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Introduction

The instrumented indentation technique (IIT) allows reaching the elastic and plastic properties of a material. With this technique, the elasticity modulus, the hardness, the yield strength, the tensile strength limit, or the strain hardening exponent of a material can be obtained quickly, almost non-destructively, locally, and in situ. Studies and applications carried out on functionally graded materials (FGM) [START_REF] Zhao | Determination of the mechanical properties of surfacemodified layer of 18CrNiMo7-6 steel alloys after carburizing heat treatment[END_REF] [2], welded steels [START_REF] Kim | Instrumented indentation testing and FE analysis for investigation of mechanical properties in structural steel weld zone[END_REF] [4], coated steels [START_REF] Fukumasu | Numerical evaluation of cohesive and adhesive failure modes during the indentation of coated systems with compliant substrates[END_REF] [START_REF] Chicot | A contact area function for Berkovich nanoindentation: Application to hardness determination of a TiHfCN thin film[END_REF], composites [START_REF] Zhao | Hardness and yield strength of micro-nano TaC-Fe composite layer characterized through nano-indentation, finite element simulation and dimensional analysis[END_REF] [START_REF] Huang | Spherical indentation with multiple partial unloading for assessing the mechanical properties of ZrB2-SiC composites[END_REF] or polymers [START_REF] Rabemananjara | Formulation of a representative plastic strain and representative plastic strain rate by using a conical indentation on a rigid visco-plastic material[END_REF] [START_REF] Kermouche | Extraction of stress-strain curves of elasticviscoplastic solids using conical/pyramidal indentation testing with application to polymers[END_REF] have shown that IIT is interesting and reliable for mechanical characterization. The local character of the indentation test and the fact that the test can be performed in situ allow evaluating the mechanical properties during the life cycle of an industrial part or a structure. For example, the effects of irradiation [START_REF] Xiao | Effect of irradiation damage and indenter radius on pop-in and indentation stress-strain relations: Crystal plasticity finite element simulation[END_REF], thermal shock [START_REF] Lee | Spherical indentations on hafnium carbide-and silicon-carbide-coated carboncarbon composites after thermal shock test in air[END_REF], aging in a salty and hot environment [START_REF] Ghabezi | Indentation characterization of glass/epoxy and carbon/epoxy composite samples aged in artificial salt water at elevated temperature[END_REF] and fatigue [START_REF] Nguyen | Strain rate sensitivity behavior of a structural steel during low-cycle fatigue investigated using indentation[END_REF] on the mechanical properties of a material can be evaluated using IIT.

The identification of the mechanical parameters of the indented material is obtained from the post-mortem imprint or/and an F-h curve measured during the indentation test, a curve corresponding to the evolution of the force (F) applied by the indenter according to the displacement (h) of the indenter. To determine the elastoplastic properties of materials from a spherical indentation test, different approaches can be used depending on whether the F-h curve or the imprint is used [START_REF] Moussa | Experimental and numerical investigation on carbonitrided steel characterization with spherical indentation[END_REF] [3] . In almost all the proposed methods, the behaviour law is assumed to be isotropic and an isotropic strain hardening law with less than four unknown parameters is chosen in order to "theoretically" guarantee the uniqueness of the solution [START_REF] Moussa | Experimental and numerical investigation on carbonitrided steel characterization with spherical indentation[END_REF] [START_REF] Kim | Instrumented indentation testing and FE analysis for investigation of mechanical properties in structural steel weld zone[END_REF] [ [START_REF] Cao | A new method to extract the plastic properties of metal materials from an instrumented spherical indentation loading curve[END_REF][START_REF] Zhao | A new approach to measure the elastic-plastic properties of bulk materials using spherical indentation[END_REF][START_REF] Cao | Spherical indentation into elastoplastic materials: Indentationresponse based definitions of the representative strain[END_REF][START_REF] Ogasawara | A simple framework of spherical indentation for measuring elastoplastic properties[END_REF] [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF][START_REF] Moussa | Evaluation of the tensile properties of a material through spherical indentation: definition of an average representative strain and a confidence domain[END_REF][START_REF] Moussa | Identification of the hardening law of materials with spherical indentation using the average representative strain for several penetration depths[END_REF][START_REF] Kan | A Simple Method for Measuring Plastic Properties of Power Hardening Metals via the Indentation Curve with a Large Depth[END_REF][START_REF] Zhang | A comparative study on uniaxial tensile property calculation models in spherical indentation tests (SITs)[END_REF][START_REF] Wang | Identification of plastic properties of metal materials using spherical indentation experiment and Bayesian model updating approach[END_REF][START_REF] Zhang | Method to determine the optimal constitutive model from spherical indentation tests[END_REF][START_REF] Pham | Identification of the plastic properties of structural steel using spherical indentation[END_REF][START_REF] Nguyen | Methodology to extract constitutive equation at a strain rate level from indentation curves[END_REF][START_REF] Meng | Identification of material properties using indentation test and shape manifold learning approach[END_REF][START_REF] Meng | An objective metamodeling approach for indentation-based material characterization[END_REF][START_REF] Wang | Identification of elastic-plastic properties of metal materials by using the residual imprint of spherical indentation[END_REF][START_REF] Meng | On the study of mystical materials identified by indentation on power law and Voce hardening solids[END_REF][START_REF] Albayda | Identification de la déformation représentative et de la loi d'écrouissage des matériaux avec l'indentation sphérique en se basant sur un modèle de gradient de dureté[END_REF]. In the case where the behaviour law of the indented material is anisotropic, the use of a single indentation curve is not sufficient to determine all the many parameters of this law. Recent work has shown that the joint use of the indentation curve and the imprint is a solution to determine the anisotropic plastic properties [START_REF] Yonezu | A simple method to evaluate anisotropic plastic properties based on dimensionless function of single spherical indentation-Application to SiC whisker-reinforced aluminum alloy[END_REF][START_REF] Yu | Equivalent strain hardening exponent of anisotropic materials based on spherical indentation response[END_REF][START_REF] Zhan | A new modified ECM approach on the identification of plastic anisotropic properties by spherical indentation[END_REF][START_REF] Wu | Identification of anisotropic plasticity properties of materials using spherical indentation imprint mapping[END_REF]. For many of the proposed approaches, the concept of the representative strain is used to predict the material stress-strain curve [START_REF] Cao | A new method to extract the plastic properties of metal materials from an instrumented spherical indentation loading curve[END_REF][START_REF] Zhao | A new approach to measure the elastic-plastic properties of bulk materials using spherical indentation[END_REF][START_REF] Cao | Spherical indentation into elastoplastic materials: Indentationresponse based definitions of the representative strain[END_REF][START_REF] Ogasawara | A simple framework of spherical indentation for measuring elastoplastic properties[END_REF][START_REF] Ahn | Derivation of plastic stress-strain relationship from ball indentations: Examination of strain definition and pileup effect[END_REF][START_REF] Jeon | Optimum definition of true strain beneath a spherical indenter for deriving indentation flow curves[END_REF][START_REF] Huang | Uncertainties in the representative indentation stress and strain using spherical nanoindentation[END_REF] [ [START_REF] Moussa | Evaluation of the tensile properties of a material through spherical indentation: definition of an average representative strain and a confidence domain[END_REF][START_REF] Moussa | Identification of the hardening law of materials with spherical indentation using the average representative strain for several penetration depths[END_REF][START_REF] Kan | A Simple Method for Measuring Plastic Properties of Power Hardening Metals via the Indentation Curve with a Large Depth[END_REF][START_REF] Zhang | A comparative study on uniaxial tensile property calculation models in spherical indentation tests (SITs)[END_REF] [35] [START_REF] Tabor | Indentation hardness: fifty years on a personal view[END_REF] [START_REF] Bartier | Comparaison entre les déformations représentatives de l'indentation Vickers et de l'indentation sphérique[END_REF]. The advantage of this concept is that it allows obtaining the strain range for which the identified hardening law is the most accurate. The studies performed on the representative deformation in spherical indentation can be divided into two main groups.

