this section. Based on the same method, additional experimental data have been integrated in the calibration procedure. The parameters of the yield criterion are now identified by comparing experimental and predictive principal strains along longitudinal (x direction), transversal (y direction) and diagonal directions at the same time. The identification process is still realized with the software modeFRONTIER.

A cost function is defined to calculate the difference between the experimental and numerical principal strains to identify the 12 parameters of Bron and Besson yield model: 
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where ) are interpolated from the principal values calculated at the adjacent nodes. 

Identification result

Based on the results of the previous identification on AA5086 [START_REF] Zhang | Characterization of anisotropic yield criterion with biaxial tension test[END_REF], the variation range of each parameter is determined for this material (Table 4.1). Table 4.2 gives the optimized parameters of B&B yield model obtained from the improved calibration method. The Y0 corresponding to the reference stress under biaxial tension (Eq. 4.2).  is a constant which depends on the parameters of yield model (Eq. 4.3). 0  is the yield stress under uniaxial tension. The prediction of principal strains and strain path ratios for the different directions are shown in Fig. 4.5 and compared with the experimental data. According to these figures, there is a good agreement between experiments and numerical simulations for the three directions. ,  plane with parameters of B&B model obtained from the first method, and with the new parameters obtained from the above method. There is a small difference between these two contours. For the equi-biaxial tensile state, the values for these two contours are very close, indicating a similar yield stress under biaxial stretching.
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According to the aforementioned analysis, the parameters of the yield criterion obtained from the improved identification method permit a better prediction of principal strains along the different strain paths. This method will be used hereafter to investigate the anisotropic behavior of AA6061 under different temperatures and strain rates. 

Experimental database

The cruciform specimen used in this study required a concentrated strain field at the central gauge area. As shown in Fig. 4.7, a cruciform specimen with a radius of 5 mm between arms was chosen. This specimen doesn't have a reduced thickness at the central area, which permits to apply the method to all the sheets, regardless of the value of the thickness. 

Experimental data

The biaxial tensile tests for AA6061 with the cut type shape of specimen have been carried out at different tensile velocities (1mm/s and 200mm/s) and different temperatures (-40°C, ambient and 160°C). A constant velocity ratio 1 xy vv is applied for each arm of the cruciform specimen. The rolling direction of the sheet is associated to the y direction of the biaxial tensile device.

The main acquisition parameters of the camera and load sensors (strain-gauge load cells) are given in Table . 4.3. Fig. 4.8 shows the measurement of forces along each axis of the specimen for the different conditions. It can be seen that the tensile forces along the longitudinal and transversal directions are well synchronized for all the conditions. The difference between ultimate forces at ambient temperature and -40°C is less than 3% for both quasi-static (1mm/s) and dynamic conditions (200mm/s). However, the ultimate forces at 160°C are about 24% lower than the ones at ambient temperature for quasi-static condition (Fig. 4.8a) and 12% lower for dynamic conditions (Fig. 4.8b).

Fig. 4.8 Evolution of loads along the two directions for each condition

The evolution of principal strains of AA6061 along longitudinal, transversal and diagonal direction for the different conditions are calculated with the GOM digital image correlation software. Fig. 4.9 shows an image of the cruciform specimen at the initial state. The square area in blue with a size of approximately 25 25  mm 2 at the central gauge of the specimen is selected to calculate the principal strains. The size of the subsets for correlation is 32 32  pixels and the distance between each point is 16 pixels (scale of 0.038mm/pixel), leading to a number of about 2200 points for the calculation of the strain field.

The lines x1 and x2 correspond to the longitudinal path, y1 and y2 correspond to the transversal path (rolling direction). The lines 1 to 4 are associated to the diagonal path. The experimental data used during the parameter identification stage correspond to the average of principal strains along the different paths, respectively. Experimental results for all the conditions are presented below. For a tensile speed of 1mm/s (strain rate around 0.1s -1 ) along each axis at ambient temperature, 1540 images were recorded before the rupture (total time of 6.16s). The values of the principal strains at the time corresponding to 80% of the total time are selected for the identification process. The selection of this time, far enough from the rupture, avoids strain localizations due to the onset of necking. The evolution of the principal strains is shown in Fig. 4.10. For all the directions, the evolution of strain values along the different paths shows a very good repeatability of the results. The selection of the average of these strain values for the identification procedure is consistent.

