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Prediction of the yield surface evolution and some apparent non-normality effects after abrupt strain-path change using classical plasticity
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The two-stage abrupt strain path change method is used to investigate the subsequent yield surface evolution, as predicted by associated J2 plasticity models. Experimental results from the literature have revealed several specificities of the yield surface evolution following such a strain-path change, including formation of a vertex and apparent non-normality. The current study showed that some features of this behavior can be simulated using models based on associated plasticity. Kinematic hardening had the most important effect, together with rate sensitivity and elasticity. The results suggest that some apparent violation of the normality condition can result from the combined effects of kinematic hardening, rate sensitivity and elasticity, even when the normality rule is built into the model.

Introduction

Although the normality rule is commonly used in most plasticity models, its general validity is questioned in several investigations, either experimentally or by means of crystal plasticity modeling. The development of a sharp vertex of the yield surface at the loading point is a key feature revealed by the early physical polycrystalline models in the '60s [START_REF] Hill | The essential structure of constitutive laws for metal composites and polycrystals[END_REF]. Phenomenological constitutive models have been proposed in the '70s to account for the description of the elastic-plastic response at a yield surface vertex, particularly in the framework of plastic instability predictions, where the loading path may deviate significantly from proportionality [START_REF] Rudnicki | Conditions for the localization of deformation in pressuresensitive dilatant materials[END_REF], [START_REF] Christoffersen | A class of phenomenological corner theories of plasticity[END_REF]. In the context of numerical implementation and application to complex geometries, simpler J2-flow pseudo-corner theories were proposed in the '80s (Gotoh, 1985a(Gotoh, , 1985b;;[START_REF] Hughes | Pseudo-corner theory: a simple enhancement of J2-flow theory for applications involving non-proportional loading[END_REF], [START_REF] Simo | A J2-flow theory exhibiting a corner-like effect and suitable for large-scale computation[END_REF] in order to approximately represent the non-normality phenomenon under non-proportional loading paths. A self-consistent non-associated flow rule material model was proposed by [START_REF] Lee | Research note on a simple model for pressure-sensitive strain-hardening materials[END_REF] to validate experiments from the literature reporting deviations from the normality flow rule [START_REF] Spitzig | The effect of pressure on the flow stress of metals[END_REF] and presence of vertex on the yield surface at the loading point [START_REF] Phillips | The effect of loading path on the yield surface at elevated temperatures[END_REF][START_REF] Hecker | Experimental Studies of Yield Phenomena in Biaxially Loaded Metals[END_REF]. Subsequently, non-normality modeling became more popular and has been applied in metal forming process simulation [START_REF] Stoughton | A non-associated flow rule for sheet metal forming[END_REF][START_REF] Stoughton | A pressure-sensitive yield criterion under a nonassociated flow rule for sheet metal forming[END_REF][START_REF] Cvitanić | A finite element formulation based on non-associated plasticity for sheet metal forming[END_REF][START_REF] Stoughton | Anisotropic hardening and non-associated flow in proportional loading of sheet metals[END_REF][START_REF] Taherizadeh | A non-associated constitutive model with mixed iso-kinematic hardening for finite element simulation of sheet metal forming[END_REF][START_REF] Safaei | Evaluation of anisotropic constitutive models: Mixed anisotropic hardening and non-associated flow rule approach[END_REF][START_REF] Safaei | Study on the definition of equivalent plastic strain under non-associated flow rule for finite element formulation[END_REF][START_REF] Yoshida | Modeling of anisotropic hardening of sheet metals including description of the Bauschinger effect[END_REF][START_REF] Lee | A yield criterion through coupling of quadratic and non-quadratic functions for anisotropic hardening with non-associated flow rule[END_REF]. In the corresponding flow rules, the plastic strain rate depends not only on the current stress state, but may also depend on the stress rate (Kuroda and Tvergaard, 2001a) . Alternative models simply consider that the plastic potential and the yield surface are described by different functions (non-associated plasticity).