The first group is based on the use of the F-h curve to reach the mechanical properties of the indented material [START_REF] Cao | A new method to extract the plastic properties of metal materials from an instrumented spherical indentation loading curve[END_REF][START_REF] Zhao | A new approach to measure the elastic-plastic properties of bulk materials using spherical indentation[END_REF][START_REF] Cao | Spherical indentation into elastoplastic materials: Indentationresponse based definitions of the representative strain[END_REF][START_REF] Ogasawara | A simple framework of spherical indentation for measuring elastoplastic properties[END_REF] [ [START_REF] Moussa | Evaluation of the tensile properties of a material through spherical indentation: definition of an average representative strain and a confidence domain[END_REF][START_REF] Moussa | Identification of the hardening law of materials with spherical indentation using the average representative strain for several penetration depths[END_REF][START_REF] Kan | A Simple Method for Measuring Plastic Properties of Power Hardening Metals via the Indentation Curve with a Large Depth[END_REF]. The second group is based on the F-a measured data, where a is the contact radius between the indenter and the indented material deduced from the F-h curve or obtained from the imprint [START_REF] Ahn | Derivation of plastic stress-strain relationship from ball indentations: Examination of strain definition and pileup effect[END_REF][START_REF] Jeon | Optimum definition of true strain beneath a spherical indenter for deriving indentation flow curves[END_REF][START_REF] Huang | Uncertainties in the representative indentation stress and strain using spherical nanoindentation[END_REF] [35] [START_REF] Tabor | Indentation hardness: fifty years on a personal view[END_REF]. With the use of the F-h curve in spherical indentation, the range of representative strain values is equal to about 0.013-0.045 for Cao and Lu [START_REF] Cao | A new method to extract the plastic properties of metal materials from an instrumented spherical indentation loading curve[END_REF], 0.04-0.07 for Zhao et al. [START_REF] Zhao | A new approach to measure the elastic-plastic properties of bulk materials using spherical indentation[END_REF], and 0.01-0.06 for Moussa et al. [START_REF] Moussa | Identification of the hardening law of materials with spherical indentation using the average representative strain for several penetration depths[END_REF], depending on h/R values. When using the imprint or an F-a curve, it has been shown that the representative strains are greater than those obtained from the F-h curve. For Tabor [START_REF] Tabor | Indentation hardness: fifty years on a personal view[END_REF], the representative deformation can reach 0.2 if the contact radius is equal to the sphere radius, R. For Jeon et al. [START_REF] Jeon | Optimum definition of true strain beneath a spherical indenter for deriving indentation flow curves[END_REF] and Bartier et al. [41] this representative deformation can reach 18% and 27% respectively when a/R=0.8. Whatever the approach used, the aforementioned methods consist in optimising the values of the parameters of the work strain hardening law by minimizing the error between the measured experimental data, i.e. F-h curve and/or imprints, and those obtained via an analytical or numerical model [START_REF] Moussa | Experimental and numerical investigation on carbonitrided steel characterization with spherical indentation[END_REF] [3] [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF][START_REF] Moussa | Evaluation of the tensile properties of a material through spherical indentation: definition of an average representative strain and a confidence domain[END_REF][START_REF] Moussa | Identification of the hardening law of materials with spherical indentation using the average representative strain for several penetration depths[END_REF][START_REF] Kan | A Simple Method for Measuring Plastic Properties of Power Hardening Metals via the Indentation Curve with a Large Depth[END_REF][START_REF] Zhang | A comparative study on uniaxial tensile property calculation models in spherical indentation tests (SITs)[END_REF][START_REF] Wang | Identification of plastic properties of metal materials using spherical indentation experiment and Bayesian model updating approach[END_REF][START_REF] Zhang | Method to determine the optimal constitutive model from spherical indentation tests[END_REF][START_REF] Pham | Identification of the plastic properties of structural steel using spherical indentation[END_REF][START_REF] Nguyen | Methodology to extract constitutive equation at a strain rate level from indentation curves[END_REF][START_REF] Meng | Identification of material properties using indentation test and shape manifold learning approach[END_REF][START_REF] Meng | An objective metamodeling approach for indentation-based material characterization[END_REF][START_REF] Wang | Identification of elastic-plastic properties of metal materials by using the residual imprint of spherical indentation[END_REF][START_REF] Meng | On the study of mystical materials identified by indentation on power law and Voce hardening solids[END_REF]. Although the inverse analysis leads to optimised values of the strain hardening law parameters, the concept of representative deformation indicates that the hardening law obtained from these optimised parameters is more accurate within a certain range of deformation. Compared to the identification performed from the F-h curve, the representative strains are higher when the inverse analysis is performed from the F-a curve or the imprint, so the strain values for which the identification is most accurate are also higher when the F-a curve or the imprint is used. However, it is important to note that the majority of the studies in this field were based on the F-h curve [START_REF] Moussa | Experimental and numerical investigation on carbonitrided steel characterization with spherical indentation[END_REF] [3] [15-18] [21-30]. Adopting the F-h curve proves to be relatively simpler and faster, when compared to the other in-situ data extraction approaches.

The plastic pre-strain undergone by a metal leads to a modification of the mechanical properties such as strength, ductility, or fracture toughness. For a metal with isotropic hardening, it is observed that a pre-strain leads to an increase in yield strength and a decrease in ductility. A pre-strain modifies other parameters such as decreasing the toughness and Young modulus of high strength steels [START_REF] Ghosh | Effect of pre-strain on the indentation fracture toughness of high strength low alloy steel by means of continuum damage mechanics[END_REF] [43], hydrogen embrittlement [START_REF] Li | Effect of pre-strain on hydrogen embrittlement of high strength steels[END_REF], or the hardening or softening of glass, depending on the loading path [START_REF] Zhao | Effects of pre-strain on the nanoindentation behaviors of metallic glass studied by molecular dynamics simulations[END_REF]. Studying the indentation response of as-received and pre-strained materials is one way to evaluate the change in mechanical properties due to pre-strain [START_REF] Ghosh | Effect of pre-strain on the indentation fracture toughness of high strength low alloy steel by means of continuum damage mechanics[END_REF] [43] [45] [46] [22]. This evaluation can be very useful for determining or anticipating the fracture toughness [START_REF] Ghosh | Effect of pre-strain on the indentation fracture toughness of high strength low alloy steel by means of continuum damage mechanics[END_REF] and the springback of plastically pre-strained sheets [START_REF] Yu | A mixed hardening model combined with the transformation-induced plasticity effect[END_REF].