The evolution of strain path ratios for each direction, defined as the ratio [START_REF] Salvado | A review on the strain rate dependency of the dynamic viscoplastic response of FCC metals[END_REF]  , is calculated with the average principal strains and presented in Fig. 4.11. It can be clearly seen that the strain state varies from nearly equi-biaxial tensile strain state (about 0.98) in the center of the specimen to a plane strain state (about 0.07) along longitudinal and transversal direction. For the diagonal direction, a near tensile strain state is reached with the farthest point from the center (strain path ratio of -0.2). The experimental forces and principal strains along the three specific paths for this condition constitute the experimental database for the parameter identification process. Also, with the same calculation method presented above, the experimental data for the other temperatures and tensile velocities are obtained.

 Tensile speed of 1mm/s at -40°C

Fig. 4.12 Evolution of principal strains and strain path ratios along the three directions: (a) longitudinal; (b) transversal; (c) diagonal.Tensile speed of 1mm/s at 160°C

The evolutions of principal strains for the different paths are quite similar along the three directions, indicating a symmetrical strain field distribution on the gauge area of the specimen, regardless of the condition of strain rate or temperature. The selected strain values at the center point are between 0.013 and 0.02. The total time and the selected time for the different conditions are summarized in Table 4.4. 

Identification of yield criterion

The parameters of Bron and Besson yield criterion for AA6061 are identified by using the experimental data from the test performed at 1mm/s and at ambient temperature. Due to the low strain values reached during the test, the results are not very sensitive to the hardening type chosen for the identification procedure by inverse analysis. For the same conditions of temperature and strain rate, the hardening is well represented by a simple formulation based on a Voce hardening law (Eq. (4.4)). The calibrated parameters are presented in Table 4.5. The identified parameters of the Bron and Besson yield criterion are presented in Table 4.6. The prediction of principal strains and strain path ratios for Bron and Besson are compared with the prediction of Von-Mises model and experimental data (Fig. 4.17). It can be seen that, compared with the isotropic model, the anisotropic model gives a better description of strain evolutions and strain path ratios along the different directions. Considering the evolutions of major and minor strains, The Bron and Besson yield model gives an excellent match to the experimental data for the three directions. Also, a good agreement is observed for the strain path ratios along the three directions. In order to check the reliability of the set of parameters, the comparison of principal strains is performed at a smaller time point (t = 4s) (Fig. 4.18). The agreement between predictive and experimental results is also very good at this time. It can be concluded that the Bron and Besson yield criterion identified by the proposed method is efficient to predict the strain fields for AA6061 under quasi-static condition and room temperature. Fig. 4.19 gives a comparison between the yield surfaces predicted by the identified Bron and Besson yield criterion and by the isotropic Mises yield criterion (0=166.16MPa). It is seen that the Bron and Besson yield locus is inside the Mises one under biaxial tension, indicating that the yield stress under equi-biaxial stretching is lower than the one under uniaxial tension. This tendency is confirmed by the results of the identification of the hardening model in Chapter 3. At the center of the cruciform specimen, where an equi-biaxial strain state is mainly observed, the use of a Mises model gives a value of 148.55MPa for the yield stress. 

 

Sensitivity to temperature and strain rate for yield criterion

The temperature and strain rate dependent hardening model which has been identified in Chapter 3 is used now and combined with the identified Bron and Besson yield criterion. By means of FE simulations of the equi-biaxial tensile test presented in this chapter, the main objective is to verify if the yield criterion characterized at ambient temperature and for quasistatic conditions, is able to predict the strain evolutions for the other conditions.

The experimental forces measured from the experimental equi-biaxial tensile tests for the different temperatures and tensile velocities are imposed as boundary conditions in the FE model of the equi-biaxial tensile test. Based on the experimental results, a low strain level is observed in the center gauge of the specimen, which indicates that the plastic deformation has little contribution on the self-heating of the specimen. Hence, we consider that the temperature in the FE model is constant and the numerical simulation can be performed in a static general procedure.