The experimental investigation of the deviations from normality is a very challenging task. Such deviations occur specifically during non-proportional strain paths. Based on the pioneering crystal plasticity simulations of [START_REF] Kuroda | Use of abrupt strain path change for determining subsequent yield surface: illustrations of basic idea[END_REF], a discriminant and accurate experiment was proposed by [START_REF] Kuwabara | Use of abrupt strain path change for determining subsequent yield surface: experimental study with metal sheets[END_REF] to determine, on one hand, the subsequent yield surface after a given pre-strain, and on the other hand to demonstrate the significant deviations from normality, subsequent to abrupt strain-path changes without elastic unloading. The experimental investigation of the subsequent yield surface is a laborious process, classically involving a large number of samples that are pre-strained identically, elastically unloaded and subsequently subjected to different strain paths until re-occurrence of plasticity. The alternative approach proposed by [START_REF] Kuroda | Use of abrupt strain path change for determining subsequent yield surface: illustrations of basic idea[END_REF] and [START_REF] Kuwabara | Use of abrupt strain path change for determining subsequent yield surface: experimental study with metal sheets[END_REF] consists in applying an abrupt strain-path change immediately after the pre-strain, without elastic unloading. To accommodate the new loading sequence, the stress state will evolve rapidly while remaining on the yield surface. If the plastic strain accumulated during this transient process is small, then the current loading point is tracing a part of the yield surface in stress space. Fig. 1 illustrates the two methodologies. Cristal plasticity simulations [START_REF] Kuroda | Use of abrupt strain path change for determining subsequent yield surface: illustrations of basic idea[END_REF] and experiments [START_REF] Kuwabara | Use of abrupt strain path change for determining subsequent yield surface: experimental study with metal sheets[END_REF][START_REF] Kuwabara | Advances in experiments on metal sheets and tubes in support of constitutive modeling and forming simulations[END_REF] revealed several differences between the yield surfaces described by the two approaches, as illustrated in Fig. 2. In particular, the abrupt strain-path change method produces a vertex at the beginning of the second strain path, and the plastic strain rate tensor is not perpendicular to the apparent yield surface. These pioneering studies served as basis to the development of phenomenological and physically-based non-normality flow rules developed in the last two decades, e.g., in the studies by (Kuroda and Tvergaard, 2001b;[START_REF] Schurig | Micromechanical analysis of the development of a yield vertex in polycrystal plasticity[END_REF][START_REF] Kuroda | A higher-order strain gradient plasticity theory with a corner-like effect[END_REF][START_REF] Yoshida | A plastic flow rule representing corner effects predicted by rateindependent crystal plasticity[END_REF][START_REF] Yoshida | Plastic flow of thin-walled tubes under nonlinear tensiontorsion loading paths and an improved pseudo-corner model[END_REF]. It is also obvious from these experiments that the trace in stress space of the sequential test is not overlapped with the iso-work contours obtained by unloading / reloading. Alternative methods for the determination of the yield surface subsequent to a pre-strain (biaxial, in this example). a) Classical approach involving pre-strain of a series of biaxial samples, elastic unloading, preparation of samples for subsequent loading, and re-loading under different strain paths until plastic yield. b) Application of an abrupt strain-path change after pre-strain, without unloading, recording the trace of the loading point in stress space. [START_REF] Kuwabara | Use of abrupt strain path change for determining subsequent yield surface: experimental study with metal sheets[END_REF] investigating the shape of the subsequent yield surface by using abrupt strain path change following the balanced biaxial loading (solid lines), for (a) an sheet aluminum alloy and (b) a sheet mild steel. Dashed lines / symbols show the yield surfaces (iso-work contours) classically determined by loading / unloading / reloading, at different strain levels.

Fig. 2. Experimental results from

This paper explores the potential of classical, associated elasto-plasticity models to predict this specific behavior, and the respective contributions of several factors: rate sensitivity, combined isotropic-kinematic hardening and elasticity. It is noteworthy that in most studies involving non-normality theories, simple isotropic hardening models are adopted, and the entire deviations from normality are described by new, specific equations [START_REF] Kuroda | A higher-order strain gradient plasticity theory with a corner-like effect[END_REF][START_REF] Yoshida | Modeling of anisotropic hardening of sheet metals including description of the Bauschinger effect[END_REF]. Here, the same biaxial-to-shear strain path change is investigated, as in the experiments illustrated in Fig. 2. The aim is to clarify which fraction of the observed results needs to be described by specifically-added non-normality effects, which otherwise may be overestimated. The apparent non-normality at each stage of the simulation is quantified by the angle between the actual plastic strain rate tensor and the trace of the subsequent loading path in stress space (more precisely, in the plane), which is supposed to stay close to the yield surface -angle β in Fig. 3. The angle β is expected to be equal to 90° in the case of normality. For the results shown in Fig. 3 (b andc), the value of this angle reaches significantly larger values at the beginning of the second strain-path, then rapidly decreases below 90° and seems to saturate at values close to 70°. The two very different sheet metals show a very similar trend, with the decrease of angle β being significantly faster for the aluminum alloy as compared to the mild steel. These experimental results served as references in the current investigation. [START_REF] Kuwabara | Use of abrupt strain path change for determining subsequent yield surface: experimental study with metal sheets[END_REF].