M. Idriss et al. [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF] studied the ability of the IIT coupled with the inverse analysis technique (IAT) to determine the strain level of DC01, DP600, and AA2017 metal sheets plastically pre-strained by a monotonic tensile test. In their proposed methodology, the Voce hardening law is considered for describing the mechanical behaviour of the studied materials.

The Voce law has the advantage of keeping the same mathematical form after applying a plastic pre-strain. Another advantage is that knowing the hardening law of the as-received material, only one mechanical parameter of the pre-strained material needs to be identified from the IIT and IAT [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF]. The results obtained in [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF] show that the IIT, coupled with IAT, is very effective in determining the stress levels and plastic strains applied to pseudo-materials and real metal sheets.

In this study, the methodology proposed in [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF] is investigated for more complex applications. This includes monotonic and cyclic shear tests as well as Marciniak tests, in the cases of plane and biaxial expansions. For monotonic loading (monotonic shear and Marciniak), the Voce law is adopted where three plastic parameters are determined using IIT coupled to IAT from which the plastic pre-strain is deduced. In the case of cyclic shear, a reverse loading path triggers the Bauschinger effect. Adopting the Voce law is not sufficient for determining correctly the pre-strain of the tested material. This leads to use a more complex hardening law (Chaboche) that takes into account the hardening type (isotropic and/or kinematic). Based on a previous study [START_REF] Idriss | A phenomenological study of the influence of the hardening type on the indentation Fh cyclic curve[END_REF], the contribution of each hardening type is determined. Afterward, the pre-strain value, in the case of cyclic shear, is obtained.

Methodology

In [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF], the authors presented a method for evaluating the stress and pre-strain levels of plastically pre-strained metal sheets using IIT coupled to IAT (Fig. 1). Pre-strain was applied by a standard monotonic tensile test. In this study, the same methodology is applied. However, tensile tests are replaced by monotonic and cyclic shear tests as well as Marciniak tests for prestraining the metal sheets. This is to verify the validity of this methodology in the case of other types of loading paths. The methodology, extensively presented in [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF] and summarised in Fig. 2, consists of 4 different steps:

-In step 1, the prepared specimens undergo experimental indentation. The obtained F-h indentation curves are then used in IAT where the 3 parameters of the Voce law, presented in [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF], are identified. This is achieved by minimising a cost function between the experimental F-h curve and the numerical indentation curve obtained from the FE model (Fig. 1.a and [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF]). A numerical study, detailed in [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF] and based on the use of two pseudo-materials following Voce and Hollomon hardening laws, respectively, proved the uniqueness of the obtained solution.

-In step 2, the specimens are pre-strained using different loading paths. Pre-straining is performed using monotonic and cyclic shear tests as well as Marciniak tests. The level of plastic pre-straining and stress (𝜀 𝑝0-𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 and 𝜎 𝑦-𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ′ ) are then deduced and used as reference values in the last step (4).

-In step 3, the pre-strained specimens are cut, polished, prepared, and indented for obtaining the corresponding F-h indentation curves. The latter curves are then used in IAT for determining the corresponding yield stress of the pre-strained material (𝜎 𝑦-𝑖𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 ′ ). Simplifying conditions determined from IAT in step 1 are considered in the inverse analysis calculation of this step [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF].

-In step 4, 𝜎 𝑦-𝑖𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 ′ obtained from step 3 is compared to 𝜎 𝑦-𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ′ obtained from step 2. Finally, the calculated plastic pre-strain 𝜀 𝑝0-𝑖𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 is also compared to the applied plastic pre-strain 𝜀 𝑝0-𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 for validating the proposed approach. 

Instrumented Indentation Technique (IIT) coupled to the Inverse Analysis Technique (IAT).

The Experimental indentation bench consists of three upper and three lower displacement sensors, thin sheet (specimen), spherical indenter, and load cell sensor. The Numerical FE model represents the indentation test consisting of the spherical indenter tip and a semi-infinite specimen. Correction methods [START_REF] Brammer | A method to take account of the geometrical imperfections of quasi-spherical indenters[END_REF] [START_REF] Brammer | Influence of sample thickness and experimental device configuration on the spherical indentation of AISI 1095 steel[END_REF] are applied for considering the differences between experimental and numerical conditions. The Inverse analysis technique IAT consisting of minimising the difference between the experimental F-h indentation curves obtained from the experimental bench and the F-h numerical ones obtained from the indentation FE model. By minimising the cost function and by respecting the convergence criteria, the three plastic parameters 𝜎 𝑦 , 𝑄, 𝑎𝑛𝑑 𝑏 of the Voce parameters are identified.

Fig. 2 Methodology for determining stress and strain levels of pre-strained materials using the IIT coupled to IAT.

Step 1: spherical indentation on as-received specimen and determination of Voce plastic parameters using IAT. Step 2: Pre-straining asreceived specimens using monotonic and cyclic shear tests as well as monotonic Marciniak tests: the obtained pre-strains and stresses are noted 𝜀 𝑝0-𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 and 𝜎 𝑦-𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ′ , respectively. Step 3: the pre-strained specimens are prepared (cut and polished) for indentation. The specimens are then indented and the obtained F-h curves are used in IAT to determine the Voce plastic parameters after pre-straining. Step 4: determine 𝜎 𝑦-𝑖𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 ′ obtained from step 3 and compare it to 𝜎 𝑦-𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ′ obtained from step 2. For validation of the proposed approach, the calculated plastic pre-strain 𝜀 𝑝0-𝑖𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 is also compared to the applied plastic pre-strain 𝜀 𝑝0-𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

Materials and mechanical tests

A 2 mm thick DC01 is investigated in this study. DC01 is an unalloyed cold rolled deep drawing steel. Corresponding chemical composition and microstructure were presented in [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF].

3.1.IIT and IAT

IIT is used to characterise the hardening laws of DC01 in both as-received and pre-strained conditions. All experimental considerations were thoroughly presented in prior studies [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF] [47]

[50] [START_REF] Bartier | Theoretical and experimental analysis of contact radius for spherical indentation[END_REF]. The indenter tip is not a perfect sphere. The exact profile of this indenter is measured by Scanning Electronic Microscopy (SEM) and then implemented in the FE analysis (Fig. 1) [START_REF] Brammer | A method to take account of the geometrical imperfections of quasi-spherical indenters[END_REF]. As mentioned in section 2, all specimens are cut and polished before indentation. Specimen preparation does not influence the indentation tests. All indentation tests were performed at the center of the specimens. Therefore, the pre-strain levels cannot be influenced by the cut edges.

