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along the {1 0 -1 2} planes is the dominant mechanism that allows for inelastic shape changes along the c-axis [START_REF] Yoo | Nonbasal deformation modes of hcp metals and alloys: Role of dislocation source and mobility[END_REF]. Since the c/a ratio for zinc-based materials is greater than the ideal value, the direction of shear due to twinning activation is [1 0 -1 -1] [START_REF] Partridge | The crystallography and deformation modes of hexagonal close-packed metals[END_REF]11] and twinning occurs under compression parallel to the c-axis, but also under uniaxial tension along the transverse direction for split basal texture in Zn-based rolled sheets.

The earliest work on the macroscopic mechanical behavior of Zn-Cu-Ti alloy rolled sheets was by [START_REF] Bramley | Plastic anisotropy of titanium and zinc sheets[END_REF] in 1968, using uniaxial tensile tests along different orientations with respect to the rolling direction (RD). They estimated initial yield stresses and strain ratios and the response to biaxial loading was studied using the circular bulge test. Hill's theory of plasticity with orthotropic symmetry [START_REF] Hill | A theory of the yielding and plastic flow of anisotropic metals[END_REF] was unable to predict the stress-strain curve under biaxial loading, hinting that the significant anisotropic behavior of these materials could not be described by this theory. [START_REF] Rogers | Plastic anisotropy of titanium and zinc sheet-ii[END_REF] examined the anisotropic plastic behavior of zinc rolled sheets at the crystallographic scale using pole figures and metallographic observations. The material was deformed using uniaxial tensile loading along the rolling and transverse directions, and the circular bulge test. The active deformation mechanisms were identified, and tensile yield stresses and strain ratios (i.e. Lankford r-values) were predicted considering slip along the identified systems according to the maximum shear stress criterion. These were in reasonable agreement with the experimental values. According to the authors, the macroscopic theory of plastic anisotropy was based on two main assumptions (at the time): variations of the strain-hardening characteristics with orientation were not taken into account, and the constitutive relation was not affected by the sign of the stress, which was known to be untrue in case of deformation twinning. This led them to conclude that the macroscopic theory of plastic anisotropy was inadequate. [START_REF] Diot | Etude des modifications de composition d'alliages de zinc cuivre titane. conséquences sur l'aptitude au formage[END_REF][START_REF] Diot | Texture gradient in rolled zinc sheets[END_REF][START_REF] Diot | Addition elements and texture gradients in rolled zinc alloys[END_REF] studied the microstructure and relationship between texture, composition and bendability. Kataoka et al [START_REF] Kataoka | Tribology of dry deepdrawing of various metal sheets with use of ceramics tools[END_REF] analyzed the dry deep drawability of a pure zinc sheet using ceramic tools (Alumina, Zirconia, Silicon nitride and Silicon carbide). The authors observed early cup failure when using the classical alloyed tool steel. Conversely, they pointed out the good adaptability of zinc to ceramic dies since the LDR (ratio of maximum blank diameter to the punch diameter) was significantly promoted for such tools, with silicon nitride dies showing a greater improvement. In 2007 Pantzapoulos et al [START_REF] Pantazopoulos | Analysis of a weld failure of a rolled znalloy strip -a case study[END_REF] investigated the effect of welding Zn-Cu-Ti rolled sheets on their failure resistance. Some other recent literature [START_REF] Vincent | Experimental and simulation textures in an asymmetrically skin-passed zinc galvanized sheet[END_REF][START_REF] Senna | Hardness analysis and morphological characterization of copper-zinc alloys produced in pyrophosphate-based electrolytes[END_REF][START_REF] Jansen | An anisotropic stress based criterion to predict the formability and the fracture mechanism of textured zinc sheets[END_REF][START_REF] Milesi | Anisotropic mechanical behavior and formability criterion for zinc sheets[END_REF][START_REF] Milesi | Accounting for material parameters scattering in rolled zinc formability[END_REF][START_REF] Milesi | Impact of strain rate sensitivity on the identification of the material parameters scattering and on the formability of zinc sheet[END_REF] including our own previous work [START_REF] Cauvin | Multi-scale investigation of highly anisotropic zinc alloys using crystal plasticity and inverse analysis[END_REF] has focussed on linking the evolution of the mechanical behavior and/or anisotropy with the initial microstructure.

The ever-increasing list of applications of this class of materials necessitates the development of accurate numerical simulations of their forming processes. Due to their significant anisotropy, the experimental forming set up that allows for the stamping to produce the desired (usually complex) 3D shapes is time consuming and judicious sequences of several forming steps should be achieved in order to reach the desired forms. The optimization of such sequences can be readily accomplished based on numerical simulation using suitable phenomenological models for these materials.

To the best of the authors' knowledge, relatively less attention has been given to the mechanical and macroscopic modeling of the anisotropic behavior of zincbased alloys under several loading paths in spite of the continuing widespread use of these materials. A few papers on modeling of the anisotropic behavior of zinc alloys are based on micro-mechanical approaches.

In 1994, [START_REF] Philippe | Modelling of texture evolution for materials of hexagonal symmetry-i. application to 42 J o u r n a l P r e p r o o f zinc alloys[END_REF] investigated crack occurrence in bending tests by studying the microstructure and texture evolution during cold rolling of Zn-Cu-Ti alloy sheets. They used the Relaxed Constraint Taylor micro-mechanical model and compared it with results obtained using other micro-mechanical models (Sachs, Full Constraint Taylor) for the prediction of texture evolution at large rolling reduction. The authors concluded that the most important factor controling the predicted behavior was the accuracy of the model of the physical mechanisms involved, with consistent identification of the critical shear stresses for the activated systems. Fundenberger et al [START_REF] Fundenberger | Modelling and prediction of mechanical properties for materials with hexagonal symmetry (zinc, titanium and zirconium alloys)[END_REF] modeled the mechanical properties in terms of in plane initial yield strength and plastic strain ratio distribution for 4 J o u r n a l P r e -p r o o f Zn-Cu-Ti alloy rolled sheets. Through a reliable determination of the main active systems and the corresponding critical resolved shear stresses, the authors had succeeded in accurately predicting the texture evolution and mechanical properties using micro-mechanical models (constrained and relaxed variants of Taylor model). These models were chosen for their ability to predict the deformation mechanisms (i.e. frequency of occurrence) obtained as a result of a statistical study carried out at the optical and microscopic scales. The initial anisotropic yield surface was therefore determined in the sheet plane. Research similar to [START_REF] Philippe | Modelling of texture evolution for materials of hexagonal symmetry-i. application to 42 J o u r n a l P r e p r o o f zinc alloys[END_REF] for the case of asymmetric rolling was recently proposed by [START_REF] Zhang | Experimental and simulation textures in an asymmetrically rolled zinc alloy sheet[END_REF].

Our previous contribution [START_REF] Cauvin | Multi-scale investigation of highly anisotropic zinc alloys using crystal plasticity and inverse analysis[END_REF] involved uniaxial tensile tests along 3 directions (0 • /RD, 45 • /RD and 90 • /RD) for comparing the experimental data with the predictions of a multi-scale Visco-Plastic Self-Consistent approach [START_REF] Lebensohn | A self-consistent anisotropic approach for the simulation of plastic deformation and texture development of polycrystals: Application to zirconium alloys[END_REF].

The aim of the present paper is to provide the results of a comprehensive investigation of the anisotropic behavior of rolled Zn-Cu-Ti sheet under monotonic and reverse loadings at moderate strain levels using both homogeneous and heterogeneous mechanical tests. The results shown here are intended to complement those obtained on the exact same material (albeit with a different thickness of 0.65 mm) in our previous work related to micro-mechanical modeling of rolled zinc alloy sheets.

The paper is divided into six main and complementary sections. The next section presents the experimental procedure and the material description. The third section describes the experimental results, with comments and discussion.

The fourth section presents the constitutive phenomenological (macroscopic) model for the material that has been adopted in this work. The fifth and sixth sections detail identification of the material yield and hardening parameters respectively along with Finite Element simulations for the stress-strain response and the initial yield surface. The paper ends with concluding comments and recommendations for future work.
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Material and experimental techniques

In this section we describe the material being characterized along with the main experimental tests used in this work.

Material description

The present work concerns rolled sheets of a commercial Zn-Cu-Ti alloy. The chemical composition is given in Table 1 and meets the EN988:1997 standard requirements.

This alloy possesses a good balance of mechanical properties including forma- bility, tensile strength and creep resistance. The material is delivered in sheet form with 1 mm thickness.

Alloy Cu Ti Al Zn Zn-Cu-Ti > 0.08 > 0.06 ---remainder < 1.0 < 0.2 < 0.015
From EBSD observation, the material is seen to be fully recrystallized with equi-axed grains of uniform size and the as-received material does not display any twinning.

Mechanical characterization

Mechanical characterization typically involves several mechanical tests like uniaxial/bi-axial tensile/compression tests, forward/reverse shear tests, indentation in order to identify the parameters of some chosen constitutive mechanical model.

For all the mechanical tests carried out in the present work, the reproducibility was checked by repeating them up to three times each. The mechanical tests were performed under quasi-static loading at fixed strain rate along different orientation with respect to the rolling direction (RD) in order to thoroughly examine the material in-plane anisotropy.
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J o u r n a l P r e -p r o o f For all tests, several images were taken for the purpose of measuring the displacement fields using an optical device (2 megapixel cooled camera 4096 grey level, placed in front of the specimen surface) and the strain fields are calculated using digital image correlation (DIC) with VIC2D software. For the Digital Image Correlation (DIC) [START_REF] Lecompte | Quality assessment of speckle patterns for digital image correlation[END_REF][START_REF] Meraghni | Parameters identification of fatigue damage model for short glass fiber reinforced polyamide (pa6-gf30) using digital image correlation[END_REF][START_REF] Meraghni | Parameter identification of a thermodynamic model for superelastic shape memory alloys using analytical calculation of the sensitivity matrix[END_REF], the specimen was prepared by spraying a thin coat of matt black paint on its surface, followed by a white coat in order to create a speckle pattern on the gauge area. The spatial resolution of the DIC technique depends on the quality of the speckle. In this study, the pattern resolution of 32×32 pixels has been used.

Uniaxial tension

Tensile test specimens (figure 1) have a geometry according to the ISO 80/20 norm (80 mm length and 20 mm width in the gauge area), cut out from the as-received sheets by hyperbar water jet. with the gauge area and to examine the strain anisotropy along different orientations with respect to the rolling direction over a wide range of plastic strain.

The orientations 0 • , 45 • and 90 • with respect to the rolling direction have already been studied in a previous study (for sheets with a thickness of 0.65 mm)

7

J o u r n a l P r e -p r o o f [START_REF] Cauvin | Multi-scale investigation of highly anisotropic zinc alloys using crystal plasticity and inverse analysis[END_REF] but other orientations have been considered here to study the anisotropy of the considered Zinc alloy.

Simple shear

Planar simple shear testing has proved to be a very efficient technique to evaluate the mechanical properties of flat samples [START_REF] Rauch | Plastic anisotropy of sheet metals determined by simple shear tests[END_REF]. In contrast with the commonly used uniaxial tensile test, the simple shear test has many advantages such as simplicity of the sample geometry (e.g. rectangular shape) and the ability to achieve large homogeneous strains and rotations. Moreover, in cyclic tests the loading direction can be easily reversed during the experiment by simply changing the displacement direction of the clamps, without modifying the clamps or re-machining the sample. More details can be found in [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][START_REF] Bouvier | Simple shear tests: Experimental techniques and characterization of the plastic anisotropy of rolled sheets at large strains[END_REF].

All the tests were conducted at a constant and controlled equivalent tensile strain rate of 10 In order to characterize the plastic anisotropy of the material, equi-biaxial tests were carried out on the specimen shown in figure 2, obtained using a hyperbar waterjet. The displacement rate is 0.02mm/s along both rolling direction (RD, direction 1) and transverse direction (TD, direction 2) at the same time till the rupture. Since the gauge area is a 20 × 20mm 2 square, the strain rate is around 10 -3 s -1 .

Meuwissen tensile test

This mechanical test is a non standard tensile test proposed by [START_REF] Meuwissen | Determination of the elasto-plastic properties of aluminium using a mixed numerical-experimental method[END_REF][START_REF] Chemisky | Analysis of the deformation paths and thermomechanical parameter identification of a shape memory alloy using digital image correlation over heterogeneous tests[END_REF] in order to have heterogeneous strain fields. In the present study, the Meuwissen sample geometry is however modified in order to optimize the strain gradient temporal distribution and higher heterogeneous stress/strain fields, as shown in figure 3. The sample geometry is complex, and is obtained using a hyperbar waterjet. The load is applied using a standard uniaxial tensile-testing machine.
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J o u r n a l P r e -p r o o f The specimen is loaded under displacement control by moving the upper clamp upwards whereas the lower clamp is fixed. Two loading directions are adopted: rolling and transverse directions (respectively 0 • and 90 • with respect to the rolling direction). The experiments are carried out at room temperature and the crosshead velocity is 0.066 mm/s corresponding to an average strain rate of 1.710 -3 s -1 .

Experimental results

Uniaxial tensile test

True stress versus true strain curves are depicted in Figure 4(a). The material displays strong in-plane anisotropy. The loading along rolling direction corresponds to the lowest stresses for all the plastic strain, whereas transverse direction, displays the highest stress level. The relative variation in stress between the lowest and the highest values is about 37.7% at a true strain of 15% and demonstrates the large degree of planar anisotropy in this material. The amount of total uniform elongation reaches the highest level (more than 35%) for loading along the rolling axes and decreases when the loading direction moves away from this direction (less than 20% for transverse direction). Overall, the uniform elongation under monotonic loading remains relatively high. The workhardening evolution is also sensitive to the direction of loading. The initial yield (90 • /RD). However, ε 12 increases by 0.1 for every 2 • rotation of the loading axis about the RD, reaching a maximum value when the loading axis is along 45 • /RD. It bears mentioning that this behavior cannot be properly explained using the classical yield models [START_REF] Hill | A theory of the yielding and plastic flow of anisotropic metals[END_REF], including those adapted to Hexagonal materials [39], the reason being that the yield parameters themselves vary with increasing plastic strain (as seen in figure 6(b)), i.e. as the test progresses.

In order to describe the measured r-values as seen in figure 6(b), noting the shape of the curve, we introduce the following evolution law:
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r α (ε p ) = r exp,i + a α (e -cα εp -1) (1) 
where r exp,i is the initial experimental r-value for tensile test along α, εp is the equivalent plastic strain, a α and C α are 2 material parameters that need to be identified (see The law in (1) has also been plotted in Figure 6(b), for α = 0 • , 45 • and 90 • .

Simple shear test

Forward and reverse shear tests give information about loading-related anisotropy and kinematic hardening in the material. From a micro-structural point of view, this could be due to de-twinning or dislocation pile-ups during the unloading stage.

The reverse simple shear tests were carried out on specimens cut out from the as-received material at various angles to the rolling direction, namely 0 • , 45 • and 90 • . These tests were conducted up to a forward amount of shear strain of about 10%, 20% and 30% followed by reversed shear up to -40% (which corresponds respectively to ≈ 34.6%, 46% and 57.7% von Mises equivalent accumulated true strain, which is higher than the uniform elongation observed in uniaxial tension). The stress-strain curves are used in order to analyze (i) the work-hardening evolution at large strain, (ii) the Bauschinger effect and its evolution as function of amount of forward prestrain, (iii) the occurrence of transitory regime under stress reversal. To examine the anisotropic behavior under simple shear loading, the stressstrain curves are plotted using an accumulated amount of shear strain and plotted for similar amount of forward shear strain (Figure 8). Similar to the uniaxial tensile test, the material displays significant stress anisotropy. Note that upon strain reversal, the loading along 45 • /RD displays the highest stress level. When the amount of forward shear strain is low (i.e. 10% in the present case), material work hardening is observed along the reverse loading (i.e. the shear stress increases after strain reversal). However, some stress saturation is clearly observed for 30% amount of forward shear strain.
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Given that at 10% strain, the material ductility is highest along 0 • /RD and lowest along 45 • /RD under shear loading we would expect the opposite under uniaxial tensile loading. However, as shown in figure 4, this is not the case, indicating that the activation of physical mechanisms is load dependent ergo the ductility is highly dependent on loading condition (in terms of loading direction and level of forward shear strain).

There is some anisotropy before the load reversal as can be seen from the figure The extreme variation of behavior between 0 and 90 • /RD after load reversal is due to anisotropic physical mechanisms, in particular, the activation of the twinning mode (which is not reversible) after unloading and reloading [START_REF] Cauvin | Multi-scale investigation of highly anisotropic zinc alloys using crystal plasticity and inverse analysis[END_REF].

It bears mentioning that Butcher, Abedini and others [40,41,[START_REF] Abedini | Evaluation and calibration of anisotropic yield criteria in shear loading: Constraints to eliminate numerical artefacts[END_REF] have suggested the Logan-Hosford model for the shear to equivalent stress ratio to describe the yield in anisotropic materials where the plastic deformation involves twinning (such as Magnesium). Inverse analysis using the above model to fit our experimental data is a potential area of future work.

Furthermore, the Bauschinger effect is relatively high, thus implying significant kinematic hardening.

equi-biaxial tensile test

Figure 9 shows the force-displacement curves for equi-biaxial tensile tests.

As in uniaxial tensile test, the material response shows a highly anisotropic behavior and the rolling direction corresponds to the softer direction. 

Heterogeneous strain fields using Meuwissen geometry

The force-displacement curves are given in Figure 12 for both loading directions (i.e. tension along RD or TD direction). The corresponding strain fields are given in Figures 13(a), 13(b) and 13(c) before rupture. As for the homogeneous tests, the material response is highly anisotropic.
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Constitutive mechanical model

The material flow characteristic is governed by the initial anisotropy in addition to other material properties. Phenomenological plasticity theories consider initial anisotropy through a yield criterion and strain hardening laws.

Yield surface

In the present work, in addition to the isotropic von Mises yield criterion, two anisotropic yield surfaces description have been considered: the classical [START_REF] Hill | A theory of the yielding and plastic flow of anisotropic metals[END_REF] and a non quadratic [39] criterion developed for a better description of significantly anisotropic materials. For [START_REF] Hill | A theory of the yielding and plastic flow of anisotropic metals[END_REF], its general form is given by:

Σ : H : Σ = (σ -X) : H : (σ -X) = σ 2 Y ( 2 
)
where Σ = σ -X is the effective deviator stress tensor, σ Y is the flow stress, H is a purely deviatoric tensor corresponding to the quadratic Hill criterion described by 6 components F , G, H, L, M and N , X is the back stress tensor (kinematic hardening) and σ is the deviatoric part of the Cauchy stress tensor σ. When no kinematic hardening is present, this simplifies to:

F (σ y -σ z ) 2 + G(σ z -σ x ) 2 + H(σ x -σ y ) 2 + 2Lσ 2 yz + 2M σ 2 zx + 2N σ 2 xy = σ 2 Y (3)
where x, y and z are the axis of orthotropy (e.g. in case of sheet material, the rolling, the transverse and the normal directions). σ i is the normal stress component according to the i axis and σ ij is the shear stress component of the stress tensor σ.

The success of this criterion is associated to its numerical simplicity, identification easiness and its availability in several commercial FE codes. It is worth noting that in case of sheet materials, through thickness mechanical characterization of the material anisotropy is a hard task. Therefore, in the criteria investigated in this work, the related material parameters (L and M in this case) are fixed at their values in case of isotropic behavior. To describe yielding of orthotropic materials, [39] developed an original approach based on the generalization to orthotropy of the J 2 and J 3 invariants of the deviatoric stress tensor
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(J 0 2 ) 3 -c(J 0 3 ) 2 = 27(σ Y /3) 6 (4) 
where

J 0 2 (σ) = a 1 6 (σ x -σ y ) 2 + a 2 6 (σ y -σ z ) 2 a 3 6 (σ x -σ z ) 2 + a 4 σ 2 xy + a 5 σ 2 xz + a 6 σ 2 yz (5) 
and

J 0 3 (σ) = 1 27 (b 1 + b 2 )σ 3 x + 1 27 (b 3 + b 4 )σ 3 y + 1 27 (2b 1 + 2b 4 -b 2 -b 3 )σ 3 z - 1 9 (b 1 σ y + b 2 σ z )σ 2 x - 1 9 (b 3 σ z + b 4 σ x )σ 2 y - 1 9 [(b 1 -b 2 + b 4 )σ x +(b 1 -b 3 + b 4 )σ y ]σ 2 z + 2 9 (b 1 + b 4 )σ x σ y σ z - σ 2 xz 3 [2b 9 σ y -b 8 σ z -(2b 9 -b 8 )σ x ] - σ 2 xy 3 [2b 10 σ z -b 5 σ y -(2b 10 -b 5 )σ x ] - σ 2 yz 3 [(b 6 + b 7 )σ x -b 6 σ y -b 7 σ z ] + 2b 11 σ xy σ xz σ yz (6)
x, y and z are the directions of the orthotropic frame. This criterion involves 18 

Strain hardening

The hardening is described using Voce isotropic hardening as given below:

σ Y (¯ pl ) = Y 0 + R sat (1 -e -cR¯ pl ) ( 7 
)
where Y 0 is the initial yield stress, C R and R sat are the rate and the saturation value of the isotropic hardening, respectively. 3.

The identification of the Cazacu and Barlat (CB2001) [39] anisotropy parameters (Table 4) is complex and a special in-house code (DD3MAT) developed for this purpose was used to guarantee the best fit to the experimental data [44].

The identification of the constitutive parameters involved: (i) uniaxial tensile tests with samples taken at intervals of 15 • orientation with respect to the rolling direction and (ii) monotonic simple shear tests with samples taken at 0 • , 45 • and 90 • orientations with respect to the rolling direction. This means that 17 experimental results were used to identify the parameters (seven r-values, seven uniaxial and three simple shear initial yield stresses).

For comparison purpose, the material parameters for the Hill criterion [START_REF] Hill | A theory of the yielding and plastic flow of anisotropic metals[END_REF] 
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Figure 14: r-value prediction using (σ 0 0 , r 0 , r 45 , r 90 ) for the identification of F , G, H and N or the set of all experimental data (present work). The results obtained using the Cazacu-Barlat criterion [39] are also indicated. For comparison purpose, data from Bramley and Mellor [START_REF] Bramley | Plastic anisotropy of titanium and zinc sheets[END_REF] and Fundenberger et al [START_REF] Fundenberger | Modelling and prediction of mechanical properties for materials with hexagonal symmetry (zinc, titanium and zirconium alloys)[END_REF] are provided.

Figure 14 and Figure 15 indicate that the r-value as well as the initial yield stresses evolutions are relatively well described by both [START_REF] Hill | A theory of the yielding and plastic flow of anisotropic metals[END_REF] and [39], however, the corresponding yield surfaces are radically different (Figure 16), which highlights the difference in modeling the anisotropic behavior using these two yield criteria. Significant differences are observed along biaxial loading which seems to be required for a better assessment of the efficiency of the adopted models in describing the behavior of zinc sheet material. lution. An example is provided in figure 17 for the prediction of the stress-strain response during the uniaxial tensile test along TD using data identified on uniaxial tensile test along RD. Note that these predicted curves were obtained assuming that the material parameters in the description of the yield surface remain constant.

On can notice that the Hill criterion [START_REF] Hill | A theory of the yielding and plastic flow of anisotropic metals[END_REF] fails to correctly describe the highly anisotropic material behavior along 90 • . In fact, for the investigated material, even more advanced yield criteria [39] (specially adapted to hexagonal materials) appear to fail to describe the observed behavior along 90 • . As previously shown in Figure 6, the measured evolution of the r-values indicates that their sensitivity to the plastic strain can be very high, particularly along 90 • . This sensitivity needs to be taken into account during the identification of the material parameters for Hill criterion [START_REF] Hill | A theory of the yielding and plastic flow of anisotropic metals[END_REF] as proposed by Nixon et al [45].
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Journal Pre-proof 6. Inverse parameter identification, part II : hardening parameters using Finite Element simulation Finite element simulations have been performed in order to model the mechanical tests carried out on the material under investigation (uniaxial tension, equi-biaxial tension and Meuwissen tension). In all these simulations, the parameters of the yield criterion are kept constant (Hill [5]) as calculated from the Lankford coefficients in section 5. However, the Voce hardening parameters R sat , C R as well as the initial yield stress Y 0 adopted in the isotropic hardening law (equation 7) are identified by a second inverse analysis to get the best fit for the tensile test's force-displacement or stress-strain material response. The hardening parameters are the same for all three tests (uniaxial, equi-biaxial and Meuwissen test).

Uniaxial tension

Figure 18 shows the geometry of the specimen (as used in the experimental test), the FE-mesh, loading conditions and displacement constraints. Horizontal displacement of the surface on the left is blocked. The model has been discretized by 2831 4-noded bilinear plane stress elements with reduced integration of type CPS4R (implemented in ABAQUS). Triangular elements, different orders of integration as well as mesh sizes have been tested to ensure the convergence of the FE-mesh, i.e. the results are mesh-independent.

The mechanical behavior of the material is composed of two distinct portions: a linear isotropic elastic part and a plastic hardening part. The elastic portion of the material behavior is described by Hooke's law (E = 81GPa, ν=0.33).

As for the plastic behavior, isotropic Voce hardening has been assumed since this law is often used for describing plastic deformation for alloys which exhibit a saturation stress-strain state at high strain levels which is observed for the current Zinc alloy. The three Voce hardening parameters in equation ( 7) need to be identified using optimization and inverse analysis.

Let x * ∈ R 3 represent the vector of three material parameters to be identified, then the optimization problem may be posed as:

F ind : x * = Arg min x∈R 3 J (x) = Arg min x∈R 3 | 0 • (x)| + | 45 • (x)| + | 90 • (x)| 3 ( 8 
)
where the objective function J (x) is the mean of the absolute values of the errors 0 • (x), 45 • (x) and 90 • (x) between the simulated and experimental tensile curves along 0 • /RD, 45 • /RD and 90 • /RD respectively.

The optimization strategy we have adopted is a combination of the Genetic The iteration history for both phases of the identification is given in Figure 19. The optimal solution to the inverse problem, i.e. the best choice for the three hardening parameters for the chosen hardening law, that can simultaneously approximate the uniaxial force-displacement responses along 0 • /RD, 45 • /RD as well as 90 • /RD, is given in Table 5. The associated force-displacement curves are shown in Figure 20. There is a reasonably good agreement between the simulated and the experimental curves with the optimal solution J(x * ) = 19.83.

Equi-biaxial test

The main interest of the equi-biaxial test lies in the strain field observed in the middle of a specimen from an isotropic homogenous material, similar to the uniaxial tensile test. The finite element mesh and loading conditions are described in Just as in the case of the uniaxial tensile test, the isotropic linear elastic domain of the studied material is described using the Hooke's law with the same values for the Young's modulus and Poisson's ratio, while its anisotropic nonlinear behavior is given by the Hill criterion [START_REF] Hill | A theory of the yielding and plastic flow of anisotropic metals[END_REF] with Voce isotropic hardening (parameters Y 0 , R sat and C R ). The material parameters used are those that have been obtained in the previous subsection using inverse identification and tensile testing along the three directions, and are given in Table 5.

We observe in figure 22 that the simulated force-displacements are in good agreement with the experimental data for both 0 • /RD and 90 • /RD. It can be observed that the yield point is well predicted along 90 • /RD while the plastic simulated response is higher than that experimentally observed, this phenomenon could be attributed to the onset of damage in the experimental specimen.
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J o u r n a l P r -p r o o f As can be seen in Figure 23, the FE results are almost similar to the experimental ones. The strain distributions (longitudinal, transverse and shear strain) have a similar trend as the experimental values, though they may not have the same exact values. At this stage, the identification procedure performed assuming a phenomenological constitutive law seems to be well adapted for estimating the behavior of the Zinc based alloy studied here.

Meuwissen test

In order to test the validity of the chosen constitutive laws and associated parameters, the Meuwissen test is considered, since it creates heterogeneous strain fields in the specimen as mentioned in section 2. The mechanical behavior is the same as that assumed in the two previous tests, with the associated material parameters having been obtained in the identification procedure on the different tensile tests and given in Table 5. In addition to the macroscopic material response, the simulated strain fields ε 11 and ε 22 (1 refers to the loading direction and 2 to the transverse direction) are shown in figure 26 and, as expected, heterogenous fields are observed.

Comments and discussion

In summary, we first identified the three Voce hardening parameters using inverse analysis, next the finite element simulations of uniaxial tension, equibiaxial tension and Meuwissen tension tests were performed with the previously identified hardening parameters. Despite the relatively straight-forward model used for the fitting, we obtain a good agreement between the numerical predictions using the identified Voce hardening parameters and experimental data.
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In addition, for the equi-biaxial test, the experimentally obtained longitudinal strain distribution has been compared with the model predictions (before the onset of necking) and for different values of imposed displacements.

Conclusions

The aim of this work was to contribute to a comprehensive investigation of the anisotropic plastic deformation of pure zinc at the macroscopic scale. In the experimental portion, a variety of mechanical tests were carried out on sheet metal specimens, including uniaxial/biaxial tension, shear and Meuwisen tests along the rolling and transverse directions, to experimentally investigate the plastic anistropy. The main findings were : similar work-hardening at higher plastic strains under monotonic loading, very low values of the Lankford coefficients despite the high ductility, and a prominent Bauschinger effect and residual ductility seen during reverse loading, that strongly depend on the forward shear direction and strain amount in forward loading. The Meuwissen tests also revealed that the force-displacement curve and maximum ductility are both very sensitive to the in-plane anisotropy. This was followed by FE modeling to simulate the plastic anisotropic behavior for various mechanical tests using classical macroscopic phenomenological anistropic yield and hardening models, for the characterization portion. The characterization was done in two stages: first identifying the yield parameters, and next identifying the Voce isotropic hardening parameters using the FE simulations. All constitutive parameters were identified solely from the three uniaxial tensile tests, however, they were still able to give reasonably good agreement between the experimental and simulated results for all the other mechanical tests, indicating the efficacy of the approach for highly anisotropic materials, despite its ease of application.

It is clear that highly anisotropic materials need better-adapted constitutive models with significantly more attention to determining the associated model Simple mechanical tests are obviously limited in the amount of data they could generate. One "work around" would be using multi-scale VPSC type models as in our previous work [START_REF] Cauvin | Multi-scale investigation of highly anisotropic zinc alloys using crystal plasticity and inverse analysis[END_REF], where the initial crystallographic texture was considered with SEM investigation and multi-scale modeling to better understand the physical mechanisms behind the macroscopic anisotropic behavior. This approach does not, in the authors opinion, appear to be justified save for very specific applications. As an example, the VPSC approach has been applied in the literature to Titanium alloys [46,[START_REF] Morrow | Characterization and modeling of mechanical behavior of single crystal titanium deformed by splithopkinson pressure bar[END_REF], which are widely used in aerospace applications.

A second approach would be using a battery of experimental tests, including equi-biaxial loading in tension/compression, to generate a massive set of data for the inverse analysis. This is also understandably impractical since it would be time consuming. A third more realistic option would include "heterogenous" tests (like the Meuwissen) that attempt to capture the multi-directional plastic behaviour in a single test. This test would then be used alongside a complex model (like Cazacu) in an inverse analysis between the experimental and FE simulated strain fields as well as load-displacement curves.

As was pointed out by [START_REF] Hosford | Reflections on the dependence of plastic anisotropy on texture[END_REF], more complex i.e. non-quadratic yield criteria, as well as more complex hardening relations, should be considered for hexagonal materials in future works.

HIGHLIGHTS

o Experimental investigation of the plastic anisotropy of the Zinc.

o Uniaxial/biaxial tension, shear and Meuwisen tests on sheet metal specimens.

o Identifications of anisotropic Hill criterion and Cazacu and Barlat criterion.

o Confrontation between experimental results and finite element simulations.
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Figure 1 :

 1 Figure 1: Uniaxial tensile test specimen according to the ISO 80/20 norm

Figure 2 :

 2 Figure 2: equi-biaxial tensile specimen geometry and dimensions.

Figure 3 :

 3 Figure 3: Specimen used for Meuwissen tensile test
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 10 o u r n a l P r e -p r o o f stresses estimated for an offset of 0.1% plastic strain clearly denote considerable initial in-plane stress anisotropy (see Figure 4(b)).

Figure 4 : 11 J

 411 Figure 4: (a) True stress vs true strain for different monotonic uniaxial tensile tests along different directions with respect to the rolling direction (b) Initial yield stresses

Figure 5 :

 5 Figure 5: (a) Work-hardening vs amount of stress increase for different monotonic uniaxial tensile tests along different directions with respect to the rolling direction (b) Variation of r-value with orientation and comparison with data from literature on similar material

Figure 6 :

 6 Figure 6: (a)Shear strain evolution for uniaxial tensile test along different orientations with respect to the rolling direction, (b)R-value evolutions with longitudinal true plastic strain along 0 • , 45 • and 90 • , model corresponds to equation (1)

14 JFigure 7 : 15 JFigure 8 :

 147158 Figure 7: Stress-strain curves for reverse simple shear loading along three directions with respect to the rolling direction (0 • , 45 • and 90 • ). The tests are performed for three levels of forward amount of shear strain 10%, 20% and 30%.

8 .

 8 The material is stiffer along 0 • /RD compared to along 45 • /RD and 90 • /RD which seems to contradict the result obtained during uniaxial tensile tests but in fact demonstrates the equivalence of tensile loading along 0 and shear loading along 45 • /RD.
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Figure 9 :

 9 Figure 9: Force versus displacement curves of equi-biaxial tensile tests.

Figures 10 ( 18 JFigure 10 : 19 u

 10181019 Figures 10(a) and 10(b) show the full field strain distribution for two different displacment increments corresponding to (a) t = 10s just before the beginning of the heterogeneous strain field distribution and (b) t = 50s. In Figure10(a), the strain distributions are almost homogeneous (< 0.5%) in longitudinal, transverse as well as shear. Even though it seems that shear strain is more concentrated in the corners of the sample, the strain level is quite low (around 0.2%). However, as seen in the figure10(b), the homogeneous area decreases a lot with only a small square in the centre of gauge area retaining a low homogeneous strain level, which is 2% in longitudinal, 2.4% in transverse and 0.3% in shear. Meanwhile, it is easy to observe that the longitudinal, transverse and shear strains reaches high values of : 4.5%, 5.9% and 3% respectively in the corners of the gauge area.

Figure 11 :

 11 Figure 11: True stress vs. true strain in gauge area during equi-biaxial tensile test.

Figure 12 :

 12 Figure 12: Force-displacement curves for Meuwissen test, tension along RD or TD.

Figure 13 :

 13 Figure 13: Meuwissen geometry, tension along RD. Experimental (a) longitudinal, (b) transverse and (c) shear strain distribution. RD: Rolling direction, TD: Transverse direction.

  material parameters c, b 1 ...b 11 , a 1 ...a 6 for general 3D anisotropy (with b 1 ...b 11 and a 1 ...a 6 reducing to unity under isotropic conditions). For sheet metal anisotropy where only the in-plane stresses are non-zero, the 18 parameters reduce to 11 : c, b 1 ...b 5 , b 10 , a 1 ...a 4 , with the rest of the parameters retaining their isotropic values (i.e. = 1).

23 J o u r n a l P r e -p r o o f 5 .

 235 Inverse parameter identification, part I : Yield parameters from experiments The first step of material parameters identification concerns the description of the initial material anisotropy. For the Hill criterion [5], the parameters are determined following the classical methodology using only the experimental rvalues r 0 , r 45 and r 90 and σ 0 0 for the initial yielding using the relation σ Y = f(σ 11 , α), where 1 is the tensile direction, σ 11 is the tensile true stress and α is the angle between the tensile direction and the orthotropic axes x. The results are shown in Table

Figure 15 :

 15 Figure 15: Initial yield stresses described using the Hill [5] and the Cazacu-Barlat [39] criteria

Figure 16 :Figure 17 :

 1617 Figure 16: Yield surface description. Hill48(ref) corresponds to the model using material data parameters identified with (σ 0 0 , r 0 , r 45 , r 90 ).Hill48 refers to the model using material data parameters identified with all experimental data. CB2001 is the yield surface obtained using Cazacu and Barlat's criterion[39].

Figure 15 ,

 15 Figure 15, while showing good agreement with the experiments, shows only the initial yield stresses. The agreement between the experimental and predicted curves needs to be examined in terms of stress and work-hardening evo-

Figure 18 :

 18 Figure 18: Geometry of the specimen (top), FE-mesh of the upper right quarter of the specimen, and boundary condition in modeling the uniaxial tension, length unit is mm.

  Algorithm and the Simplex algorithm implemented in MATLAB. In the first phase, we use a Genetic Algorithm to maximize our chances of obtaining a global converged result. The GA result is then selected as a starting point for the second phase, a Simplex search to find the closest local minimal function value. The GA parameters are set as follows: starting point (185.90 199 1370.1); population size 50; crossover fraction 0.8; mutation 0.01. After 66 generations the GA is stopped since the objective function tolerance is less than 1e-6 while 29 J o u r n a l P r e -p r o f the objective function value from equation (8) is 21.55. The settings for the Simplex are: starting point (101.11 180.24 1585.27), x tolerance 1e-6; objective function J tolerance 1e-6. After 116 generations the optimal solution is seen to converge with an objective function value of 19.83.

Figure 19 :

 19 Figure 19: Iteration history of the GA (first phase) and Simplex (second phase) procedures
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Figure 20 :

 20 Figure 20: Comparison of force-displacement curves obtained by FE simulation and experimental tests for uniaxial tension along 0 • /RD, 45 • /RD and 90 • /RD.

Figure 21 .

 21 The four arms of the specimen are subjected to a maximum displacement of 4 mm at a displacement rate of 0.2 mm/s. The model has been discretized by 12201 4 noded bilinear plane stress elements with reduced integration (type CPS4R in ABAQUS). The mesh is refined in the central region since the deformation is primarily in this region, based on our 31 J o u r n a l P r e -p r o f experimental results. We have tested different sizes of mesh to ensure meshindependency of our results.

Figure 21 :

 21 Figure 21: FE-mesh and boundary conditions (right).

Figure 22 :

 22 Figure 22: Force and displacement curves by FE simulations and experiments

2 . 4 .

 24 This test is especially adapted in this work due to the anisotropy of Zinc based materials. The finite element mesh, loading and boundary conditions are described in Figure 24. The displacements of the left and right edges of the specimen are imposed : on the left, the longitudinal displacement is blocked while, on the right, a longitudinal displacement of 4mm is imposed at a rate of 0.2 mm/s. The physical domain has been discretized by 8281 4-noded bilinear plane stress elements with 33 J o u r n a l P r e p r o o f

Figure 23 :

 23 Figure 23: Strain fields for ε 11 , ε 22 and ε 12 obtained by FE simulation and experiments at t=50 seconds.
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 34 o u r n a l P r e -p r o o f Journal Pre-proof reduced integration (type CPS4R in ABAQUS), the mesh is refined in the vicinity of the "notches", since the deformation is primarily located in this region based on our experimental results. Different mesh sizes have been considered to ensure mesh independence of our results.

Figure 24 :

 24 Figure 24: FE-mesh of the specimen, and boundary conditions used for modeling the Meuwissen test.

Figure 25 35 JFigure 25 : 36 JFigure 26 :

 2535253626 Figure 25 shows that by using these parameters, the experimental results in term of force-displacement are well predicted by the simulation until the onset of necking.

  parameters. Since one could conceivably predict completely different yield parameters and Lankford coefficients despite fitting a single experimental test to 38 J o u r n a P r e -p r o o f the simulated result, the characterization would require sufficient data to correctly identify the material model for accurate FE modeling of such materials.

  

  

  

Table 1 :

 1 

Chemical composition (%m/m) of the rolled Zn-Cu-Ti commercial zinc alloy.

Table 2

 2 

	).			
	Parameter	0 •	45 •	90 •
	a α	0.186 0.22 0.45
	C α	1/6	0.5	2.5

Table 2 :

 2 Material parameters for the description of the evolution of r(α).

Table 3 :

 3 , r 15 ,r 30 ..r 75 ,r 90 Material parameters for Hill criterion[START_REF] Hill | A theory of the yielding and plastic flow of anisotropic metals[END_REF] 

	are

Table 4 :

 4 Material parameters for Cazacu and Barlat criterion[39] 

Table 5 :

 5 Identified Hill yield and Voce hardening parameters (using uniaxial tensile testing).
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