The paper is structured as follows. The material model used for the investigation is described in Section 2. Section 3 describes the numerical simulations and the results, leading to the discussion and final conclusions in Section 4 and 5, respectively.

Constitutive equations

In sheet metal forming simulations, the material usually undergoes large deformations and its mechanical behavior is described by rate constitutive equations. Phenomenological elasto-plastic modeling is adopted here, assuming that the material is initially well-annealed and homogeneous. The frame-invariance of the material model is insured by formulating the constitutive model in a convenient rotating frame, such that simple material time derivatives can be used. This approach, classically adopted in most finite-element implementations of plasticity models, was considered in this work. As a consequence, the material model is formidentical to a small-strain formulation, without loss of accuracy.

Elasto-visco-plastic model

The total strain rate tensor is additively decomposed in elastic strain rate and viscoplastic strain rate . The hypo-elastic law expressed as = :

(1) is considered, where is the Cauchy stress rate and is the fourth-order elasticity tensor. In isotropic linear elasticity, = 2 + ⨂ ; and can be deduced from Young's modulus and Poisson's ratio . is the second order unit tensor, whose components are the Kronecker deltas, namely = , while is the forth-order symmetric deviatoric unit tensor, whose components are !" = 1 2 ⁄ % ! " + ! " & 1 3 ⁄ !" . The viscoplastic strain rate tensor () is given by the associated flow rule

() = * + () • -. /0 - = * + () • 1, ( 2 
)
where 1 is the flow direction defined by the normality law, + 2 is the equivalent stress and denotes the deviatoric part of the Cauchy stress tensor. The stress-like second order tensor 2 describes the kinematic hardening and 3 represents the size of the yield surface. The equivalent visco-plastic strain rate * + () is assumed to follow the following equation [START_REF] Allain | A viscoplastic behavior law for ferritic steels at low homologous temperature[END_REF][START_REF] Pipard | Elasto-visco-plastic modeling of mild steels for sheet forming applications over a large range of strain rates[END_REF])

* + () = * * • sinh * 9 * ⁄ , (3) 
where 9 * and * * are material parameters. The scalar "overstress" * describes the increase of the stress intensity because of the visco-plastic behavior, according to the following equation:

+ 3 * ≤ 0, (4) 
where the equality sign corresponds to elasto-viscoplastic loading, and the inequality sign corresponds to purely elastic loading. Concerning hardening, both the isotropic and kinematic hardening can be governed by the generic rate equations

3 = < = • * + () , (5) 2 = > ? • * + () . ( 6 
)
The developed material model including Equations ( 1)-( 6) can be implemented in a general form. The yield function is defined by the equivalent stress + and its gradient 1, while the hardening is governed by < = and > ? . According to these general forms, a time integration scheme can be built for any hardening model and yield functions. Because this paper is more focused on hardening effects, the simple von Mises equivalent stress was employed,

+ = @ A 2 : 2 . ( 7 
)

Hardening models

The classical framework of the combined isotropic-kinematic hardening is used [START_REF] Chaboche | On some modifications of kinematic hardening to improve the description of ratchetting effects[END_REF][START_REF] Chaboche | A review of some plasticity and viscoplasticity constitutive theories[END_REF]. The possible distortion of the yield surface during deformation [START_REF] Barlat | An alternative to kinematic hardening in classical plasticity[END_REF][START_REF] Clausmeyer | Comparison of two models for anisotropic hardening and yield surface evolution in bcc sheet steels[END_REF] is not taken into account. The corresponding internal variables are a scalar B, describing the isotropic hardening, and a second-order variable 2, describing the kinematic hardening.

The kinematic hardening indicates the translation of the yield surface. Its corresponding evolution law is given of Armstrong-Frederick type,

> ? = C D EF G 2 , ( 8 
)
where C and D EF are material parameters representing the saturation rate and saturation value of 2, respectively. G = 1 ‖1‖ ⁄ is the unit tensor parallel to the visco-plastic flow direction.