Electrolytic polishing was applied to the specimens. No residual stresses are induced in the specimen's preparation. Within the framework of this study, only shear, plane tensile, and equibiaxial expansion load paths are applied. Therefore, in all these cases, the induced pre-strain is homogeneous through the thickness. Therefore, Using electrolytic polishing for removing relatively thin layers from the surface of the tested specimen does not modify its pre-strain state. The adopted indentation FE model is a half-space axisymmetric model where the spherical support is not considered (Fig. 1). This is to simplify computations' complexity and time, especially in IAT (Fig. 1). The numerical displacement was extracted at 10 mm from the indenter tip. This corresponds to the exact position of the upper displacement sensors used in the experimental apparatus. Therefore, within the framework of this study, the compliance of the indentation bench is not considered. In addition, correction methods [48] [49] are applied for considering the differences between experimental and numerical conditions. Corresponding experimental and numerical information is summarised in Fig. 1.

For identifying the plastic parameters of the Voce law, IAT was applied using ModeFrontier software. The adopted minimisation algorithm (Simplex) defines an initial parameters' set (𝜎 𝑦 (𝑖) , 𝑄 (𝑖) , 𝑎𝑛𝑑 𝑏 (𝑖) ) that implements in the FE model for obtaining a numerical indentation curve. Then the difference between the obtained numerical curve and the experimental one is calculated using a cost function defined in [START_REF] Yetna N'jock | Work-of-indentation coupled to contact stiffness for calculating elastic modulus by instrumented indentation[END_REF]. Then, the minimisation algorithm tries to decrease the cost function value by determining a new parameters' set (𝜎 𝑦 (𝑖+1) , 𝑄 (𝑖+1) , 𝑎𝑛𝑑 𝑏 (𝑖+1) ) to be implemented in the FE model. This process is repeated iteratively until the convergence criterion is reached. The latter is defined as the variation of the cost function value between two consecutive iterations. Whenever this variation drops under 10-8 N 2 , it is considered that the convergence criterion is obtained and that the identified parameter's set is the optimal solution [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF] [47] [START_REF] Idriss | Apport de l'indentation instrumentée dans la caractérisation mécanique des tôles métalliques destinées à l'emboutissage: influence de l'écrouissage[END_REF]. The identified Voce parameters on the asreceived sheets using IIT coupled with IAT are given in Table 1. The corresponding Voce hardening curve is compared to the ones obtained by tensile and shear tests in Fig. 3-d. 

Tensile and shear tests

Tensile tests were performed following the EN ISO 6892-1 standard [START_REF] Iso | Metallic materials-Tensile testing-Part 1: Method of test at room temperature[END_REF]. Test conditions and specimens' dimensions were thoroughly presented in [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF]. Anisotropy is neglected for the rest of the study. The corresponding tensile curves obtained in the rolling, diagonal, and transversal directions as well as the corresponding mean tensile curve are recalled in Fig 3-a.

All shear tests were performed in the IRDL at UBS University in France. The corresponding apparatus and methodology were presented in [47] [55]. In this study, shear tests were used to pre-strain the DC01 using two different loading paths: monotonic and cyclic shear (Fig 3-b). The final pre-strain values are approximately the same in both cases (Fig. 3-d and Table 2). From the obtained τ (MPa) -γ curves, the equivalent 𝜎 𝑒𝑞 (𝑀𝑃𝑎) -𝜀 𝑒𝑞 curves are deduced based on the Von-Mises criterion (Fig. 3-d). The final stresses obtained in both cases, corresponding to the total applied plastic pre-strains are summarised in Table 2. corresponding to 600 µm. The interpolant is a bi-cubic function. Finally, the tested specimens, applied displacements, and corresponding strains are summarised in Table 3. The average values of major and minor deformation are calculated at 5 points located in a central region of about 3 mm diameter (Figs. 5 andA-1). Considering an incompressible material, these values lead to the principal strains (𝜀 𝐼 𝑎𝑛𝑑 𝜀 𝐼𝐼 ) and corresponding cumulative equivalent Von-Mises strain (𝜀 𝑒𝑞 ) given in equation 1 and shown in Fig. 6.

𝜀 𝑒𝑞 = ∫ 𝑑𝜀 𝑒𝑞 with 𝑑𝜀 𝑒𝑞 = √ 4 3 (𝑑𝜀 𝐼 2 + 𝑑𝜀 𝐼𝐼 2 + 𝑑𝜀 𝐼 𝑑𝜀 𝐼𝐼 ) (eq. 1)
From the equivalent strain values obtained by image correlation, the new parameters of the DC01 steel hardening law obtained after Marciniak pre-straining were determined (Table 3).

These new parameters were calculated with the following equations [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF]:

𝜎 = 𝜎′ 𝑌 + 𝑄′. (1 -exp(-𝑏. (𝜀 𝑃 )) (eq. 2)
With: 𝜎 𝑌 ′ = 𝜎 𝑌 + 𝑄 -𝑄. exp (-𝑏. 𝜀 𝑃0 )

𝑄 ′ = 𝑄. exp (-𝑏. 𝜀 𝑃0 )

Where 𝜎 𝑌 , Q and b are the Voce's law parameters of the as-received DC01 steel (Table 1)

and 𝜎 𝑌 ′ and Q' are the Voce's law parameters of the pre-strained DC01 steel with the corresponding plastic pre-strain 𝜀 𝑃0 given in Table 3.

Since the strains measured by image correlation are total strains, and the elastic strains are significantly smaller than the plastic stains in the performed tests, elastic strains will be neglected and the measured cumulative equivalent strains will be assumed to be equal to their plastic part 𝜀 𝑃0 = 𝜀 0 . The Voce law parameters for each Marciniak pre-strained sample obtained from the image correlation technique and (eq. 2) are given in Table 3. 

. Indentation of monotonic and cyclic sheared specimens

The obtained shear specimens were cut and mirror-polished for the indentation tests (Fig 7a). The same indentation conditions used in the identification of the as-received specimens were adopted for the indentation of the sheared samples: this includes the adopted indenter, the maximum applied force (200 N), the indentation speed (2µm/s), and reproducibility tests (minimum of three tests). The obtained mean loading curve from each pre-straining condition was then used in the IAT (Fig. 7-a).

From Fig. 3-d, the specimens that underwent cyclic shearing are less resistant than specimens with monotonic shear pre-straining. This is in full agreement with Fig. 7-a where, for the same equivalent plastic pre-strain, the obtained strength is less in the case of cyclic shearing. This is mainly due to the Bauschinger effect that occurs in the case of non-monotonic loading paths [START_REF] Idriss | A phenomenological study of the influence of the hardening type on the indentation Fh cyclic curve[END_REF].

Indentation of Marciniak pre-strained specimens

The strain fields located in a central zone of 3 mm diameter are relatively homogeneous (Fig. 5). Therefore, all four specimens, pre-strained using Marciniak tests, were then cut, mirrorpolished, and then, indented in the identified central zone. The obtained indentation curves of the tested samples as well as the indentation curve of the as-received DC01 are presented in Fig. 7-b.