For the comparison of the principal strains and strain path ratios along longitudinal, transversal and diagonal profiles in the following figures ( 2.9), which is sensitive to temperature and strain rate effect and has been identified in previous Chapter (Table 2.7).

Firstly, Fig. 4.20 gives a comparison between the principal strain evolutions and strain path ratios for a tensile speed of 1mm/s and at ambient temperature The P2 model gives almost the same predictions than the ones of P1 model. It can be concluded that, if the Bron and Besson yield criterion is preliminarily well-defined, changing the expression of the hardening model 106 does not affect the predictive result. For the temperature of 160°C , for a tensile speed of 1mm/s, both the P1 and P2 model give an underestimation of the experimental strains, while the predictions of P2 are closer to the experimental ones (Fig 4.21). Similarly, for the strain path ratio, the P2 model presents a better agreement to experiments than the P1 model. It shows that the hardening model including temperature sensitivity is better to describe the plastic behavior under high temperatures. Nevertheless, introducing the temperature effect only in the hardening model seems not to be sufficient to give a correct description of the strain evolutions. . For the dynamic condition (200mm/s) at ambient temperature (Fig 4.22), it can be seen that the predictions of principal strains of the P1 model are underestimated, compared with the experimental principal strains. The P2 model correctly describes the major strains along the three directions; however, the minor strains are lower than the experimental curves, especially at the center area. Moreover, the constitutive models have been also applied to predict the strain field for the two tensile speeds at the low temperature of -40°C . Fig. 4.24 gives a comparison between the experimental principal strains and strain path ratios with the predictions from the two constitutive models at the low tensile speed and at -40°C. The P2 model gives a better prediction of the principal strain evolutions than the P1 model, indicating that the hardening model is efficient to describe the flow stress at this temperature. It seems that this temperature has a slight influence on the anisotropy of AA6061.

For the same temperature, but at the high tensile speed of 200mm/s (Fig. 4.25), the predicted major strain at the center point is about 40% higher than the minor strain. Also, the predicted strain path ratio at the center is about 30% lower than the experimental one. By comparing the results from Fig. 4.24 and Fig. 4.25, strain rate seems to have a significant effect on the anisotropy behavior of the material at this temperature since the values of major and minor strains at the center become very different when the strain rate increases. Based on the aforementioned analysis, the Bron and Besson yield criterion coupled with a temperature and strain rate sensitive hardening model can give suitable predictions of strain fields for AA6061 for different ranges of temperatures and strain rates. Nevertheless, it could be interesting to make an identification of the parameters of the Bron and Besson yield criterion for each condition in order to evaluate the influence of temperature and strain rate on the shape of the yield contours.

Conclusion

The method based on a heterogeneous in-plane biaxial tensile test and a dedicated cruciform specimen is applied to characterize the anisotropic behavior of AA6061. The method was improved in order to include additional data in the identification procedure of complex yield criteria. To investigate the anisotropic plastic behavior of AA6061, biaxial tensile tests have been performed at different temperatures (-40°C, ambient, 160°C) and tensile velocities (1mm/s and 200mm/s). Experimental data (forces and strain fields) have been successfully measured by using the biaxial testing machine equipped with an air flow generator.

The Bron and Besson yield criterion is firstly identified for the lower speed and at ambient temperature. The identified yield model can well describe the evolution of principal strains for different strain states. After that, this yield criterion is combined with a temperature and strain rate sensitive hardening model in order to predict the strain fields for the tested temperatures and strain rates. Through the comparison between experimental and numerical principal strains and strain path ratios along with different profiles, the combined material model can give a suitable prediction of the strain field. Nevertheless, for some conditions (high temperature (160°C) and low temperature (-40°C) with high strain rate) the parameters of the yield criterion need to be adjusted in order to include the coupling effect of temperature and strain rate.

Conclusions and perspectives

The main objective of this thesis was to contribute to the improvement and reliability of calibration methods of thermo-viscoplastic behavior of metal sheets under biaxial loadings. The strategy has been validated by the identification of thermo-viscoplastic hardening model for AA6061 with an in-plane biaxial tensile test at various temperatures and strain rates. The identified hardening model was also applied to discuss the temperature and strain rate effect on the anisotropy plastic behavior of AA6061.