The isotropic hardening evolution gives the variation of the yield surface size 3 by

3 = 3 I + B, (9) 
where 3 I is the initial yield stress and R models the isotropic hardening. In the particular case of pure isotropic hardening, the variable 3 describes the evolution of the tensile stress J ,

3 = J , ( 10 
)
where J is the tensile stress component in uniaxial tensile condition, as seen in Fig. 4a. However, when the kinematic hardening is taken into account, the formal equivalence in Equation ( 10) is no longer valid. This implies that each time when the kinematic hardening parameters are adjusted, one also needs to readjust the isotropic hardening to describe properly monotonic loading (for example, tensile). In order to avoid this undesired interference, several authors (Chun et al., 2002a(Chun et al., , 2002b;;[START_REF] Carbonniere | Comparison of the work hardening of metallic sheets in bending-unbending and simple shear[END_REF] proposed to explicitly model J , instead of Y or R. Here, for example, Swift's power law was used,

J = < . K • * + () , < . K = L • M N J NOM N , with J P = 0 = 3 I = * I Q , ( 11 
)
where , L, * I are material parameters. The size Y of the yield surface is determined by

3 = J D, ( 12 
)
where D is a scalar variable corresponding to the tensile component of 2 under monotonic tensile loading [START_REF] Carbonniere | Comparison of the work hardening of metallic sheets in bending-unbending and simple shear[END_REF]:

D = < ? • * + () , < ? = C S@ A D EF DT. (13) 
Fig. 4b illustrates this case. The rate form of Equation ( 12) writes:

< = = < . K < ? . (14) 
In this modified method, the monotonic flow curve is described independently of the kinematic hardening model and its parameters, which makes it more robust and especially convenient for model comparison. This later property was compulsory for the current investigation. 

Numerical implementation of the constitutive model

The most widely used time integration method in elasto-plasticity is the fully implicit backward Euler implementation scheme [START_REF] Hughes | Numerical implementation of constitutive models: rate-independent deviatoric plasticity[END_REF][START_REF] Ortiz | Accuracy and stability of integration algorithms for elastoplastic constitutive relations[END_REF]. Explicit algorithms have also drawn growing attention due to more and more complicated constitutive models, including non-associated flow rule, advanced yield function and hardening law, etc. The explicit schemes require that the loading step should be kept small enough, however, such computational performance drawbacks have been improved by using advanced schemes [START_REF] Ding | Substepping algorithms with stress correction for the simulation of sheet metal forming process[END_REF][START_REF] Vrh | Improved explicit integration in plasticity[END_REF]. Consequently, these methods have been applied to implement constitutive models for metal forming in finite element simulation software [START_REF] Amirkhizi | A framework for numerical integration of crystal elasto-plastic constitutive equations compatible with explicit finite element codes[END_REF][START_REF] Balan | On the numerical implementation of elasto-plastic constitutive equations for metal forming[END_REF].

The employed elasto-visco plastic model introduced in Section 2.1 has been implemented in a self-developed numerical simulation solver, using an explicit algorithm based on the forward Euler time integration scheme. The developed program was built to simulate rheological tests including uniaxial tension, simple shear, biaxial expansion and combined sequences of these: tension-compression, reverse shear etc. Given the constitutive model defined by Equations ( 1)-( 7), the numerical integration of these equations is required over a time interval, when a total strain increment ∆ is imposed. However, for some loading modes, some stress components are imposed instead of the strain increment components. In such cases, a Newton-Raphson algorithm was devised to solve for the unknown strain increments in order to verify these stress-based constraints. For example, in the case of uniaxial tension, the minimum stress-based conditions that need to be respected are = AA = 0. Table 1 shows the developed numerical algorithm for the explicit time integration of the elasto-plastic model.

Table 1. Numerical algorithm for explicit time integration of the elasto-plastic model.

(

) Input ∆ , Q , 2 Q , 3 Q (2) Check yield condition V Q = + Q 2 Q 3 Q (3) If V Q < 0, elastic increment Compute ∆ = ∶ ∆ Compute ∆2 = Y, ∆3 = 0 Else, elasto-plastic increment Compute 1 = -. /0 - Compute ∆* + () = * * • sinh * 9 * ⁄ Compute ∆ () = 1 • ∆* + () Compute ∆ = : ∆ ∆ () Compute ∆2 = > ? • ∆* + () Compute ∆3 = < = • ∆* + () End if (4) Update state variables QZ = Q + ∆ 2 QZ = 2 Q + ∆2 3 QZ = 3 Q + ∆3 1 
(5) End of algorithm