The obtained F-h curves correspond well to the applied Marciniak strain levels: for example, specimen B_2, corresponding to the highest pre-strain value (29.4 %), has also the highest resistance indentation curve. 3 and Fig. 6 where for PS_1 and B_1 (small displacements), the corresponding indentation curves show less resistance than the ones obtained for PS_2 and B_2 (large displacements)

Fig. 7 (a) F (N) -h (mm) indentation curves before and after pre-straining by monotonic and cyclic shearing and corresponding specimens' preparation. Results are in agreement with what was obtained in Fig. 3-d where for approximately the same prestrain level, monotonic shearing led to a cumulative stress value higher than the one obtained in the case of cyclic shearing (b) F (N) -h (mm) indentation curves obtained for as-received and Marciniak pre-strained specimens and corresponding specimens' preparation. Results are in agreement with the values presented in Table

Monotonic pre-strained specimens 4.2.1. Results for monotonic shearing and Marciniak loading paths

Specimens pre-strained with monotonic loading paths are studied together. This includes specimens with monotonic pre-strain shear as well as specimens with Marciniak pre-straining (plane and bi-axial expansions).

The indentation curves, obtained on the pre-strained samples, are used in IAT to determine Voce's plastic parameters considering the conditions proposed in the methodology presented in [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF]. In the following, the main conditions imposed in the inverse analysis calculation are recalled:

𝜎 𝑌 ′ + 𝑄 ′ = 𝜎 𝑌 + 𝑄 = 208 + 531 = 739 (eq. 3)

Where 𝜎 𝑌 (𝑀𝑃𝑎) 𝑎𝑛𝑑 𝑄 (𝑀𝑃𝑎) are the yield strength and maximum surface load expansion before pre-straining, respectively and 𝜎 𝑌 ′ (MPa) and 𝑄 ′ (𝑀𝑃𝑎) are the yield strength and maximum surface load expansion after pre-straining, respectively.

The is also calculated for each case (Fig. 8).

From the obtained hardening parameters, the plastic pre-strain is calculated 𝜀 𝑃0-𝑖𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 using (eq. 4) based on IAT and the aforementioned methodology [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF].

𝜀 𝑝0-𝑖𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 = -1 𝑏 𝑖𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑙𝑛 𝑄 𝑖𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 ′ 𝑄 𝑖𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 (eq. 4)
The plastic pre-strain calculated from IIT coupled to IAT 𝜀 𝑝0-𝑖𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 is compared to the real plastic pre-strain 𝜀 𝑃0-𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (Table 4). The corresponding error is presented in Fig. 8.

From Table 4 and Fig. 8, the presented methodology leads to very satisfying results regarding the determination of the yield strength reached by the pre-strained material independently of the monotonic loading path followed. In the case of pre-strain applied by tensile test, it has been shown that the error on the yield strength of the pre-strained materials does not exceed 2% [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF].

For specimens pre-strained with monotonic shear, stress errors were less than 1%. In the case of plane and biaxial expansions, stress errors didn't exceed 15 %. Finally, for the highest pre-strain values (PS_2 and B_2), an acceptable underestimation of the yield strengths was obtained.

Concerning plastic pre-strains, higher error values are obtained when compared to the ones obtained in the case of yield stresses (Fig. 8). This is mainly observed in the case of Marciniak tests (plane and biaxial expansions). This is related to the DC01 material that is weakly workhardened (Q = 513 MPa (Table 1)). This leads to a flattened hardening curve where a small error on stress estimation leads to a relatively high error on strain estimation. , Error_ε: error % calculated between 𝜺 𝒑𝟎-𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 (%) and 𝜺 𝒑𝟎-𝒊𝒏𝒅𝒆𝒏𝒕𝒂𝒕𝒊𝒐𝒏 (%). These errors are calculated and represented in the case of monotonic shear, Marciniak plane expansion, and Marciniak biaxial expansion. The errors are also recalled from [START_REF] Idriss | Determining the stress level of monotonic plastically pre-hardened metal sheets using the spherical instrumented indentation technique[END_REF] for the case of monotonic tensile testing. 𝜀 𝑝0-𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (%) (applied pre-strain) is also represented for each case.

Discussion concerning Marciniak tests: plane and biaxial expansions

For plane and biaxial expansions, a small underestimation of stresses, leading to an underestimation of pre-strains, is generally obtained. This is mainly related to the Voce law adopted for identifying the hardening curve of the studied material. Fig. 9 presents the comparison between the Voce hardening law obtained using indentation and the tensile curves for the as-received DC01. The Voce-type hardening curve, identified from the indentation test, is the closest to the DC01 tensile curves for strain values less than 15% (Fig. 9). This is in agreement with previous studies that presented and analysed the concept of the representative strain of the spherical indentation test [START_REF] Moussa | Identification of the hardening law of materials with spherical indentation using the average representative strain for several penetration depths[END_REF] [START_REF] Moussa | Evaluation of the tensile properties of a material through spherical indentation: definition of an average representative strain and a confidence domain[END_REF]. The indentation representative strain is generally between 3% and 6%. It is therefore for this strain range that indentation identification is the most accurate.

For pre-strain levels above 15%, the identification by indentation performed on the asreceived DC01 steel leads to a strain hardening curve above those obtained by tensile testing (Fig. 9). For these pre-strain levels, when the mean curve is adopted, the same stress load leads to a higher pre-strain value than the one obtained when the Voce curve, identified by indentation, is adopted. For example, in the case of the PS_2 specimen that underwent large displacement (9.7 mm) plane expansion, the yield strength identified using indentation is 353 MPa (Table 4). This corresponds to a 13.4 % pre-strain value if the Voce curve, identified by indentation, is adopted. This same yield strength leads to a 17.6% pre-strain value if the mean tensile curve is considered (Fig. 9) which is approximately equal to the applied pre-strain (18 %) (Table 4). In the case of the B_2 specimen that underwent large displacement (9.7 mm) biaxial expansion, the yield strength identified using indentation is 403 MPa (Table 4). This corresponds to a 19.2 % pre-strain value if the Voce curve, identified by indentation, is adopted. This same yield strength leads to a 32.5% pre-strain value if the mean tensile curve is considered (Fig. 9) which is approximately equal to the applied pre-strain (29.04 %) (Table 4).

Fig. 9 Stress-strain curves obtained from tensile testing on as-received DC01 from specimens cut in three different directions: RD, DD, and TD. In addition, the tensile mean curve is represented as well as the identified Voce curve obtained from IIT coupled to IAT. 353 MPa and 403 MPa are the yield stresses identified using IAT for specimens PS_2 and B_2 (specimens undergoing large displacements: 9.7 mm). From the identified yield stresses, the real and identified plastic pre-strains are deduced. For B_2 (403 MPa), 19.2 % pre-strain is obtained instead of 32.5 %. For PS_2 (353 MPa), 13.4 % pre-strain is obtained instead of 17.6 %.