The conclusions of this work are summarized as follows:

 The hardening behavior of AA6061 shows a significant temperature dependency for a given strain rate. The strain rate dependency is emphasized at high temperatures.

Both power and saturation type models give a good description of flow stress at a strain level < 15% for this material. While for higher strains, saturation-type models tend to give better predictive results.  A heating system has been successfully used in the in-plane biaxial tensile test. The temperature on the specimen can be precisely controlled and kept homogeneous just before the test. With two dedicated cruciform specimens, the tensile forces and strain fields in the central zone of the specimen at different temperatures and tensile velocities have been successfully measured by using the biaxial testing machine equipped with an air flow generator. The thermo-viscoplastic hardening model for AA6061 identified from the in-plane biaxial tensile tests at different conditions presents a good agreement with experimental data in a temperature range from 20°C to 160°C and strain rates from 10 -3 to 10s -1 . The strategy of identifying the thermoviscoplastic hardening model by considering multiple sets of experimental data simultaneously is validated.

 The methodology of identification of an anisotropic yield criterion, based on a unique equi-biaxial tensile test has been improved by adding two additional strain profiles in the identification procedure. The Bron and Besson yield criterion identified with this improved method gives a good prediction of strain fields for different strain states for AA5086 and AA6061 at room temperature and for quasi-static conditions.

 The identified yield model associated with the thermo-viscoplastic hardening model can give a suitable prediction of strain field at low strain rate and low temperature, but for high strain rate or temperature conditions, the yield model need to be adjusted in order to include the coupling effect of temperature and strain rate.

In the future, several perspectives are suggested as following:

 Thanks to the biaxial machine, non-proportional loadings can be applied. The applied velocities can be different along the two perpendicular directions and can change independently during the test. For these conditions, complex strain paths can be followed in order to replicate the actual strain paths observed in some forming processes. In that case, the identification of advanced combined isotropic-kinematic hardening models, including the coupling effect of temperature and strain rate, should be possible according to the proposed method.

 For the AA6061, the parameters of the anisotropic yield criterion seem to be sensitive to the conditions of temperatures and strain rates. It could be interesting to identify the parameters of the yield criterion for each tested condition in order to see if a significant evolution of some parameters is observed. This might be a first step in order to make reliable the identification of the hardening model on a wide range of temperatures and strain rates. Abstract : Several recent works have shown the interest of the biaxial tensile test on a flat cross section specimen for the characterization of rheological behaviors (limit behaviors, strain hardening, anisotropy, ...) of thin sheet metallic materials subjected to complex loadings (biaxial, linear or non-linear). In this work, a calibrating method of plastic behavior models of metallic sheets subjected to biaxial loading is proposed and illustrated through the characterization of an aluminium alloy AA6061. For this purpose, an experimental biaxial dynamic tensile testing device is used to perform tensile tests on cruciform specimens of dedicated shapes. The established experimental database covers a temperature range from room temperature to about 200°C and a strain rate range from quasistatic to 5/sec. From this database, the calibration of complex anisotropic plasticity criteria (Bron and Besson criteria) and thermo-viscoplastic strainhardening models are performed by an inverse procedure. This procedure is based on a FE modeling of the biaxial tensile test, force measurements along the two axes of the specimen and determination of the strain field in the specimen central area. The identification of the parameters of the anisotropic plastic criterion is carried out on a single equibiaxial test under quasi-static tensile conditions at room temperature while the strain hardening is calibrated from several equibiaxial tensile tests carried out at different speeds and temperatures. Results highlight the potential of the biaxial tensile test on a flat specimen for the calibration of thermo-viscoplastic models used in forming applications where large strains are encountered.
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Fig. 1 . 1

 11 Fig. 1.1 Yield surface under plane stress condition.

Fig. 1 . 2

 12 Fig. 1.2 Yield surfaces for Tresca and Von Mises yield criterion.



  are the anisotropic coefficients. The parameter  can be calculated as:

17

 17 

  )

k

  are positive coefficients, and12 1 

12 functions.

 12 The comparing of yield surface are showed in Fig.1.3.

Fig. 1 .