Predictions of the subsequent yield surface

In this section, the strain paths explored experimentally by [START_REF] Kuwabara | Use of abrupt strain path change for determining subsequent yield surface: experimental study with metal sheets[END_REF] were simulated by a specifically developed program. Among the possible two-step loading processes, the first step of loading considered in the simulations was a biaxial loading prescribed by * =* >0. When the nominal strains reached the values * =* =0.01, the applied total strain rate was abruptly converted to * = * with * >0. No elastic unloading was allowed in the sequence, precisely as in the reference experiments. The results of interest were the trace of the loading point in stress space, and the evolution of the angle β after the strain-path change as a function of angle α (see Fig. 3a). The sensitivity of these results to the material model was investigated: rate sensitivity, isotropic / kinematic hardening and elasticity. During these sensitivity studies, it was important to make sure that the stress-strain response during the first loading path was identical for all the simulations in the investigation, particularly the stress state at the end of the biaxial pre-strain step. To fulfil this constraint, the isotropic hardening was modelled with the alternative approach described in Section 2.2.

Effect of rate sensitivity

The material's rate sensitivity was listed in the literature as a potential factor inducing the formation of a vertex after the strain path change, because of the abrupt change of the plastic strain rate orientation and magnitude. The quantitative consequences of such rate effects on the subsequent yield surface have not yet been fully clarified. To isolate the effect of rate sensitivity, an elastic-rigid-plastic material response was used, by setting the hardening to zero. The material parameters used in this simulation series are shown in Table 2. The largest values of strain rate sensitivity in Table 2 are not realistic, they are used only for illustration purposes. A rate-independent simulation served as reference, as it exhibits an ideal behavior: the trace in stress space precisely describes a von Mises yield surface, and the angle β is consistently equal to 90° during the entire second strain path (see Fig. 5a andb, dotted line). The effect of rate sensitivity is further illustrated in Fig. 5 by the simulation results for different values of parameter 9 * . As expected, a vertex appeared at the strain-path change point, related to the decrease in the plastic strain rate intensity. The stress intensity decreased accordingly, approaching the ideal rate-independent behavior. Larger values of 9 * led to a more significant vertex effect. Fig. 5b suggests that the rate sensitivity effect is responsible for a large value of angle β predicted immediately after the strain-path change, and that it influences significantly its subsequent evolution during the second strain path. The value of angle β after the strain-path change was 151.7° for all the simulations in Section 3.1, independently of the parameter values adopted for rate sensitivity. The angle β rapidly decreased to a minimum value inferior to 90°, then increased to progressively saturate at 90° when the second strain path has progressed sufficiently. However, not all the effects of rate sensitivity vanish during the second strain path. The stress intensity rapidly decreases immediately after the strain-path change (up to an angle α equal to 5°…10°), only to increase back to a relatively large value, on the remaining of the contour, which separates again from the reference rate-independent contour. For larger values of 9 * , it becomes clear that the stress contour never reaches the rate-independent level during the second strain-path. In Fig. 6a, rate sensitivity parameter 9 * shows an influence nearby the strain path change point in the second loading path. For smaller values of 9 * , the overstress * decreases more rapidly to a relatively smaller value. The rate sensitivity has permanent effects on the overstress * , which does not vanish during the second strain-path. The evolution of the equivalent visco-plastic strain rate * + () is also shown in Fig. 6b. It exhibits the same trend as the evolution profile of * , except that the initial and final values of equivalent visco-plastic strain rate * + () corresponding to different 9 * are the same. It is clear from these figures that a visco-plastic material behaviour has several consequences: an apparent "vertex" was induced at the beginning of the subsequent strainpath, and the trace of the loading point in stress space neither followed precisely the yield surface, nor a surface homothetically larger. The shape of this stress trajectory is a complex result of the shape of the yield surface and of the material's rate sensitivity equation, while the plastic strain rate is normal to the actual iso-potential surface at all times. 

Cx = Xsat = K = n = ε0 = 0.

Effect of isotropic hardening

In order to clarify the isotropic hardening (IH) contribution in the yield surface evolution after abrupt strain-path change, the parameters shown in Table 3 are used as reference. These parameters correspond to the experimental flow curve as identified by [START_REF] Kuwabara | Use of abrupt strain path change for determining subsequent yield surface: experimental study with metal sheets[END_REF]. The kinematic hardening parameters are left equal to zero, so that only isotropic hardening is investigated.

Table 3. Material parameters applied to investigate the isotropic hardening, according to [START_REF] Kuwabara | Use of abrupt strain path change for determining subsequent yield surface: experimental study with metal sheets[END_REF] . The individual influence of the parameters , L or * I would be too specific to the particular hardening law that was employed. A more generic influence would be that of the local slope and curvature of the hardening curve at the point of strain-path change. To reach this information, several parameter sets were generated for the Swift law in order to impose specific values for the yield stress, slope and curvature of the hardening curve at a given plastic pre-strain value. This provides three equations to determine the three parameters of the law, using a least-squares optimization method. Table 4 and Table 5 summarize the parameter sets generated with this method, starting from the reference values given by [START_REF] Kuwabara | Use of abrupt strain path change for determining subsequent yield surface: experimental study with metal sheets[END_REF]. To explore the influence of the isotropic hardening slope and curvature in the second loading path, a series of four simulations (Ref,0.5×Ref,2×Ref,4×Ref) were performed for each case. The corresponding parameter sets do not correspond to real materials; they only serve to illustrate the effect of slope and curvature over a large range. Fig. 7 shows the results for different hardening slope values. The yield surface evolution shown in Fig. 7a indicates that for larger isotropic hardening slope, the apparent yield surface deviates outwards. In Fig. 7b, the apparent loss of normality after the vertex formation becomes larger for larger isotropic hardening slope values. It is noteworthy that the apparent normality (β = 90°) was never recovered when the isotropic hardening was considered. In turn, Fig. 8 shows that the effect of the curvature of the hardening law is negligible. Thus, the slope of the isotropic hardening curve at the moment of strain-path change is the main factor that influences the apparent subsequent yield surface. It is clear from Figure 7b that isotropic hardening alone does not explain the apparent deviation from normality observed in the experiments (see Figure 3). However, it clearly induces a visible fraction of this effect, which further combines with the effects of the other factors investigated hereafter. These contributions should be thus subtracted when developing an accurate non-normality model. 

Effect of kinematic hardening

The kinematic hardening describes a translation of the yield surface in stress space, which is no longer symmetric with respect to the origin. The yield surface may even translate so much, that it does no longer contain the origin of stress space anymore [START_REF] Phillips | The effect of loading path on the yield surface at elevated temperatures[END_REF][START_REF] Lee | Finite element modeling using homogeneous anisotropic hardening and application to spring-back prediction[END_REF]. The yield surface no longer coincides with the classical iso-work contours. It was demonstrated that the kinematic hardening has a significant influence on the subsequent yield surface after abrupt strain-path change [START_REF] Zhang | Capturing yield surface evolution with a multilinear anisotropic kinematic hardening model[END_REF][START_REF] Upadhyay | Mechanical response of stainless steel subjected to biaxial load path changes: Cruciform experiments and multi-scale modeling[END_REF]. Preliminary numerical trials have shown that the parameters C and D EF have the same kind of influence on the yield surface evolution. Consequently, three simulations are used here to illustrate this influence. The parameter values are listed in Table 6. Combined hardening was employed, including not only kinematic but also isotropic hardening. It is noteworthy that for all the simulations, the resulting flow curve is described by Swift's law, with the parameters experimentally identified in [START_REF] Kuwabara | Use of abrupt strain path change for determining subsequent yield surface: experimental study with metal sheets[END_REF]. When the kinematic hardening is included, its influence on the resulting flow curve is automatically compensated, as described in Section 2.2. As a consequence, the pre-straining step is identical for all the simulations, particularly the stress state at the end of the pre-straining step. The values of C and D EF were inferred as typical values from the literature [START_REF] Haddadi | Towards an accurate description of the anisotropic behaviour of sheet metals under large plastic deformations: modelling, numerical analysis and identification[END_REF][START_REF] Haddag | Investigation of advanced strain-path dependent material models for sheet metal forming simulations[END_REF]. The yield surface evolution driven by different D EF values is shown in Fig. 9a. The stress trajectory after the strain-path change was very sensitive to the kinematic hardening, although the pre-strain value is very small. It is noteworthy that for largest value of parameter D EF the shape of the apparent yield surface exhibits a large vertex. It is certain that the shape of the vertex depends on the particular form of the kinematic hardening equation, and those illustrated here do not reproduce the experimental results in Figure 2. However, in these trials the sides of the vertex in the first quadrant even resulted as straight lines, with no connection to the shape of the von Mises yield surface that was used. This is qualitatively the same result as that obtained by [START_REF] Kuroda | Use of abrupt strain path change for determining subsequent yield surface: illustrations of basic idea[END_REF] by polycrystal plasticity simulations with the Taylor model. The evolution of angle ] shown in Fig. 9b indicates that the apparent deviation from normality was also very sensitive. In all cases, angle ] seems to converge to a value close to 60°, rather than the ideally expected 90°. The moment and rate of convergence towards this value strongly depended on the kinematic hardening description and parameter values.

Fig. 9. Yield surface and non-normality evolution predicted by kinematic hardening after abrupt strain-path change, compared to the experimental results from [START_REF] Kuwabara | Use of abrupt strain path change for determining subsequent yield surface: experimental study with metal sheets[END_REF].

Effect of elasticity

In abrupt strain-path change without elastic unloading, it is also necessary to consider the possible influence of the elastic material behavior on the results. Indeed, the second strain path is characterized by very small amounts of plastic strain, in the order of magnitude of the elastic strains. Consequently, the final result may strongly depend on the interaction between the two components of the imposed strain rate. To explore the elasticity influence on the yield surface evolution and the loss of normality after abrupt strain-path change, the parameters listed in Table 7 were used. The Young's modulus values of steel and aluminum were selected along with a smaller arbitrary value of 35GPa. Fig. 10 shows the predictions of yield surface evolution and normality situation in the second loading path. In Fig. 10a, the yield surface evolution, immediately after the vertex formation, was not affected by the different values of Young's moduli. However, the yield surface further deviated outwards significantly for lower values of Young's modulus. The apparent non-normality effect was also influenced, as shown in Fig. 10b. 

Discussion

In this paper, four potential factors including rate sensitivity, isotropic hardening, kinematic hardening and elasticity have been discussed to emphasize their influence on the yield surface evolution and apparent loss of normality after abrupt strain-path change.

When rate sensitivity was considered in the model, a significant deviation from apparent normality was temporarily observed immediately after strain-path change, which then vanished. However, a permanent effect of rate sensitivity on the apparent yield surface shape and size was observed. When isotropic hardening was further considered, the apparent loss of normality became permanent. When kinematic hardening was added, the decrease of the ] angle was dramatically affected, and its value could decrease rapidly to values as small as 60° (compared to the experimentally observed 70°). Moreover, the addition of kinematic hardening significantly affected the apparent yield surface traced in stress space with the abrupt strain-path change method. The elasticity was also shown to play a role in the apparent shape of the yield surface; in particular the apparent curvature (for example, in the case of fcc alloys) seems to be affected for relatively lower values of Young's modulus.

To further discuss isotropic and kinematic hardening effects on yield surface evolution, both the abrupt strain-path change and the unloading-reloading methods were simulated. Table 8 gives the parameter values that were used. A simulation with pure isotropic hardening was compared to a second simulation with combined isotropic-kinematic hardening. Fig. 11 shows the yield surfaces determined by using both the abrupt strain-path change method and the unloading-reloading method under different plastic strain values. When only isotropic hardening is considered, the stress path for the abrupt strain-path method (solid line) and the loci of the stress points (symbols) obtained by using the unloading-reloading method at different plastic work levels are shown in Fig. 11a. The apparent yield surface after abrupt strain-path change is almost overlapped to the iso-work contour at low plastic strain. However, when kinematic hardening was taken into account in the abrupt strain-path change and unloading-reloading methods (Fig. 11b and Fig. 11c), the yield surface and iso-work contours determined by both methods did not overlap anymore. Fig. 11b and Fig. 11c can be qualitatively compared to the experimental results of [START_REF] Kuwabara | Use of abrupt strain path change for determining subsequent yield surface: experimental study with metal sheets[END_REF] (see Fig. 2). Fig. 11d shows the apparent non-normality angle evolution predicted by kinematic hardening after abrupt strain-path change using parameters in Table 8. As a disclaimer, it is noteworthy that the entire discussion in this paper is restricted to macroscopic, phenomenological modeling. Crystal plasticity provides a useful framework for a more fundamental investigation of non-normality and vertex effects, and could serve for the further development of these incipient observations. ▲

Conclusions

An associated elasto-visco-plastic model including isotropic-kinematic hardening and rate sensitivity was used to simulate a typical abrupt strain-path change method. Several apparent non-normality effects were predicted in this configuration, although the normality law was enforced in the classical plasticity model used. The material's strain rate sensitivity had a strong influence during the early transition zone after strain-path change, while the kinematic hardening significantly contributed to the apparent non-normality at a later stage. These results suggest that a certain fraction of the apparent non-normality effects observed after abrupt strain-path change is incorrectly described if kinematic hardening and rate sensitivity are neglected. Thus, when phenomenological non-normality theories are built, it is suggested that these ingredients should be taken into account, for a more discriminant identification of the real non-normality behaviour, which effectively require additional terms in the model. On the other hand, the apparent yield surface and plastic flow direction after abrupt strain-path change appear as promising and discriminant means of validation of combined hardening models.
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  Fig.1. Alternative methods for the determination of the yield surface subsequent to a pre-strain (biaxial, in this example). a) Classical approach involving pre-strain of a series of biaxial samples, elastic unloading, preparation of samples for subsequent loading, and re-loading under different strain paths until plastic yield. b) Application of an abrupt strain-path change after pre-strain, without unloading, recording the trace of the loading point in stress space.

Fig. 3 .

 3 Fig. 3. Schematic illustration of (a) apparent non-normality situation after abrupt strain-path change and definition of angle β ; (b) experimentally observed non-normality for A6XXX-T4 and (c) SPCE in

Fig. 4 .

 4 Fig. 4. Uniaxial tensile stress components for (a) only isotropic hardening and (b) combined isotropic with kinematic hardening.

Fig. 5 .

 5 Fig. 5. Yield surface evolution and non-normality effect influenced by the rate sensitivity parameter k * during second loading path.

Fig. 6 .

 6 Fig. 6. The overstress σ * and equivalent plastic strain rate as predicted during the second loading path for different values of parameter k * , and their consequences on the stress trajectory and apparent non-normality.

(

  

Fig. 7 .

 7 Fig. 7. Yield surface evolution affected by the isotropic hardening slope and normality situation variations in the abrupt strain-path change.

Fig. 8 .

 8 Fig. 8. Yield surface evolution affected by the isotropic hardening curvature and normality situation variations in the abrupt strain-path change.

Fig. 10 .

 10 Fig. 10. Yield surface and non-normality evolution investigated by different Young's modulus values after the abrupt strain-path change.

Fig. 11 .

 11 Fig. 11. Yield surface evolution determined by using the abrupt strain-path change method (solid line) and the unloading-reloading method (symbols), under different plastic strain values, with only isotropic hardening (a) and isotropic-kinematic hardening (b and c). Black symbols ( ) indicate values of equivalent plastic strain along the stress contour after strain-path change. Non-normality evolution predicted by kinematic hardening after abrupt strain-path change (d).

Table 2 .

 2 The material parameters used in rate sensitivity simulations. Hardening parameters

Table 4 .

 4 Isotropic hardening parameters for the investigation of the hardening curve slope effect.

	IH slope Ref	(MPa) 600	* I 0.02	L 0.4	J = * I + * + () Q 160	[ J [* + () ⁄ 1742	[ J [ * + () \ -28453
	0.5× Ref	269	0.0095 0.143	160	871	-28453
	2× Ref	1896	0.0167 0.727	160	3484	-28453
	4× Ref	5471	0.0043 0.914	160	6968	-28453

Table 5 .

 5 Isotropic hardening parameters for the investigation of the hardening curve curvature effect.

	IH curvature Ref	(MPa) 600	* I 0.02	L 0.4	J = * I + * + () Q 160	[ J [* + () ⁄ 1742	[ J [ * + () \ -28453
	0.5× Ref	862	0.036	0.571	160	1742	-14226.5
	2× Ref	411	0.0062	0.25	160	1742	-56906
	4× Ref	297	-0.0036 0.143	160	1742	-113824

Table 6 .

 6 Kinematic hardening parameters used in yield surface prediction and non-normality evolution.

	# 1	(GPa) 70	(MPa) 600	* I 0.02	L 0.4	* * 0.1	9 * 20	C 100	D EF (MPa) 50
	2	70	600	0.02	0.4	0.1	20	100	100
	3	70	600	0.02	0.4	0.1	20	100	150

Table 7 .

 7 Material parameters used in elasticity investigation to predict yield surface evolution and loss of normality.

	# 1	(GPa) 35	(MPa) 600	* I 0.02	L 0.4	* * 0.1	9 * 20	C 100	D EF (MPa) 50
	2	70	600	0.02	0.4	0.1	20	100	50
	3	210	600	0.02	0.4	0.1	20	100	50

Table 8 .

 8 Parameters applied in abrupt strain-path change method and unloading-reloading method to predict yield surface evolution.

	# 1	(GPa) 70	(MPa) 600	* I 0.02	L 0.4	* * 0.1	9 * 20	C 0	D EF (MPa) 0
	2	70	600	0.02	0.4	0.1	20	100	75
	3	70	600	0.02	0.4	0.1	20	850	50
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