Discussion concerning monotonic shearing

The proposed methodology allows to determine reliably the pre-strain level undergone by monotonically sheared DC01 sheets (errors less than 6%, Fig. 8). In Fig. 10, the experimental curve obtained from the monotonic shear test is compared to the one identified using spherical indentation. The corresponding parameters for the latter curves were presented in Table 1. These parameters allow reproducing, relatively correctly, the monotonic shear behaviour of the asreceived steel sheet.

Fig. 10 Equivalent stress-strain 𝜎 𝑒𝑞 (𝑀𝑃𝑎) -𝜀 𝑒𝑞 monotonic shear curves calculated based on the Von-Mises criteria: experimental shear curve and numerical shear curve plotted based on the Voce parameters identified using IIT coupled to IAT. The error % between the experimental shear curve and the identified one is also plotted (secondary y-axis)

For strain values between 0 and 15 %, identification by indentation leads to hardening laws relatively close to those obtained by classical tensile or shear tests (Fig. 3). For the tested material, the identified Voce law leads to an equivalent Von-Mises stress of 345 MPa for the total applied plastic pre-strain (𝜀 𝑒𝑞 = 12.49 %). This stress value is approximately equal to the yield stress identified by indenting the pre-strained DC01 sheet (353 MPa from Table 4). Both values are also very close to the real stress obtained directly from the shear tests (350 MPa).

These results show the validity of the overall methodology for determining the stress and strain states of sheets pre-stained following a monotonic loading path, especially when the hardening law, identified by indenting the as-received sheet, faithfully follows the real hardening law of the tested material.

Cyclic shear pre-strained specimens 4.3.1. Results for cyclic shear loading path

For an equivalent strain level, the indentation curves obtained for the cyclic shear specimens are located to the right of the indentation curves obtained from the monotonic sheared specimens (Fig. 7-b). This indicates that, for a similar strain level, the cyclic sheared materials are less resistant than the monotonic sheared materials. This is confirmed by the obtained shear curves (Fig. 3-d). By running the inverse analysis calculations and adopting the same conditions used in the case of the as-received and monotonic sheared specimens, the work hardening parameters of the cyclic sheared specimens are determined (Table 5). From Table 5, the calculated yield stresses for cyclic sheared specimens are lower than the ones obtained from monotonic sheared specimens (353 MPa from Table 4). Moreover, for equivalent strain levels, the obtained stresses are lower in the case of cyclic shearing than the ones obtained in the case of monotonic shearing (Fig. 3-d). This is due to the Bauschinger effect that is triggered in the case of non-monotonic loading paths indicating the presence of a kinematic hardening component in the overall hardening law of DC01. In previous works, cyclic shear tests and cyclic indentation tests were conducted on the same studied material [47] [53]. In these studies, Chaboche's one-term kinematic hardening law (eq. 5) was adopted to examine the work hardening type of the material:

𝜎 = 𝜎 𝑌 + 𝑄(1 -exp(-𝑏𝜀 𝑝 )) + 𝐶 𝛾
(1 -exp(-𝛾𝜀 𝑝 ))

(eq. 5)

Using Von-Mises plasticity criteria:

𝜎 𝑉𝑜𝑛 𝑀𝑖𝑠𝑒𝑠 = 𝜎 𝑒𝑞 = √ 3 2 ‖𝑆 ̿ -𝑋‖ ≤ 𝜎 𝑌 + 𝑅 (eq. 6)
with 𝑅 = 𝑄(1 -exp(-𝑏𝜀 𝑝 )) and 𝑑𝑋 = 𝐶𝑑𝜀 𝑝 -𝛾𝑋|𝑑𝜀 𝑝 |

In eq. 6, Scalar variable R describes the increase of the elastic domain (expansion of the load surface in the deviatory space), the tensor variable X describes the displacement of the center of the elastic domain in the deviatory space and 𝑆 ̿ is the deviatory stress tensor. To study the influence of each hardening type, the assumption b=γ is considered, which allows the same evolution of both hardening types as a function of strain.

M. Idriss et al. [47] [53] showed that kinematic hardening has a significant influence on the unloading-reloading indentation curve (hysteresis loop). Based on hysteresis loops, they

proposed a new approach for determining the influence of each hardening type (isotropic or kinematic) on the overall hardening law of the tested material. The proposed approach was validated by comparing the results obtained with the results obtained from cyclic shear tests [START_REF] Idriss | A phenomenological study of the influence of the hardening type on the indentation Fh cyclic curve[END_REF].

Their studies showed that the percentage of contribution of kinematic hardening is 46% for DC01 [START_REF] Idriss | Apport de l'indentation instrumentée dans la caractérisation mécanique des tôles métalliques destinées à l'emboutissage: influence de l'écrouissage[END_REF]. This result shows that the work hardening of DC01 steel is less kinematic than that of DP600 steel studied in [START_REF] Idriss | A phenomenological study of the influence of the hardening type on the indentation Fh cyclic curve[END_REF], which is in agreement with the results found by Sylvestre et al. [START_REF] Silvestre | Comparison of the hardening behaviour of different steel families: From mild and stainless steel to advanced high strength steels[END_REF]. Their study showed that isotropic hardening was predominant in the case of DC01 steel.

The isotropic or kinematic character of metals is related to their microstructural composition.

According to Sylvester et al. [START_REF] Silvestre | Comparison of the hardening behaviour of different steel families: From mild and stainless steel to advanced high strength steels[END_REF], ferritic materials show a tendency towards isotropic behaviour and are not significantly affected by the Bauschinger effect. DC01 steel is composed of a predominantly ferritic microstructure which explains the rather isotropic character of its work hardening behaviour. This is not the case with, for example, dual-phase steels. The existence of two phases at different strengths, hard martensite, and soft ferrite, leads to a non-linear development of internal stresses distributed non-uniformly between these two phases. This leads to inhomogeneous plastic flow in these two phases [58] [59]. This variation in the deformation mechanism between the phases causes a more important Bauschinger effect and thus the highly kinematic behaviour of dual phase steels [START_REF] Silvestre | Comparison of the hardening behaviour of different steel families: From mild and stainless steel to advanced high strength steels[END_REF] [58] [59] [START_REF] Weiss | On the Bauschinger effect in dual phase steel at high levels of strain[END_REF]. Considering that the percentage of kinematic hardening is 46% for DC01, the parameters of the Chaboche hardening law with one kinematic strain hardening term are deduced from the indentation and/or shear tests (Table 6).

From the identified parameters in Table 6, cyclic shear numerical simulations were conducted on a one-element C3D8R model using the Abaqus software. The obtained numerical curves are compared to the experimental ones in Fig. 11. The obtained numerical curves do not represent perfectly the Bauschinger effect. However, they estimated correctly the stress values reached at the end of the shear cycles. From Fig. 11-a, the evolution of the corresponding Von-Mises stresses as a function of the equivalent stains is obtained for each steel (Fig. 11-b). Finally, the plastic pre-strains obtained from the presented indentation methodology are compared to the plastic pre-strains applied through cyclic shearing (Table 7). 