 1 Fig. 1.3 2D-Plot of Barlat's yield function for AA3003-H111 at several elevated temperatures. (a) Stresses normalized with the flow stress to show the change in the yield surface shape. (b) Plot of actual stresses toshow the change in the size of the yield surface.[START_REF] Abedrabbo | Forming of aluminum alloys at elevated temperatures -Part 1: Material characterization[END_REF] 

Fig. 1 . 5

 15 Fig. 1.5 Types of hardening law: (a) isotropic hardening; (b) kinematic hardening; (c) Combined isotropic-kinematic hardening.

Fig. 1 . 7

 17 Fig. 1.7 Simple shear specimen according to (a) ASTM B831-05 standard [60] and (b) a modified ASTM specimen proposed by Merklein and Biasutti (2011) [61].

  s  ) under reversal loadings. The shape of the shear specimen is shown in Fig.1.8:

Fig. 1 .

 1 Fig. 1.8 Shape of specimen in [64].

  Fig. 1.9 Schematic diagram of plane strain compression test. [69]

Fig. 1 .

 1 Fig. 1.12 Stand-alone biaxial testing machines: (a) Makinde 1992 [82]; (b) Kuwabara 1998 [83].

Fig. 1 .

 1 Fig. 1.13 Different type of cruciform specimen. [86]

Fig. 1 .

 1 Fig. 1.14 Cruciform of specimen (Units are in mm) [87].

Fig. 1 .

 1 Fig.1.15 cruciform specimen.[START_REF] Naka | Effects of temperature on yield locus for 5083 aluminum alloy sheet[END_REF] 

Fig. 1 .

 1 Fig. 1.17 Cruciform shape of specimen [15] .

Fig. 1 .

 1 Fig. 1.18 Cruciform of the specimen for Gozzi. [93]

Fig. 1 .

 1 Fig. 1.19 Cruciform of specimen. [94]

Fig. 1 .Fig. 1 .

 11 Fig. 1.21 Geometry of the cruciform specimen for Zidane. [96]

Fig. 1 .

 1 Fig. 1.25 Biaxial testing device and heating gun [102].

Fig. 1 .Fig. 1 .Fig. 1 .

 111 Fig. 1.26 (a) Servo-hydraulic biaxial-planar tension-compression machine with inductive heating device. (b)Arrangement of the applied extensometer and the thermocouple as well as the cylindrical induction coil at the cruciform specimen.[START_REF] Kulawinski | Fatigue behavior of the nickel-base superalloy Waspaloy TM under proportional biaxial-planar loading at high temperature[END_REF] 

Fig. 1 .

 1 Fig. 1.29 Thermal plane biaxial tensile machine. [104]

Fig. 1 .Fig. 1 .

 11 Fig. 1.30 Three strategies of specimen heating and cooling: (a) Type-1; (b) Type-2; (c) Type-3 (Arrows on specimens represent polarity of electrical potential). [105]

Fig. 2 .

 2 Fig. 2.4 gives the true stress-strain curves along three different directions in the test. . The true stress along 𝜃 = 90° is about 5MPa and 8MPa higher than the 0° and 45° directions respectively. While the true stress along 0° and 45° directions are rather close.

Fig. 2 . 4

 24 Fig. 2.4 True stress-strain curves along the three directions.



  are the plastic strains along longitudinal, width and normal directions of the uniaxial tensile specimen respectively which can be calculated as follows: stands for Poisson's ratio. xx  , yy  are the strain components along longitudinal and width directions, which is obtained from DIC measurement.

Fig. 2 .

 2 Fig. 2.5 r-value obtained for different plastic strain ranges.

Fig. 2 . 7

 27 Fig. 2.7 Strain rate influence on the flow stress at different temperatures.

Fig. 2 .

 2 Fig. 2.8 Temperature influence on the flow stress at different tensile speeds.



  MPa is the initial yield stress at ambient temperature. 0 =0.2295 K is obtained by fitting the initial yield stress in function of temperature with Eq. 2.15. The fitting curve is presented as follows:

Fig. 2 .

 2 Fig. 2.10 Evolution of initial yield stress for AA6061.

Fig. 2 . 12 Predictive results of 1 V

 2121 Fig. 2.12 Predictive results of 1V model under different temperatures and tensile speeds.

Fig. 2 . 13 Predictive results of 2 V

 2132 Fig. 2.13 Predictive results of 2V model under different temperatures and tensile speeds.

Fig. 2 . 14 Predictive results of 3 V

 2143 Fig. 2.14 Predictive results of 3 V model under different temperatures and tensile speeds.

Fig. 2 .

 2 Fig. 2.15 Predictive results for Ludwick, V1, V2, and V3 models with strain levels up to 40%: (a) ambient, 0.1mm/s; (b) 200°C, 0.1mm/s; (c) 200°C, 200mm/s.

FigFig. 3 . 5

 35 Fig. 3.5 Central zone of the specimen: (a) Speckle pattern; (b) Area processed by image correlation (purple square area), area of constant thickness (black circle) and averaged area (red square).

Fig. 3 . 6

 36 Fig. 3.6 Strain fields at 0.02mm/s and 20°C temperature: (a) Equivalent strain; (b) Major strain; (c) Minor strain.

Fig. 3 . 9

 39 Fig. 3.9 Experimental forces and principal strains versus time curves for the hardening identification stage at 0.02mm/s, 20°C.

Fig. 3 .

 3 Fig. 3.10 Strain fields at 0.02mm/s and 160°C temperature: (a) Equivalent strain; (b) Major strain; (c) Minor strain

Fig. 3 .

 3 Fig. 3.13 Experimental forces and principal strains versus time curves for the hardening identification stage at 0.02mm/; 160°C.

Fig. 3 .

 3 Fig. 3.17 Experimental forces and principal strains versus time curves for the hardening identification stage at 2mm/s for temperatures 20°C, 100°C and 160°C.

Fig. 3 .

 3 Fig. 3.18 Strain fields at 200mm/s and 20°C temperature: (a) Equivalent strain; (b) Major strain; (c) Minor strain.

Fig. 3 .

 3 Fig. 3.25 Flowchart of parameters identification.

Fig. 3 .

 3 Fig. 3.28 Prediction of the identified hardening models from biaxial tensile tests at a large strain.

Fig. 4 . 4

 44 Fig. 4.4 Interpolation of the numerical strain field to calculate values at the position given by experiments.

Fig. 4 .

 4 Fig. 4.6 gives a comparison between the two yield contours plotted in the in-plane principal stresses   11 22

Fig. 4 . 5

 45 Fig. 4.5 Prediction of principal strains and strain path ratios along different directions: (a) longitudinal; (b) transversal; (c) diagonal.
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 4643 Fig. 4.6 Comparison of the two yield contours for AA5086 with the two different parameter sets: previous and improved method
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 47 Fig. 4.7 Geometry of the cruciform specimen. [116]
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 49 Fig. 4.9 Measurement area and visualization of specified paths.
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 44 Fig. 4.10 Evolution of principal strains along the three directions: (a) longitudinal; (b) transversal; (c) diagonal.
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 441014 Fig. 4.13 Evolution of principal strains and strain path ratios along the three directions: (a) longitudinal; (b) transversal; (c) diagonal.

Fig. 4 .

 4 Fig. 4.16 Evolution of principal strains and strain path ratios along the three directions: (a) longitudinal; (b) transversal; (c) diagonal.

Fig. 4 .

 4 Fig. 4.17 Prediction of principal strains and strain path ratios along the different strain paths (1mm/s and ambient temperature) and comparison with experimental data: (a) longitudinal; (b) transversal; (c) diagonal.

Fig. 4 .

 4 Fig. 4.18 Prediction of principal strains and strain path ratios at the time t = 4s: (a) longitudinal; (b) transversal; (c) diagonal.

Fig. 4 .

 4 Fig. 4.19 Initial yield contours obtained by B&B yield model and Mises model.

Fig. 4 .

 4 20 to 4.25), two hardening models are considered with the identified Bron and Besson yield model: -P1 model: Bron and Besson yield criterion combined with the Voce hardening model (Eq. 4.4); -P2 model: Bron and Besson yield criterion combined with the V1 hardening model (Eq.

Fig. 4 .

 4 Fig. 4.20 Prediction of principal strains and strain path ratios along the different directions (1mm/s and ambient temperature) and comparison with experimental data: (a) longitudinal; (b) transversal; (c) diagonal.

Fig. 4 .

 4 Fig. 4.21 Prediction of principal strains and strain path ratios along the different directions (1mm/s and 160°C) and comparison with experimental data: (a) longitudinal; (b) transversal; (c) diagonal.

Fig. 4 .Fig. 4 .

 44 Fig. 4.22 Prediction of principal strains and strain path ratios along the different directions (200mm/s and ambient temperature) and comparison with experimental data: (a) longitudinal; (b) transversal; (c) diagonal.

Fig. 4 .

 4 Fig. 4.24 Prediction of principal strains and strain path ratios along the different directions (1mm/s and -40°C) and comparison with experimental data: (a) longitudinal; (b) transversal; (c) diagonal.

Fig. 4 .

 4 Fig. 4.25 Prediction of principal strain and strain path ratio along different directions at 200mm/s, -40°C and compared with experimental data. (a) longitudinal; (b) transversal; (c) diagonal.

Titre:

  Caractérisation du comportement thermo-viscoplastique d'alliages métalliques soumis à des chargements dynamiques biaxiaux Mots clés : Traction biaxiale ; anisotropie ; écrouissage thermo-viscoplastique ; analyse inverse Résumé : Des travaux récents ont montré tout l'intérêt de l'essai de traction biaxial sur éprouvette plane en croix pour la caractérisation des comportements rhéologiques des tôles métalliques soumises à des chargements complexes. L'objectif de ce travail est de proposer une méthode de calibration des modèles de comportement plastique (écrouissage thermo-viscoplastique, anisotropie) pour les tôles métalliques soumises à des chargements biaxiaux. On s'intéresse ici à un alliage d'aluminium AA6061. Un dispositif expérimental de traction dynamique biaxiale est utilisé conjointement avec des éprouvettes cruciformes de formes dédiées. La base de données expérimentale établie couvre une plage de température de l'ambiante à environ 200°C et une gamme de vitesse de déformation allant du quasi-statique à 5/s. La calibration de critères de plasticité anisotropes complexes (comme le critère de Bron et Besson) et de modèles d'écrouissage thermo-viscoplastique est effectuée par une procédure inverse. Cette procédure s'appuie sur une modélisation EF de l'essai de traction biaxiale, la mesure de l'effort selon les deux axes de l'éprouvette et la détermination du champ de déformation par technique de corrélation d'image dans la partie centrale de l'éprouvette. L'identification du critère plastique anisotrope est effectuée sur un essai équibiaxial unique dans des conditions de traction quasi-statique à température ambiante alors que l'écrouissage est calibré à partir de plusieurs essais de traction équi-biaxiaux réalisés à différentes vitesses et températures. Title : Characterization of thermo-viscoplastic behavior of metallic alloys under dynamic biaxial loadings Keywords : Biaxial tension ; anisotropic behavior ; thermo-viscoplastic hardening ; inverse analysis
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	kk cc  .
	When 12 b b a  and the stress deviator 12 ij ij ss   , the yield function is returned to Karafillis
	and Boyce yield model. When 12 b b a  and 1 1

Table 1 .1 Ludwick and Voce models.

 1 

	Year	Model	Expression			Feature
	1909	Ludwick	0   	K		n p	Power law
	1948	Voce					

Table 1 .3 Temperature functions.

 1 

	Linear model [33]

Table 1 .4 Strain rate sensitivity function.

 1 

	Model	Function	Strain rate (s -1 )
	Power law (Chu et al.) [27]		

Table 2 .1 Chemical components of AA6061-O in weight percent. [112]

 2 

	Component	Wt. %	Component	Wt. %	Component	Wt. %
	Al	95.8-98.6	Mg	0.8-1.2	Si	0.4-0.8
	Cr	0.04-0.35	Mn	Max 0.15	Ti	Max 0.15
	Cu	0.15-0.4	Other, each	Max 0.5	Zn	Max 0.25
	Fe	Max 0.7	Other, total	Max 0.5		

Table 2 .2 Main characteristics of acquisition.

 2 

			Camera		
	Test velocity (mm/s)	Image resolution (pixel)	Acquisition rate (fps)	Shutter speed (s)	Load sensor acquisition rate (Hz)
	0.1	256×960	50	1/1500	10
	10	256×960	500	1/2000	1000
	200	256×960	5000	1/15000	10000

Table 2 .3 Young's modulus values.

 2 

	Direction	0°	45°	90°
	E (MPa)	63240	62150	63884

Table 2 .4 r-values calculated at different plastic strain ranges.

 2 

		r0	r45	r90
	0.02 to 0.08	0.3879	0.504	0.3704
	0.08 to 0.14	0.2708	0.437	0.2259
	0.02 to 0.14	0.3314	0.4532	0.311

p 

Tensile velocity and temperature Yield stress (MPa) Average 0.1mm/s_ambient

  

		171.62	
	10mm/s_ambient	175.50	166.16
	200mm/s_ambient	151.37	
	0.1mm/s_150°C	161.99	
	10mm/s_150°C	143.05	145.19
	200mm/s_150°C	130.52	
	0.1mm/s_200°C	138.87	
	10mm/s_200°C	134.0	133.84
	200mm/s_200°C	128.66	

  function 

	477.03	0.814	0.502 0.000653 0.0091	0.00643	0.023

  function 

	334.2	0.00307	2.293 0.00633	0.00564	0.00811	0.018

Table 2 .9 Optimized parameters for 3

 2 

Table 3 .1 Main characteristics of acquisition

 3 

			Camera		
	Test velocity (mm/s)	Image resolution (pixel)	Acquisition rate (fps)	Shutter speed (s)	Load sensor acquisition rate (Hz)
	0.02	384×384	50	1/1000	50
	2	768×720	500	1/500	500
	200	384×368	15000	1/15000	50000

Table 3 .3 Material properties of AA6061

 3 

	Temperature   C 	Thermal conductivity (W.m -1 .K -1 )	Heat capacity (J.kg -1 .K -1 )	Density (kg.m -3 )	Melting point   C 
	0	162	917		
	98	177	978	2703	582-652
	201	192	1028		

Table 3 .4 Identified parameters for the hardening model.

 3 

	0  (MPa)	1 K (MPa)	2 K (1/°C)	K	3	4 K (1/°C)	m	0	1 m (1/°C)
	148.55	351.87	0.0036	1.039	0.0087	0.0024	0.013

27 Comparison of experimental and numerical temporal strain evolutions at the central point for different conditions.

  

Table 4 .1 Central values and variation ranges for each parameter.

 4 

		1	a	1 b	2 b	1 1 c	1 2 c
	0.72(0~1)	0.16(0~0.5)	13.00(10~16)	8.41(5~15)	1.06(0~1.5)	1.10(0~1.5)
	1 3 c	1 4 c	2 1 c	c	2 2	2 3 c	c	2 4
	0.82(0~1.5)	0.95(0~1.5)	0.75(0~1.5)	0.47(0~1.5)	0.78(0~1.5)	0.62(0~1.5)

Table 4 .2 Identified B&B parameters.

 4 

	 Y MPa 0			1	a	1 b	2 b	1 1 c	1 2 c
	109.8		0.886	0.255	13.558	10.195	0.924	0.892
				1 3 c	1 4 c	2 1 c	c	2 2	2 3 c	c	2 4
	0.745		0.533	0.6	0.42	0.291	1.27	0.785

Table 4 .3 Main characteristics of acquisition

 4 

			Camera		
	Test velocity (mm/s)	Image resolution (pixel)	Acquisition rate (fps)	Shutter speed (s)	Load sensor acquisition rate (Hz)
	1	1024×1024	250	1/800	250
	200	1024×1024	3000	1/3000	5000

Table 4 .4 Summarized of the analysis time for each condition.

 4 

	v (mm/s), T (°C )	Total time (s)	Analysis time (s)
	1mm/s, -40°C	6.06	5
	1mm/s, ambient	6.16	5
	1mm/s, 160°C	4.692	3.5
	200mm/s, -40°C	0.044	0.36
	200mm/s, ambient	0.043	0.35
	200mm/s, 160°C	0.04	0.35

Table 4 .5 Identified parameters for Voce law.

 4 

		k (MPa)	n
	166.16	191.3	13.32

s  (MPa)

Table 4 .6 Identified parameters for Bron and Besson yield criterion.

 4 

	0 Y (MPa)	1					
	0.725	0.61	0.573	0.155	0.453	1.494	0.946
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