Discussion concerning cyclic shearing

The obtained Voce parameters from indentation permitted identifying a Chaboche plastic law with one kinematic component (Table 6). The identified law reproduced relatively correctly the cyclic shear behaviour of DC01 for the studied strain levels.

From literature, the Bauschinger effect is generally attributed to long-range effects, such 6), the yield strength identified experimentally by indentation of the prestrained sheet, i.e. 𝜎 𝑦-𝑖𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 ′ = 323 𝑀𝑃𝑎, leads to an equivalent strain, 𝜀 𝑝0-𝑖𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 , of 14.2% (Table 7). This result shows that considering the hardening type leads to a plastic equivalent strain of the pre-strained sheet relatively close to the one measured experimentally (𝜀 𝑝0-𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 13.49 %, Tables 2 and7). This result shows the validity of the indentation test to estimate the hardening level obtained after a mechanical test. This is especially true when the hardening law, previously identified by indenting the as-received sheet, follows faithfully the reference hardening law of the studied material.

Conclusions

In this study, the ability of the instrumented indentation technique coupled with the inverse analysis technique to determine the stress and strain levels of pre-strained materials is investigated. Monotonic and cyclic shearing as well as Marciniak tests, in both plane and biaxial expansion cases, were used for pre-straining the studied specimens. A deep drawable DC01 steel with 2 mm thickness is investigated.

The applied methodology showed very satisfying results in predicting the stress and strain levels of the pre-strained specimens in the case of shearing. For monotonic shearing, the applied stress and strain levels were identified exactly and a corresponding stress error of < 1 % was obtained. For cyclic shear, the yield stress of the pre-strained material was obtained with an error of less than 1.3%. Taking into account kinematic hardening, the error on the pre-strain estimation didn't exceed 6%. For Marciniak tests, DC01 specimens were studied under two loading types:

plane and biaxial expansions. For both cases, two displacement levels were applied: low (3.7 mm for plane expansion and 5 mm for biaxial expansion) and high (9.7 mm for both loading types).

For all the tested configurations, the applied methodology showed very satisfying results, especially in the case of stress evaluation where a maximum stress error of < 15% was obtained.

For strain estimation, less satisfying results were obtained especially for high pre-strain values.

An underestimation of 34% was obtained for the highest pre-strain applied. This is mainly due to the identified purely isotropic hardening Voce law that deviates from the standard tensile curves for strain levels > 15%. This can be improved by including the F-a (a being the contact radius) indentation curve in addition to the F-h curve. This achieves higher representative strains and, therefore, better accuracy for the high pre-strain values.
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Fig.

  Fig. 1 Instrumented Indentation Technique (IIT) coupled to the Inverse Analysis Technique (IAT). The Experimental indentation bench consists of three upper and three lower displacement sensors, thin sheet (specimen), spherical indenter, and load cell sensor. The Numerical FE model represents the indentation test consisting of the spherical indenter tip and a semi-infinite specimen. Correction methods [48] [49] are applied for considering the differences between experimental and numerical conditions. The Inverse analysis technique IAT consisting of minimising the difference between the experimental F-h indentation

Fig. 3

 3 Fig. 3 DC01 hardening curves obtained from tensile and shear testing as well as DC01 hardening curve identified from F-h indentation curves(a) tensile curves obtained in the three directions (rolling, diagonal, and transversal) and the corresponding mean curve. (b) τ (MPa) -γ shear curves obtained in the case of monotonic and cyclic loading. (c) Three F (N) -h (mm) indentation curves obtained on the as-received DC01 specimens and the corresponding mean indentation curve. (d)The tensile mean curve from fig.3-a, the Von-Mises equivalent cumulative 𝜎 𝑒𝑞 -𝜀 𝑒𝑞 monotonic and cyclic shear curves from fig.3-b, and the identified curve based on the indentation-based method (IIT coupled to IAT) from fig.3-c.

  7 and 5 mm) and high (9.7 mm) displacement levels are tested.To obtain the strain fields, a high-resolution FASTCAM ultima APX-RS digital CMOS camera is used. The images of the surface of the Marciniak sample are recorded at a frequency of 50 Hz as the punch moves. The camera is fixed relative to the punch to avoid out-of-plane motion. The camera focus is set on the surface of the Marciniak sample when it is in contact with the punch. The camera resolution is set to 512 x 512 pixels. The surface displacement field is determined using the Digital Image Correlation (DIC) technique. To improve image contrast, white and black paints were sprayed onto the sample surface prior to testing, resulting in a characteristic speckle pattern of approximately 5 pixels (Fig4-c). DIC is performed using the GOM2017 software. The region of interest (RoI) used to calculate the displacement field is also represented in Fig4-c. The corresponding subset size is 22 pixels. The spacing of pixel grid points at which the subset displacements are calculated, called step size, is set to 12 pixels

Fig. 4

 4 Fig. 4 Marciniak specimens' forms and dimensions (a) specimen dimensions in the plane expansion condition: R being the radius of the tested specimen, R e being the radius of the central zone where thickness reduction is applied for strain localization, R c being the radius of the outer curves and W being the width of the specimen, e i being the initial specimen thickness and e c being the thickness of the central zone (b) specimen dimensions in the biaxial expansion condition [56]: R being the radius of the tested specimen and R e being the radius of the central zone where thickness reduction is applied for strain localization, e i being the initial specimen thickness and e c being the thickness of the central zone (c) Black and white speckled sample beforeMarciniak testing[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]. The yellow rectangle corresponds to the field of vision of the cameras and the white one corresponds to the region of interest (ROI). To note that all dimensions are given in mm.

Fig. 5 1 Fig. 6 4 .

 5164 Fig. 5 Principal strain fields 𝜺 𝑰 and 𝜺 𝑰𝑰 and the corresponding points used for calculating the mean equivalent strains for DC01 specimens undergoing Marciniak tests: (a) PS_1 (specimen undergoing Marciniak plane strain with a displacement of 3.7 mm): 𝜀 𝐼 : principal major strain, (b) PS_1: 𝜀 𝐼𝐼 : principal minor strain. The strain fields for the remaining specimens are given in Fig. A-1

Fig. 8

 8 Fig. 8 Error_σ: error % calculated between 𝝈 𝒀-𝒊𝒏𝒅𝒆𝒏𝒕𝒂𝒕𝒊𝒐𝒏 ′

Fig. 11

 11 Fig. 11 Experimental and numerical curves obtained in the case of cyclic shearing (a) experimental 𝜏 (𝑀𝑃𝑎) -𝛾 shear curve and numerical cyclic shear curve obtained by considering a 46% contribution of kinematic hardening (b) Equivalent Von-Mises stresses (MPa) to equivalent strains for as-received DC01 for three cases: experimental, numerical considering pure isotropic hardening, and numerical considering mixed hardening: 46% of kinematic hardening, i.e. isotropic hardening of 54%

  as internal stresses due to dislocation interactions, dislocation stacking at grain boundaries or Orowan loops around strong precipitates, as well as short-range effects, such as the orientation of mobile dislocations with respect to their motion resistance or the dislocations' annihilation during reverse loading[START_REF] Silvestre | Comparison of the hardening behaviour of different steel families: From mild and stainless steel to advanced high strength steels[END_REF] [61][START_REF] Thakur | Dynamic bauschinger effect[END_REF] [63][START_REF] Yoshida | Elastic-plastic behavior of steel sheets under in-plane cyclic tension-compression at large strain[END_REF]. The Bauschinger effect consists of two mechanisms: the transient softening phase followed by the permanent softening phase. The Bauschinger transient strain is composed of an early re-plasticization and a smooth elastic-plastic transition with a rapid change of the strain hardening rate. The early re-plasticization and the part of this zone of high curvature of the second loading curve is due to the encounter of dislocations with obstacles easier to cross during the reversal of loading, to the annihilation of dislocations of opposite signs, and also to the microscopic restoring stresses generated by the previously accumulated dislocations which help the movement of the dislocations in the reverse loading direction. The permanent softening phase with its first stage of strain hardening stagnation is a consequence of the phenomena produced in the first phase. In this phase, the stagnation of hardening can be explained by the partial disintegration of the realized dislocation cell structures and the subsequent resumption of work hardening to the formation of new dislocation structures.

Fig. 11

 11 Fig. 11 shows an early re-plasticization and stagnation of the strain hardening of DC01

  

  

  

Table 1

 1 Voce plastic parameters obtained for the as-received DC01 using IIT coupled to IAT

		𝝈 𝒀-𝒊𝒏𝒅𝒆𝒏𝒕𝒂𝒕𝒊𝒐𝒏 (MPa)	𝑸 𝒊𝒏𝒅𝒆𝒏𝒕𝒂𝒕𝒊𝒐𝒏 (MPa)	𝒃 𝒊𝒏𝒅𝒆𝒏𝒕𝒂𝒕𝒊𝒐𝒏
	As-received DC01	208	531	2.39

Table 2

 2 Applied

	Material	Shear path	𝜺 𝒑𝟎-𝐫𝐞𝐟𝐞𝐫𝐞𝐧𝐜𝐞 (%)	𝝈′ 𝒀-𝐫𝐞𝐟𝐞𝐫𝐞𝐧𝐜𝐞 (MPa)
	DC01	Monotonic	12.49	350
		Cyclic	13.49	319

plastic pre-strain 𝜀 𝑝0-𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (%) and corresponding stress level 𝜎′ 𝑌-𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (MPa) for both loading paths (monotonic and cyclic shear) Grease lubrication is used to reduce friction between the different mechanical parts (punch, sample, and die). Marciniak tests are performed with a servo-hydraulic machine with a maximum loading capacity of 250 kN. The punch speed is about 0.1 mm/s which corresponds to a deformation rate of about 0.02 𝑠 -1 . For both plane and biaxial expansions, low

(3.

Table 3

 3 Displacements and corresponding equivalent Von-Mises strains for DC01 specimens pre-strained with Marciniak test:

	PS_1: plane strained specimen with small displacement (3.7 mm), PS_2: plane strained specimen with large displacement (9.7
	mm), B_1: biaxial specimen with small displacement (5 mm), B_2: biaxial specimen with large displacement (9.7 mm)	
	Load path	DC01_ Specimen #	Displacement (mm)	𝜺 𝑽𝒐𝒏-𝑴𝒊𝒔𝒆𝒔 (%) = 𝜺 𝒑𝟎-𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 (%)	𝝈 𝒀-𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 ′	𝑸 𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 ′	𝒃 𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆
	Plane	PS_1	3.7	3.75	254	485	2.39
	strain						
		PS_2	9.7	18	394	345	2.39
	Biaxial	B_1	5	5.32	271	468	2.39
	expansion						
		B_2	9.7	29.04	474	265	2.39

Table 4

 4 Voce's hardening parameters and plastic pre-strains calculated from the proposed methodology for the different monotonically pre-strained specimens, applied yield strengths, and plastic pre-strains

	Load path Displaceme	𝑸 𝒊𝒏𝒅𝒆𝒏𝒕𝒂𝒕𝒊𝒐𝒏 ′	𝒃 𝒊𝒏𝒅𝒆𝒏𝒕𝒂𝒕𝒊𝒐𝒏 𝝈 𝒀-𝒊𝒏𝒅𝒆𝒏𝒕𝒂𝒕𝒊𝒐𝒏 ′	𝝈 𝒀-𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 ′	𝜺 𝒑𝟎-𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆	𝜺 𝒑𝟎-𝒊𝒏𝒅𝒆𝒏𝒕𝒂𝒕𝒊𝒐𝒏
		nt (mm)	(MPa)		(MPa)	(MPa)	(%)	(%)
	Monotoni c shear	/	386	2.39	353	350	12.5	13.29
	Marciniak _ plane	3.7 (PS_1)	478	2.39	260	254	3.75	4.35
	expansion	9.7 (PS_2)	385	2.39	354	394	18	13.4
	Marciniak _ biaxial	5 (B_1)	481	2.39	254	271	5.32	4.1
	expansion	9.7 (B_2)	336	2.39	403	474	29.04	19.16
	Monotoni c tensile	5	492	2.39	247	248	3.32	3.15
	[22]	9	450	2.39	289	283	6.58	6.9
		18	405	2.39	334	341	13.9	11.35

Table 5

 5 Identified Voce parameters for cyclic shear specimens identified using the proposed methodology

	Load path	𝑸 𝒊𝒏𝒅𝒆𝒏𝒕𝒂𝒕𝒊𝒐𝒏 ′	𝒃 𝒊𝒏𝒅𝒆𝒏𝒕𝒂𝒕𝒊𝒐𝒏	𝝈 𝒀-𝒊𝒏𝒅𝒆𝒏𝒕𝒂𝒕𝒊𝒐𝒏 ′	𝝈 𝒀-𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 ′	Error_σ (%)
		(MPa)		(MPa)	(MPa)	
	Cyclic shear	416	2.39	323	319	1.3

Table 6

 6 Identified Chaboche parameters for as-received DC01 sheets[START_REF] Idriss | A phenomenological study of the influence of the hardening type on the indentation Fh cyclic curve[END_REF] [START_REF] Idriss | Apport de l'indentation instrumentée dans la caractérisation mécanique des tôles métalliques destinées à l'emboutissage: influence de l'écrouissage[END_REF] 

		𝝈 𝒀 (MPa)	𝑸 (MPa)	𝒃	C (MPa)	γ
	As-received DC01	208	287	2.39	584	2.39

Table 7

 7 Calculated

	Cyclic shear (Chaboche)	13.49	14.2	5.26

plastic pre-strains compared to the plastic pre-strains applied through cyclic shearing and the corresponding error between the two pre-strains 𝜺 𝒑𝟎-𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 (%)

𝜺 𝒑𝟎-𝒊𝒏𝒅𝒆𝒏𝒕𝒂𝒕𝒊𝒐𝒏 (%) Error_ε (%)
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Appendix A: