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Twinning has been incorporated into a crystal plasticity model with the regularized Schmid law. In order to account for the appearance of twin-related orientations, a new probabilistic twin reorientation scheme that maintains the number of reoriented grains consistent with the accumulated deformation by twinning within the polycrystalline element, has been developed. A hardening rule describing slip-twin interactions has been also proposed. Model predictions concerning material response and texture evolution have been analyzed for fcc materials of low stacking fault energy.

Introduction

For metals which deform plastically by crystallographic slip, the constitutive framework to study material response and texture evolution at large plastic deformations by means of crystal plasticity is well established. There exist rate-dependent formulations originating in [START_REF] Asaro | Textured development and strain hardening in rate dependent polycrystals[END_REF] and developed in (Kalidindi et al., 1992;[START_REF] Lebensohn | A self-consistent anisotropic approach M A N U S C R I P T A C C E P T E D ARTICLE IN PRESS for the simulation of plastic deformation and texture development of polycrystals: Application to zirconium alloys[END_REF][START_REF] Marin | Elastoplastic finite element analyses of metal deformations using polycrystal constitutive model[END_REF][START_REF] Nemat-Nasser | A constitutive model for fcc crystals with application to polycrystalline ofhc copper[END_REF] and rate-independent models originating in [START_REF] Asaro | Crystal plasticity[END_REF][START_REF] Hill | Constitutive analysis of elastic-plastic crystals at arbitrary strain[END_REF] and developed e.g. in [START_REF] Anand | A computational procedure for rate independent crystal plasticity[END_REF][START_REF] Delannay | Prediction of intergranular strains in cubic metals using a multisite elastic-plastic model[END_REF]. Within the rate-independent formulation of crystal plasticity, the known computational difficulty related to the selection of active slip systems and uniqueness of plastic flow exists, which is addressed in different ways, the oldest ones being the minimum internal work principle or the maximum plastic dissipations principle due to [START_REF] Taylor | Plastic strain in metals[END_REF] and Bishop and Hill (1951a;1951b), respectively (see reviews on that issue in [START_REF] Anand | A computational procedure for rate independent crystal plasticity[END_REF][START_REF] Busso | On the selection of active slip systems in crystal plasticity[END_REF][START_REF] Havner | Finite Plastic Deformation of Crystalline Solids[END_REF]Van Houtte et al., 2005)). One of the remedies for the problem was proposed in [START_REF] Gambin | Plasticity of crystals with interacting slip systems[END_REF], where a crystal plasticity model with the regularized Schmid law was formulated. In its mathematical structure, the model is similar to the rate-dependent formulation with the power-law relating the rate of slip on the considered slip system to the corresponding resolved shear stress [START_REF] Asaro | Textured development and strain hardening in rate dependent polycrystals[END_REF] but it is independent of the assumed time scale. The model proved to produce acceptable results concerning texture evolution and material response of fcc metals for different deformation paths [START_REF] Kowalczyk | Evolution of plastic anisotropy of the polycrystalline materials in large deformation processes[END_REF][START_REF] Kowalczyk | Model of plastic anisotropy evolution with texture-dependent yield surface[END_REF][START_REF] Kowalczyk-Gajewska | Micromechanical modelling of polycrystalline materials under non-proportional deformation paths[END_REF].

In the paper, the constitutive model of single grain presented in [START_REF] Gambin | Plasticity of crystals with interacting slip systems[END_REF][START_REF] Gambin | Refined analysis of elastic-plastic crystals[END_REF][START_REF] Kowalczyk | Model of plastic anisotropy evolution with texture-dependent yield surface[END_REF] has been modified to incorporate
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twinning. In order to account for the appearance of twin-related orientations a new reorientation scheme, a Probabilistic Twin Volume Consistent (PTVC) scheme, has been developed. It maintains the number of reoriented grains consistent with the accumulated deformation by twinning within the polycrystalline element. A hardening rule describing slip-twin interactions has been also proposed. Model predictions concerning material response and texture evolution have been analyzed for low stacking fault energy (SFE) fcc materials. It is concluded that the results obtained by the developed model are in good accordance with experiments. The performance of the developed reorientation scheme has been compared to the [START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF] modification of [START_REF] Van Houtte | Simulation of the rolling texture and shear texture of brass by the Taylor theory adapted for mechanical twinning[END_REF] scheme. It has been also incorporated into the visco-plastic self-consistent (VPSC) model of [START_REF] Lebensohn | A self-consistent anisotropic approach M A N U S C R I P T A C C E P T E D ARTICLE IN PRESS for the simulation of plastic deformation and texture development of polycrystals: Application to zirconium alloys[END_REF].

Motivation

Though in the case of metals of medium and high SFE (like copper or aluminum), dislocation slip is the main mechanism of plastic deformation at room temperature, experiments indicate ( [START_REF] Asgari | a. A theory of the plastic distortion of a polycrystalline aggregate under combined stresses[END_REF][START_REF] El-Danaf | Influence of deformation path on the strain hardening behavior and microstructure evolution in low M A N U S C R I P T A C C E P T E D ARTICLE IN PRESS sfe fcc metals[END_REF][START_REF] Heye | The formation of the rolling textures in fcc metals by slip and twinning[END_REF][START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF] that for low SFE metals like brass, MP35N alloy or Hadfield steel, the effect of mechanical twinning is significant. As it was discussed in the literature [START_REF] Asgari | a. A theory of the plastic distortion of a polycrystalline aggregate under combined stresses[END_REF][START_REF] El-Danaf | Influence of deformation path on the strain hardening behavior and microstructure evolution in low M A N U S C R I P T A C C E P T E D ARTICLE IN PRESS sfe fcc metals[END_REF], 2000;[START_REF] English | On the variation of wire texture with stacking fault energy in f.c.c. metals and alloys[END_REF][START_REF] Heye | The formation of the rolling textures in fcc metals by slip and twinning[END_REF][START_REF] Kalidindi | Modeling anisotropic strain hardening and deformation textures in low stacking fault energy fcc metals[END_REF][START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF], the main issues and challenges involved in modelling of low SFE metals are differences in deformation textures, especially in plane strain compression (the copper-type texture vs. the brasstype texture), as compared to high SFE metals (e.g. copper or aluminum)
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and strong differences in the strain-stress behaviour of materials in different deformation paths. In the literature these facts are mainly attributed to the activity of twinning mechanism, via the volume effect [START_REF] Heye | The formation of the rolling textures in fcc metals by slip and twinning[END_REF][START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF][START_REF] Van Houtte | Simulation of the rolling texture and shear texture of brass by the Taylor theory adapted for mechanical twinning[END_REF] or via the microstructural effect [START_REF] Leffers | The relation between texture and microstructure in rolled fcc materials[END_REF][START_REF] Leffers | The brass-type texture and its deviation from the copper-type texture[END_REF][START_REF] Leffers | Calculated and experimental orientation distributions of twin lamellae in rolled brass[END_REF])), or to the influence of shear banding [START_REF] Duggan | Deformation structures and textures in cold-rolled 70:30 brass[END_REF][START_REF] El-Danaf | Influence of deformation path on the strain hardening behavior and microstructure evolution in low M A N U S C R I P T A C C E P T E D ARTICLE IN PRESS sfe fcc metals[END_REF], 2000;[START_REF] Kalidindi | Modeling anisotropic strain hardening and deformation textures in low stacking fault energy fcc metals[END_REF]. Moreover, in [START_REF] Kalidindi | Modeling anisotropic strain hardening and deformation textures in low stacking fault energy fcc metals[END_REF] a simple model of shear banding in plane strain compression was developed in which initiation of micro-shear banding was correlated with the volume fraction of twins. This hypothesis was supported by the experimental observations of [START_REF] Asgari | a. A theory of the plastic distortion of a polycrystalline aggregate under combined stresses[END_REF]. They found that the production of extremely thin deformation twins led to the reduction of slip-length and consequently, to the stress concentration at the twin-matrix interface. The level of stress concentration was supposed to be so high that dislocations eventually cut through the twins and resulted in initiation of micro-scale shear banding. The hypothesis of massive initiation of micro-scale shear banding for some critical volume fraction of primary twins [START_REF] Kalidindi | Modeling anisotropic strain hardening and deformation textures in low stacking fault energy fcc metals[END_REF] allows one to relate two explanations for differences in the behaviour of low and high SFE metals: increasing volume fraction of twins formed due to continuing strain path changes leads to the initiation of micro-shear banding and destabilization of microstructure. This hypothesis is not far from the arguments of [START_REF] Leffers | The relation between texture and microstructure in rolled fcc materials[END_REF] who suggested that the formation of the brass-type texture was not the volume effect of the appearance of twin-related orientations itself but rather the result of planar flow induced by the developed lamellar microstructure which eventually may lead to the micro-shear banding. The latter explanation is supported by experimental measurements which show that the twin volume fraction in the considered materials is insufficient for the
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development of the brass-type texture only via contribution of twins to the texture image [START_REF] Leffers | The brass-type texture and its deviation from the copper-type texture[END_REF][START_REF] Leffers | Calculated and experimental orientation distributions of twin lamellae in rolled brass[END_REF]. For a recent extensive review on the issue of transition from the copper-type texture to the brass-type texture, one is referred to [START_REF] Leffers | The brass-type texture and its deviation from the copper-type texture[END_REF] where also a vast collection of literature on the subject is provided.

Twinning mechanism is also a significant mechanism of plastic deformation at room temperature in the case of hcp materials such like magnesium, zirconium or Ti alloys [START_REF] Agnew | Application of texture simulation to understanding mechanical behaviour of Mg and solid solution alloys containing Li or Y[END_REF][START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF][START_REF] Kaschner | Role of twinning in the hardening response of zirconium during temperature reloads[END_REF][START_REF] Salem | Strain hardening due to deformation twinning in α-titanium: Constitutive relations and crystal plasticity modeling[END_REF][START_REF] Staroselsky | A constitutive model for hcp materials deforming by slip and twinning: application to magnesium alloy AZ31[END_REF] and intermetallics [START_REF] Fischer | Mechanical twins, their development and growth[END_REF][START_REF] Marketz | On the role of twinning during room temperature deformation of γ-TiAl based alloys[END_REF][START_REF] Mecking | Taylor factors in materials with many deformation modes[END_REF]. For these materials, twinning enables to compensate for the lack of five independent slip systems required for a general shape change of volume elements. Initiation of twinning is therefore beneficial for the stress reduction and enhancement of ductility.

Modelling issues

In modelling of twinning, as compared to modelling of a crystallographic slip, one should account for its polarized character (uni-directionality), the appearance of new twin-related orientations within the grain and its influence on the hardening phenomenon. The early works on that issue were done by [START_REF] Chin | Accomodation of constrained deformation in f.c.c. metals by slip and twinning[END_REF] and [START_REF] Van Houtte | Simulation of the rolling texture and shear texture of brass by the Taylor theory adapted for mechanical twinning[END_REF]. Nowadays growing interest in hcp metals such as magnesium or titanium alloys and intermetallics characterized by high specific stiffness, resulted in development of rate-dependent models, e.g. [START_REF] Kalidindi | Incorporation of twinning in crystal plasticity models[END_REF][START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF][START_REF] Lebensohn | Plastic flow of γ-TiAl-based polysynthetically twinned crystals: micromechanical modelling and experimental validation[END_REF] and rate-independent models, e.g. (Staroselsky andAnand, 1998, 2003) of crystal plasticity accounting for twinning. Some details of these formulations This condition states that in the moment when the maximum increment of volume fraction ∆f r over r = 1, ...N of twins accumulated in all possible twin systems in the considered strain increment is greater than a certain number ξ, the crystallographic orientation of the considered crystal is replaced by the twin-related orientation. The number ξ is randomly generated from the set [ξ 0 , 1] and 0 < ξ 0 < 1. Consequently, at each stage of the calculations, the grain has a unique orientation corresponding to the matrix one or to the twinrelated one (it is not subdivided into matrix and twin parts). Which of these two orientations is selected is decided with use of the outlined probabilistic reorientation condition. The applied method enables one to avoid increasing the number of orientations during modelling of deformation process; however, it requires initially a larger number of orientations to model the aggregate in a statistically meaningful sense [START_REF] Tome | A model for texture development dominated by deformation twinning: application to zirconium alloy[END_REF]. Moreover, as the condition takes into account the increment of twinning shear in the recent deformation step, it may happen that reorientation will not take place according to the most active twin system during the whole deformation process. The other drawback of the method is the fact that the volume fraction of reoriented grains does not follow exactly the accumulated volume fraction of twins resulting from the description of twinning activity in the aggregate. The Van Houtte method was modified by [START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF]. There the
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reorientation condition is formulated with use of the maximum of the total volume fractions of twins f r accumulated during the whole deformation process up to the considered time step, so the condition takes into account the history of deformation by twinning, though the volume fraction of twin-related orientations in the aggregate is inconsistent with the predicted accumulated deformation by twinning (see Sec. 3).

The other methods developed to account for twin-related orientations in computations of texture evolution were discussed in [START_REF] Tome | A model for texture development dominated by deformation twinning: application to zirconium alloy[END_REF] and [START_REF] Kalidindi | Incorporation of twinning in crystal plasticity models[END_REF]. In [START_REF] Tome | A model for texture development dominated by deformation twinning: application to zirconium alloy[END_REF] two ways of tackling the issue were proposed. The first proposal, called a Predominant Twin Reorientation (PTR) scheme, replaces the probabilistic reorientation condition by the deterministic one. In this scheme the threshold value in the reorientation condition depends on: the total volume fraction of twins accumulated as the deformation proceeds in the whole polycrystalline element, the volume fraction of grains that were reoriented in the calculation up to the considered deformation step, and two constants identified in single crystal experiments. The procedure maintains the twinned volume fraction at a level that is consistent with shear activity of twins contributing to the deformation, however, similarly to Van Houtte's condition and its modification due to [START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF], requires a larger number of grains to model the aggregate. Moreover, the identification of two additional constants is needed. This criterion of reorientation was used in [START_REF] Agnew | Application of texture simulation to understanding mechanical behaviour of Mg and solid solution alloys containing Li or Y[END_REF][START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF][START_REF] Kaschner | Role of twinning in the hardening response of zirconium during temperature reloads[END_REF]. The second proposal, called a Volume Fraction Transfer scheme, is the part of an alternative method of computing the texture evolution. In this method, during the deformation process the set of orientations remains fixed while the associated volume fractions are allowed to evolve. Note that for both these schemes the decision about the reorientation requires the analysis of the All these methods are formally capable of prediction of secondary and subsequent twinning events. The question, if such events are really admitted for the considered material and the deformation process, is decided by the description of mechanical characteristics of the grain after reorientation due to twinning (see discussion further in this section and Sec. 2.2).

In [START_REF] Kalidindi | Incorporation of twinning in crystal plasticity models[END_REF] the time-integration scheme for crystal plasticity equations has been formulated in which all calculations are performed in a relaxed configuration. In order to account for twinning, the matrix grain orientation and all the twin-related orientations are predefined in this configuration in terms of the initial orientation of a lattice. The isodeformation gradient assumption for the twinned and untwinned regions of the grain is applied and the stress is calculated as the volume average of the stresses different in these regions. As the deformation proceeds, the volume fractions of twinned regions increase. The matrix part of the grain deforms plastically by slip and twinning while twinning is not allowed in the twinned regions. An implicit assumption in this model is that all of the twinned regions of the crystal belonging to a particular twin system would have a single lattice orientation in the current configuration, independently of the instances when they are created. This model could be applied to the FE model of polycrystal. Progressive growth of a twin inside the parent grain has been also accounted for by the so-called composite grain model developed in [START_REF] Proust | Modeling texture, twinning and hardening evolution during deformation of hexagonal materials[END_REF]. These two more accurate descriptions have been achieved by introduction of an additional level of microstructure what increases the computational cost.
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Constitutive description

In the conventional crystal plasticity slip on the considered slip system, defined by a unit normal n r to the slip plane and a slip direction m r , is initiated when the resolved shear stress τ r = m r • σ • n r reaches the critical value τ r c . Chin and coworkers were the first who applied a similar condition for twinning initiation [START_REF] Chin | Accomodation of constrained deformation in f.c.c. metals by slip and twinning[END_REF][START_REF] Christian | Deformation twinning[END_REF][START_REF] Fischer | Mechanical twins, their development and growth[END_REF]. This condition was later confirmed by experiments. Initiation and selection of an active twin system was recently studied in the so-called "latent hardening experiments" performed on fcc single crystals by [START_REF] Szczerba | Is there a critical resolved shear stress for twinning in face-centered cubic crystals?[END_REF]. Using the results, the Schmid rule for twinning initiation was expressed in the form of three conditions that have to be simultaneously satisfied:

• the ratio of the resolved shear stress to the critical shear stress of a twin system, τ l /τ l c , is greater than that of any other slip system,

• τ l is greater than a minimum stress τ l c0 necessary for twinning to occur,

• τ l satisfies the sense of a twin shear that is

τ l = m l • σ • n l > 0,
where σ is the Cauchy stress, while m l and n l denote a twinning shear direction and a unit normal to the twinning shear plane, respectively.

Slip occurs by motion of dislocations that have to overcome both the shortrange and long-range obstacles. Accumulation of dislocations makes its further movement more and more difficult. This qualitative description of physical nature of slip is captured in the framework of crystal plasticity by the hardening rule for the critical resolved shear stress τ r c . The evolution of τ r c depends also on the interactions between slip and twin systems [START_REF] Kalidindi | Modeling anisotropic strain hardening and deformation textures in low stacking fault energy fcc metals[END_REF][START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF][START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF]. As it is observed in experiments [START_REF] Asgari | a. A theory of the plastic distortion of a polycrystalline aggregate under combined stresses[END_REF][START_REF] El-Danaf | Influence of deformation path on the strain hardening behavior and microstructure evolution in low M A N U S C R I P T A C C E P T E D ARTICLE IN PRESS sfe fcc metals[END_REF][START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF], twin boundaries can be treated as grain boundaries, especially with increasing strain.
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Near twin boundaries dislocations in the matrix form pile-ups leading to stress concentrations. Therefore, it is believed that this geometrical constraint on deformation in the form of matrix-twin interfaces, provides the high strain hardening especially for the non-coplanar slip and twin systems. In [START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF] it was also reported that in most low SFE fcc materials with high concentration of solute atoms, twins cluster to form bundles a few tenths to a few micrometers thick with thin layers of matrix between them. These twins do not grow to form thicker twins and they are stable after unloading. Also [START_REF] Asgari | a. A theory of the plastic distortion of a polycrystalline aggregate under combined stresses[END_REF] report that twinning is initiated after some amount of initial strain, and then the twin content steadily increases, but at larger strains it appears to reach the saturation value considerably lower than one. Modelling of hardening in the presence of twinning remains an open issue. Some proposals were outlined in [START_REF] Kalidindi | Modeling anisotropic strain hardening and deformation textures in low stacking fault energy fcc metals[END_REF][START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF][START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF] and for hexagonal materials in [START_REF] Kaschner | Role of twinning in the hardening response of zirconium during temperature reloads[END_REF][START_REF] Kaschner | Exploring the dislocation/twin interactions in zirconium[END_REF][START_REF] Proust | Modeling texture, twinning and hardening evolution during deformation of hexagonal materials[END_REF]. The point of departure for the hardening rule developed in this paper is the [START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF] proposal. In their model, a geometrical effect of twin boundaries on hardening is accounted for by a term which is proportional to f /(1 -f ) where f is the current volume fraction of twins.

The corresponding proportionality factor is specified by the constant K 0 and the inverse of the average thickness of twin lamellae t. When polycrystalline materials are considered, an additional term is introduced which depends on the average grain size d. Thus one finds two length-scale parameters present in this model: t and d.

Usage of the reorientation condition requires also to decide if slip and twinning may take place in the grains reoriented by twinning (that is if secondary twinning events are possible) and what is the level of slip and twin resistances after the reorientation. In the early works on modelling of twinning within the
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large strain formalism [START_REF] Tome | A model for texture development dominated by deformation twinning: application to zirconium alloy[END_REF][START_REF] Van Houtte | Simulation of the rolling texture and shear texture of brass by the Taylor theory adapted for mechanical twinning[END_REF] coupling between twinning and a hardening phenomenon was not considered. Experimental observations of [START_REF] Asgari | a. A theory of the plastic distortion of a polycrystalline aggregate under combined stresses[END_REF] and [START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF] indicate that twinning and slip within the twinned regions is at least more difficult than in the untwinned part and, moreover, slip in the twinned regions can be severely restricted to the planes that are coplanar with the matrix-twin boundary. In [START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF], the values of τ r c for all twin systems assume the values equal to the value of τ c for the twin system, according to which the reorientation takes place while the values of τ r c for all slip systems assume the value of τ c for the slip system coplanar with the reorientation twin system.

According to these formulations, twinning is admissible in the re-orientated grains what corresponds to the possibility of twinning in the twinned part of the grain. In [START_REF] Kalidindi | Incorporation of twinning in crystal plasticity models[END_REF][START_REF] Kalidindi | Modeling anisotropic strain hardening and deformation textures in low stacking fault energy fcc metals[END_REF] twinning was enabled only in the matrix part of the considered grain. In [START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF] the values of slip and twin resistances were increased by 20% in the reoriented grains.

2 Constitutive model of single crystal

Kinematics description

The rigid-plastic rate-independent model is considered. The large strain formulation of the crystal plasticity theory is applied [START_REF] Anand | A computational procedure for rate independent crystal plasticity[END_REF][START_REF] Asaro | Crystal plasticity[END_REF]. The multiplicative decomposition of the total deformation gradient into the elastic part and the plastic part F p is used. In the analysis, the elastic stretches are negligible as compared to the plastic strains so that the As far as twinning is concerned, similarly to slip it is also realized by simple shear; however, in this case only some volume fraction of a matrix grain is sheared on the specified twin plane in the specified twin direction with the specified amount of shear γ T . As a result, the twinned sub-grain is formed. By 'specified' plane, direction or an amount of shear we mean that these quantities are determined by the lattice geometry. For example, in the case of fcc materials γ T = 1/ √ 2 and there are 12 twin systems specified by {111} < 211 >.

Contrary to the slip mechanism, twinning is unidirectional. As it is explained in [START_REF] Fischer | Mechanical twins, their development and growth[END_REF], due to the lattice geometry much more energy is needed to move an atom in a reverse direction. The twinned volume fraction has a different, but specified lattice orientation with respect to the matrix grain, though the lattice orientation in the matrix grain is also unaltered. In the case of fcc metals, the crystallographic direction a T W in the twinned part of the grain is related to the corresponding crystallographic direction a M in the matrix grain via the relation (Van Houtte, 1978)

a T W = R T W a M = (2n ⊗ n -I)a M (2.1) M A N U S C R I P T A C C E P T E D ARTICLE IN PRESS
where n is the unit normal to the twinned plane. Note that the orthogonal tensor R T W describes the rotation around n by the angle π. For more facts concerning twinning see the review [START_REF] Christian | Deformation twinning[END_REF].

In order to account for twinning in the developed crystal plasticity model we follow the standard procedure [START_REF] Chin | Accomodation of constrained deformation in f.c.c. metals by slip and twinning[END_REF][START_REF] Kalidindi | Incorporation of twinning in crystal plasticity models[END_REF][START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF]. Twinning is described as a uni-directional slip mode. The rate of pseudo-slip γl (t) is connected with the rate of volume fraction ḟ l of the twinned part created by the twin system l according to the formula

γl (t) = γ T ḟ l . (2.2)
The plastic part of the velocity gradient is then described as follows:

L p = 2M k=1 γk (s) m k ⊗ n k + N l=1 γl (t) m l ⊗ n l = 2M +N r=1 γr m r ⊗ n r . (2.3)
To unify the description of slip and twinning mechanisms in the above formula, the slip in m is distinguished from the slip in -m direction and γr denotes the rate of shear in the r-th deformation mode. It should be noted that the total volume fraction of twins created within the matrix grain in all twin systems should not exceed one, that is

f T = N l=1 f l = 1 γ T W N l=1 γ l (t) ≤ 1. (2.4)
On the basis of experimental observations, some authors argue that when a certain initial plastic strain is achieved, the twin volume fraction will be steadily increasing but at larger strains it will reach a saturation value considerably lower than one [START_REF] Asgari | a. A theory of the plastic distortion of a polycrystalline aggregate under combined stresses[END_REF][START_REF] Kalidindi | Modeling anisotropic strain hardening and deformation textures in low stacking fault energy fcc metals[END_REF][START_REF] Salem | Strain hardening due to deformation twinning in α-titanium: Constitutive relations and crystal plasticity modeling[END_REF].

As it was discussed in the introduction, one of the issues connected with modelling of twinning in the context of texture evolution is accounting for the
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appearance of new twin-related orientations. In this paper a new method, the PTVC scheme, which originates in the Van Houtte reorientation condition is developed. It takes into account the history of the deformation process and maintains the twinned volume fraction at a level that is consistent with shear activity of twins contributing to the deformation. On the other hand, contrary to the PTR scheme, the PTVC scheme does not require the analysis of the whole polycrystalline aggregate and the identification of any additional constants or parameters. Similarly, as in the case of Van Houtte's and PTR schemes, initially the number of grains in the aggregate must be larger than in simulations of crystal plasticity without twinning. It must be also stressed that since the grain is reoriented instantaneously, the model does not account for a growth of a twin inside the grain as in more advanced model of [START_REF] Kalidindi | Incorporation of twinning in crystal plasticity models[END_REF] and [START_REF] Proust | Modeling texture, twinning and hardening evolution during deformation of hexagonal materials[END_REF].

The idea of the proposed criterion is to preserve the probability of reorientation for the considered deformation level as close as possible to the current volume fraction of twins in the grain. Assume that the reorientation condition is checked each time the volume fraction of twins f T (2.4) increases by ∆f .

Initially, when f T = ∆f , the threshold value ξ is polled randomly from the set [0, 1] (ξ 0 = 0). If we follow the Staroselsky and Anand (1998) modification of the Van Houtte (1978) concept, ξ is each time polled from [ξ 0 = 0, 1]; it may be shown that the probability of reorientation in the k-th step (that is when f T k = k∆f ) under the condition that reorientation has not taken place in previous steps, is

p (k) reorient = k-1 i=0 (1 -i∆f ) k∆f (2.5)
while the total probability of reorientation in n steps (so the reorientation in
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reorient .

(2.6)

It is easy to note that depending on the frequency of checking the reorientation condition, sooner or later the probability of reorientation will inevitably approach one, independently of the current volume fraction of twins. This moment is retarded if the threshold value is polled from the set

[ξ 0 > 0, 1].
Therefore, it is proposed to poll the threshold value ξ from the set [0, Ψ t ] which varies as deformation proceeds and it is adjusted in a way to fulfill

pt (t) reorient = f T t , (2.7) that is to maintain pt (t)
reorient for the time step t consistent with the current volume fraction of twins f T t . Fig. 2 presents the diagrams allowing us to assess the Ψ t value with use of a rule of mathematical induction. In order to fulfill requirement (2.7), the following equation must be true:

pt (τ ) reorient + qt (τ ) reorient f T t Ψ t = pt (t) reorient =⇒ f T τ + (1 -f T τ ) f T t Ψ t = f T t , (2.8) 
which enables us to specify Ψ t as

Ψ t = f T t 1 -f T τ f T t -f T τ (2.9)
with the additional assumption that the reorientation condition is checked only if f T t > f T τ and τ denotes the previous time step. Summing up, the grain will be reoriented at the considered deformation level if the current accumulated volume fraction of twins f T t is greater than ξ randomly polled from the set

[0, Ψ t ].
When the condition is true, the whole crystal is reoriented according to the twin system for which the value of f l (l = 1, .., N) is maximum and then all the volume fractions f l and the total volume fraction f T are re-initialized
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It must be noted that, since reorientation takes place according to the most active twin system, the orientations of the twinned regions corresponding to other twin systems are lost. However, with only a small modification of the procedure one may account also for these orientations. To achieve this goal if the reorientation condition is true, the second polling procedure is performed.

This time the number ξ 2 is polled from the set

[0, 1]. If ξ 2 < (f r,max /f T ) then
the reorientation is performed as previously, otherwise it takes place according to the second most active twin system from the point of view of shear activity.

Similarly to the original Van Houtte method, the PTVC scheme is formally capable of predicting secondary and subsequent twinning events.

Constitutive equations

In this paper the crystal plasticity model with the single yield surface known also as the regularized Schmid law is used [START_REF] Gambin | Refined analysis of elastic-plastic crystals[END_REF][START_REF] Kowalczyk | Model of plastic anisotropy evolution with texture-dependent yield surface[END_REF]. This yield surface has the following form:

F (σ) = 1 2n 2M +N r=1 τ r τ r c 2n - m 2n = 0.
(2.10)

In order to account for uni-directionality of twinning, and to unify the description of slip and twin mechanisms for the computational reasons, the definition of τ r has been modified as follows:

τ r = m r • σ • n r , where < x >=                x if x > 0, 0 if x ≤ 0.
(2.11)

Moreover, the definition of a parameter m has to be modified (compare the original formulation in [START_REF] Gambin | Refined analysis of elastic-plastic crystals[END_REF]). This parameter describes the size of
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the yield surface and it is now calculated as

m = 1 2M + N 2M +N q=1 2M +N r=1 2 τ q c τ c P q • P r 2n
(2.12) and

τ q c = min r τ r c 2 < P q • P r > , P q • P r > 0 (2.13)
where P r is the symmetrized diad m r ⊗ n r . This definition of m enables to make the size of the yield surface close to the Schmid polyhedron. Note that such modification of m is also beneficial for the description of materials with significantly different values of τ r c for different slip systems.

The following flow rule for the plastic part of strain rate tensor D p is associated with the yield surface (2.10)

D p = λ 2M +N r=1 1 τ r c τ r τ r c 2n-1 P r . (2.14)
Note that a shear rate on the considered slip system or a rate of pseudo-slip on twin system can be identified as

γr = λ 1 τ r c τ r τ r c 2n-1 ;
(2.15) therefore, the plastic spin is calculated as follows

Ω p = λ 2M +N r=1 1 τ r c τ r τ r c 2n-1 W r , (2.16)
where W r is the skew-symmetric part of m r ⊗ n r . The function λ is the nonnegative plastic multiplier which is derived from the consistency condition for the yield surface (2.10). In its mathematical structure this model is similar to the rate-dependent formulation of [START_REF] Asaro | Textured development and strain hardening in rate dependent polycrystals[END_REF] where the equation analogous to (2.15) has the form

γr = v 0 τ r τ r c 2n-1
.

(2.17)
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However, the reference velocity v 0 , which is a material parameter in the latter approach, is replaced by λ. Therefore, similarly like in the classical plasticity theory the model is rate-independent.

Following the reasoning presented in [START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF] and taking into account the invoked experimental observations, the following form of the hardening rule is proposed: and twin-twin types. These matrices have been assumed as follows:

τ r c = H r ( 
h (αβ) rq = q (αβ) + (1 -q (αβ) )|n r • n q |.
(2.20)

Thanks to the applied form it is possible to distinguish between the hardening due to slip or twinning on coplanar and non-coplanar systems, where q (αβ) describe the corresponding latent-hardening ratios. The functions H r (αβ)

describe the hardening of the r-th slip system or the r-th twin system due to activity of other slip or other twin systems. These functions are here assumed as follows. For the hardening of the r-th slip system due to activity of slip systems the Voce-type law with saturation is prescribed in the form used by (Kalidindi et al., 1992), namely

H r (ss) = h ss 0 1 - τ r c τ r sat α .
(2.21)

This law accounts for the athermal statistical storage of moving dislocations and dynamic recovery. Quantities h ss 0 , τ r sat and α are material parameters. For
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the hardening of r-th slip system due to twinning activity, the following rule is used:

H r (st) = h st 0 τ r c f T f st sat -f T (2.22)
that accounts for geometrical effects of twin boundaries in reducing the main free path (mfp) distance. Quantities h st 0 and f st sat ≤ 1 are material parameters.

At this stage, the hardening of twin systems due to slip activity is neglected or accounted for by the simplified linear law (H r (ts) = const), while the hardening of the r-th twin system due to activity of twin systems is assumed similarly as in (2.22)

H r (tt) = h tt 0 τ r c f T f tt sat -f T .
(2.23)

The formulation of evolution equations (2.22) and (2.23) follows the concept of [START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF] leading to the same variation of τ c with increasing twin volume fraction; however, introduction of a parameter f tt sat < 1 enables one to describe the saturation of the volume fraction of twins below one.

Schematically evolution of τ c due to slip activity and twin activity is presented in Fig. 3 The applied hardening scheme without taking into account the reorientation works as follows. Suppose that slip is initiated for the lower level of stress than twinning, then f T for some time remains zero while the material hardens according to the rule (2.21), Fig. 3a. If H r ts = 0, twin resistance is kept constant and eventually it is lower than active slip resistance, so twinning is
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It corresponds to the initial part of the process when plastic deformation is supposed to occur predominantly by slip. After the initiation, due to the applied hardening form, twinning is favored with respect to slip until the twin volume fraction approaches f sat , Fig. 3b. This corresponds to the strain regime for which twinning is observed. Then, after saturation of twinning, again slip will be favored. Note that the number of parameters in the developed hardening rule is similar or even reduced as compared to the existing approaches [START_REF] Kalidindi | Modeling anisotropic strain hardening and deformation textures in low stacking fault energy fcc metals[END_REF][START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF][START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF].

Concerning the constitutive descriptions of a grain after reorientation due to twinning, the experimental observation indicating increase of its resistance to deformation are taken into account (see Sec 1.2). Consequently, in the proposed model the values of τ r c for all twin systems are equal to the value of kτ q c , k > 1 for the twin system q, according to which the reorientation takes place and the value of τ r c for all slip systems which are non-coplanar with the reorientation twin system assumes the value higher than for the slip system coplanar with the reorientation twin system. In this case twinning in the twinned grains (that is secondary twinning) can be impossible (k ≫ 1) or at least very difficult to occur.

Description of polycrystal

The presented analysis is performed at the material point at the level of a polycrystalline sample. As the representative volume element (RVE) for this macroscopic material point, the grain aggregate composed of NGR grains, with the imposed initial distribution of lattice orientations, is assumed.

First, as a micro-macro transition rule the Taylor hypothesis is applied
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assuming that the velocity gradient L g in every grain is the same and equal to the macroscopic velocity gradient L. The macroscopic stress is calculated as follows:

Σ = N GR g=1 ν g σ g (2.24)
where ν g is the volume fraction of grains with the orientation g in RVE. The

Taylor model has an appealing virtue of computational simplicity and it proved to give results of first-order agreement with experiments in many analyses of single-phase fcc materials [START_REF] Kalidindi | Macroscopic shape change and evolution of crystallographic texture in pre-textured fcc metals[END_REF][START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF], especially concerning the texture evolution and the polycrystal response for large strain regime. Therefore, it is a natural first step for studying the prediction ability of the proposed models. It is also used here in order to compare the results with those of [START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF] as far as prediction of the brass-type texture is concerned. Note that also in [START_REF] Kalidindi | Incorporation of twinning in crystal plasticity models[END_REF][START_REF] Kalidindi | Modeling anisotropic strain hardening and deformation textures in low stacking fault energy fcc metals[END_REF], the Taylor model is used as a scale transition rule between three considered levels of microstructure.

In reality strains vary within the grain aggregate and within the single grain.

The proposed model of a single crystal may be applied for any micro-macro transition scheme used recently in numerical simulations of polycrystals. In particular, using the self-consistent transition scheme one may account for the heterogeneity of deformation from grain to grain [START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF][START_REF] Kaschner | Role of twinning in the hardening response of zirconium during temperature reloads[END_REF][START_REF] Lebensohn | A self-consistent anisotropic approach M A N U S C R I P T A C C E P T E D ARTICLE IN PRESS for the simulation of plastic deformation and texture development of polycrystals: Application to zirconium alloys[END_REF][START_REF] Proust | Modeling texture, twinning and hardening evolution during deformation of hexagonal materials[END_REF], while using the FE-model of a polycrystalline aggregate it is possible to observe also the deformation heterogeneity within the single grain. In these more advanced multi-scale models, analyzing the value of volume fraction of twins across the considered volume element, it is possible to study the space distribution of twinning activity. Taking into account the strain heterogeneity
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from grain to grain is important in the case of modelling of twinning. As it was discussed in Sec.1, matrix-twin interfaces produce constraints on deformation which could be restricted to the planar flow within the twinned part (cf. [START_REF] Leffers | The relation between texture and microstructure in rolled fcc materials[END_REF]). Such behaviour cannot be described by the Taylor model that requires five independent slip systems in order to realize an imposed macroscopic velocity gradient in every grain. Therefore, the PTVC scheme and the proposed hardening description have been also implemented and tested within the well-known VPSC formulation described in detail in [START_REF] Lebensohn | A self-consistent anisotropic approach M A N U S C R I P T A C C E P T E D ARTICLE IN PRESS for the simulation of plastic deformation and texture development of polycrystals: Application to zirconium alloys[END_REF] and originating in the idea of [START_REF] Molinari | Self-consistent approach of the large deformation polycrystal visco-plasticity[END_REF]. This model uses the rate-dependent power law (2.17). In order to preserve the rate-insensitive character of constitutive rule, the reference shear rate has been scaled to the macroscopic strain rate. In simulations we have used the tangent formulation of the VPSC model (see discussion in [START_REF] Masson | An affine formulation for the prediction of the effective properties of non-linear composites and polycrystals[END_REF]).

For both averaging schemes the material response and the texture evolution for the assumed proportional strain paths have been studied.

Examples

Hadfield steel

In [START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF] the stress-strain response of Hadfield steel (composition: Mn 12.34%, C 10. . In order to reproduce the experimental observations which indicated that initially only one twin system is active, a slightly smaller τ c was assigned to the corresponding twin resistance. All material parameters describing hardening are collected in Table 1. 

interactions h αβ 0 [τ slip c0 ] f αβ sat q (αβ)
= 150

MPa (fine-grained polycrystal)
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The results of simulation are presented in Figures 456. The applied description of hardening allows us to fit very well experimentally obtained strainstress response. The texture image is also well reproduced (compare experimental data in [START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF]). Initially, slip is a dominant mechanism and the hardening is small, then as activity of twinning increases, the created twin-matrix boundaries cause the increase of stress and finally when twinning activity is halted and material deforms only by slip, again the hardening is small. Note that twinning is active from the beginning of the process, however, its relative activity, predicted by the developed model, changes during the process and it is maximum for the strain interval 0.15-0.25, compare Fig.

6

. The following definitions of relative activities are used:

α slip = 2M r=1 γr 2M +N r=1 γr , α twin = 2M +N r=2M +1 γr 2M +N r=1 γr . (3.25) 
Let us analyse the performance of the developed PTVC reorientation scheme and compare it with the [START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF]) modification of Van Houtte's scheme which is denoted in figures as a SA scheme. In Fig. 5 the evolution of a twin volume fraction predicted by the developed model obtained when there is no reorientation, is confronted with the fraction of reoriented grains in the aggregate according to the PTVC scheme and the SA scheme.

In the case of the PTVC scheme the fraction of reoriented grains follows very well the volume fraction of twins since it has been the basic assumption of the developed model. In the case of the SA scheme ξ 0 = 0.04 was assumed. It is shown that predictions of the SA scheme depend on the frequency of checking the reorientation condition. When the condition is checked every time step, after the volume fraction of the most active twin system f l max reaches ξ 0 , the number of reoriented grains increases rapidly and all grains in the aggregate are reoriented very soon. When the frequency is smaller, that is when the

M A N U S C R I P T A C C E P T E D ARTICLE IN PRESS
condition is checked every time when the increment of twin volume fraction ∆f is equal to 0.01 or 0.03, correspondingly, the number of reoriented grains increases more slowly and can saturate at a lower level due to the applied hardening description. It may be shown that the predicted mechanical response in this case is affected by the additional parameters describing the reorientation scheme such as ξ 0 and ∆f . It is not the case for the PTVC scheme. In the last case the mechanical response is governed only by the hardening rule which describes the current relative activity of the corresponding twin and slip systems and the assumption about the slip and twin resistances after the reorientation.

Simulations have been also performed for Hadfield steel polycrystals. Good agreement with experimental results concerning the stress-strain curve reported in [START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF] for the aggregates of different grain sizes 

70-30 brass

Experiments for 70-30 brass indicate the contribution of twinning into the plastic deformation [START_REF] Asgari | a. A theory of the plastic distortion of a polycrystalline aggregate under combined stresses[END_REF][START_REF] El-Danaf | Influence of deformation path on the strain hardening behavior and microstructure evolution in low M A N U S C R I P T A C C E P T E D ARTICLE IN PRESS sfe fcc metals[END_REF]. Material parameters have been adjusted independently for the Taylor model and the
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VPSC formulation with use of a strain-stress curve obtained for the plane strain compression experiment reported in [START_REF] Kalidindi | Modeling anisotropic strain hardening and deformation textures in low stacking fault energy fcc metals[END_REF]. They are collected in Table 2. In the yield condition (2.10) and the power law (2.17) n = 16

has been prescribed and it has been assumed that further twinning in the reoriented grains is strongly restricted while slip resistances for non-coplanar slip systems are increased by 10% after reorientation. Following [START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF] and [START_REF] Kalidindi | Modeling anisotropic strain hardening and deformation textures in low stacking fault energy fcc metals[END_REF]) it has been assumed that twin resistances are initially significantly higher than slip resistances, specifically Plane strain compression (PSC) and simple compression (SC) processes have been analyzed, specified by the imposed total velocity gradient in the

τ
M A N U S C R I P T A C C E P T E D ARTICLE IN PRESS form [L P SC ij ] = v 0 √ 2               1 0 0 0 0 0 0 0 -1               , [L SC ij ] = 3v 0 √ 6               1 2 0 0 0 1 2 0 0 0 -1              
, in {e i }.

(3.26)

In Fig. 8 the macroscopic equivalent Von Mises stress-equivalent strain curves are presented. In the case of the Taylor model, the level of stress for simple compression is overpredicted as compared to the experimental results.

The similar trend was observed in computations reported in [START_REF] Kalidindi | Modeling anisotropic strain hardening and deformation textures in low stacking fault energy fcc metals[END_REF] who used a more advanced twinning model but applied also the Taylor averaging. Better accordance with the experiment, at least as far as the stress level is concerned, is obtained when the VPSC scale transition is applied for polycrystal. The latter formulation admits heterogeneous flow from grain to grain; therefore, the planar flow is possible for reoriented grains.

One observes that till the moment when twinning begins to play a significant role in the realization of plastic deformation, curves corresponding to the model with twinning and the model without twinning are very similar. When accumulation of dislocations makes slip more difficult twinning is given way and a macroscopic hardening modulus is temporarily reduced. After the reorientation of a sufficiently large amount of grains, due to the assumed model for the mechanical characterization of reoriented grains, one has to do with a significant increase of macroscopic hardening. The reduction of strain hardening caused by initiation of twinning as compared to the conventional model accounting only for slip, depends on the type of strain path. It is higher for plane strain compression than for simple compression.

Note that the difference between the stress-strain curves for plane strain com- In Figs. 9 and 10 the PTVC scheme is compared with the SA scheme. Also for the polycrystalline material the number of reoriented grains follows the volume fraction of twins in the case of the PTVC scheme. In the case of the SA scheme we have assumed ξ 0 = 0.15 and studied the results for ∆f = 0.01 and 0.03 as well as in the case when the reorientation condition is checked in every time step. When the SA scheme is used, the number of reoriented grains strongly increases when f T reaches ξ 0 = 0.15 and it quickly becomes overpredicted as compared to the twin volume fraction. Moreover, the parameters assumed for the reorientation condition (ξ 0 , ∆f ) affect the relative twinning activity and, therefore, the stress-strain curve.

In Figs. 11-14 the influence of twinning itself and the applied reorientation scheme on texture development is analyzed and compared with the results for conventional crystal plasticity with only slip mechanism. Textures for simple compression are close to each other for all models. Significant difference in texture images is observed for plane strain compression which could be understood as an idealization of a rolling process. Two types of texture obtained for the models with twinning and for the conventional model correspond to two types of rolling texture that are experimentally observed and widely dis-
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cussed, that is the brass-type texture and the copper-type texture [START_REF] Kalidindi | Modeling anisotropic strain hardening and deformation textures in low stacking fault energy fcc metals[END_REF][START_REF] Kocks | Texture and Anisotropy[END_REF][START_REF] Leffers | The relation between texture and microstructure in rolled fcc materials[END_REF][START_REF] Leffers | The brass-type texture and its deviation from the copper-type texture[END_REF][START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF]. Such an effect of the appearance of a large fraction of twin-related orientations in the RVE is known from other contributions on simulations of texture in the presence of twinning (i.e. [START_REF] Kalidindi | Incorporation of twinning in crystal plasticity models[END_REF][START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF][START_REF] Van Houtte | Simulation of the rolling texture and shear texture of brass by the Taylor theory adapted for mechanical twinning[END_REF]). Accordingly, a brass component in texture image is especially strong in the case of the SA scheme (compare also the results of [START_REF] Staroselsky | Inelastic deformation of polycrystalline face centered cubic materials by slip and twinning[END_REF]) because almost all grains are reoriented at the final stage of computations, Fig. 9. It is the effect of the described inconsistency between twin activity and the number of reoriented grains. In the case of the PTVC scheme the difference in the intensity of a brass component as compared to the computations without twinning is also noticeable, though much less pronounced because the number of reoriented grains is smaller and agrees with the predicted twinning activity. Note that it is observed even though the volume fraction of reoriented grains is still higher (50-60%) as compared with those observed in reality (few percent to 20%, [START_REF] Leffers | The brass-type texture and its deviation from the copper-type texture[END_REF]). Similarly, as concerns the stress-strain response, in the case of texture better predictions are obtained for the self-consistent model of polycrystal. Note that the applied tangent VPSC formulation with increasing n tends to the Sachs model of polycrystal admitting the planar flow in the grains [START_REF] Lebensohn | A self-consistent anisotropic approach M A N U S C R I P T A C C E P T E D ARTICLE IN PRESS for the simulation of plastic deformation and texture development of polycrystals: Application to zirconium alloys[END_REF]. Therefore, these results support the arguments of [START_REF] Leffers | The relation between texture and microstructure in rolled fcc materials[END_REF], [START_REF] Leffers | The brass-type texture and its deviation from the copper-type texture[END_REF] and [START_REF] Kalidindi | Modeling anisotropic strain hardening and deformation textures in low stacking fault energy fcc metals[END_REF] that the brass-type texture is more the effect of a lamellar microstructure induced by twinning and leading to the localized planar flow and, eventually, micro-shear banding than the volume effect of twin-related orientations.

Analysis of the results indicates the necessity of a more accurate descrip- However, it should be further validated by more advanced averaging schemes for polycrystal, such as the self-consistent approach [START_REF] Masson | An affine formulation for the prediction of the effective properties of non-linear composites and polycrystals[END_REF][START_REF] Molinari | Averaging models for heterogeneous viscoplastic and elastic viscoplastic materials[END_REF][START_REF] A N U S C R I P T A C C E P T E D Article | Averaging theorems in finite deformation plasticity[END_REF], multilevel hierarchical models (Van Houtte et al., 2006) or finite element modelling [START_REF] Diard | Evaluation of finite element based analysis of 3D multicrystalline aggregates plasticity. application to crystal plasticity model identification and study of stress and strain fields near grain boundaries[END_REF]Zirky and Kao, 1995). More effort is also required in the field of modelling of material in which the lamellar microstructure induced by twinning exists. Also other materials that deform by twinning should be analysed. Therefore, the next step is the application and verification of the proposed approach for metals and alloys of hcp lattice symmetry and intermetallics [START_REF] Kowalczyk-Gajewska | Selected Topics of Contemporary Solid Mechanics[END_REF].
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In simulations of texture development the issue of the appearance of twinrelated orientations has been tackled. A new probabilistic reorientation scheme, the PTVC scheme, has been developed which maintains the number of reoriented grains consistent with the accumulated deformation by twinning within the polycrystal. Thanks to this feature, the use of this scheme enables better assessment of contribution of twinning to the deformation texture image. The PTVC scheme does not require identification of any additional parameters.

Its relative simplicity and independence from the applied model of polycrystal should be underlined. in [START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF]. 

  will be discussed below and compared with the proposed model further in this work.1.2.1 Texture developmentIt seems that the first author who addressed the issue of the appearance of new twin-related orientations during the simulations of texture evolution was Van Houtte in 1978. He made use of a probabilistic reorientation condition.

  whole polycrystalline aggregate, therefore they are not applicable to the finite element (FE) model of polycrystal.

  elastic part is restricted to the rigid rotation R * . Such form of the deformation gradient results in the additive decomposition of the velocity gradient L into M A N U S C R I P T A C C E P T E D ARTICLE IN PRESS the skew-symmetric elastic spin Ω * , the skew-symmetric plastic spin Ω p and the symmetric rate of plastic deformation tensor D p .It is generally accepted to assume that during the elastic regime, crystallographic lattice and the material undergo the same deformation while plastic deformation does not alter the lattice geometry and orientation. Therefore, the evolution of the orientation of the crystallographic lattice is described by the elastic spin. In the original formulation of crystal plasticity, plastic deformation occurs only by slip. The number M and the set of slip systems {n r , m r } depend on the lattice type. In the case of fcc metals one has to do with 12 slip systems of the form {111} < 110 >.

  + γq+M . The hardening sub-matrices h (αβ) rq account for the mutual interactions of the deformation mechanisms of the slip-slip, slip-twin, twin-slip

  a) and b), respectively. Contrary to the proposals of[START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF] and[START_REF] Proust | Modeling texture, twinning and hardening evolution during deformation of hexagonal materials[END_REF], there is no explicit length-scale parameters in this model, therefore material parameters such as h αβ 0 and initial values of τ α c are supposed to depend on the grain size i.e. according to the Hall-Patch relation.

  3% and Fe balance) with fcc slip and twin systems was studied. The results of a tension experiment at room temperature performed on the single crystal orientation[ 111] concern the stress-strain curve and the texture evolution. These results have been used to identify the material parameters for the presented model and to study the performance ofM A N U S C R I P T A C C E P T E D ARTICLE IN PRESSthe developed PTVC reorientation scheme. Similarly as in[START_REF] Karaman | Modeling the deformation behavior of Hadfield steel single and polycrystals due to twinning and slip[END_REF], a very small linear hardening due to slip-slip and twin-slip interactions has been assumed. It corresponds to the solid solution strengthening. On the other hand, the role of matrix-twin boundaries created during the process are identified as a main mechanism of hardening. After the reorientation, the value of the slip resistance increases by 10% for non-coplanar slip systems while the value of the twin resistance increases by 20% for all twin systems.Initially the ratio τ twin c0 : τ slip c0 was assumed as 1.172 : 1.0. Note that the [ 111] orientation is symmetric. Theoretically 3 twin systems with the Schmid factor 0.314 and 6 slip systems with the Schmid factor 0.272 are equivalent and potentially active, depending on the current ratio τ slip c : τ twin c

  was observed. It was achieved by scaling the initial resolved shear stresses according to the Hall-Petch relation and by introducing an additional term in the hardening rule (2.21) describing the influence of grain boundaries on the reduction of the mfp distance. Other parameters identified for the single crystal have not been altered. As an example, results for the aggregate of fine grains (an average diameter d = 100µm) with the initial random texture are collected in Fig 7. The Taylor model of polycrystal has been applied. Note that the predicted and experimental evolutions of a twin volume fraction are not far from each other.

  pression and simple compression for the conventional model, results mainly from the shape of the yield surface that is of the Tresca polyhedron type, not of the Huber-von Mises cylinder. In the case of a model with twinning, this effect is supplemented by a different contribution of twinning depending on the strain path. The current relative activity of twinning depends on the strain path as well, Fig.10 (a) and (b). It is especially apparent in the case of the self-consistent averaging where, in accordance with experiments, the contribution of twinning is considerably lower for simple compression than for plane strain compression.

  tion of the relation between the developing microstructure and the material response in the presence of twinning. To some extent this relation is accounted for by the 3-scale composite grain model of[START_REF] Proust | Modeling texture, twinning and hardening evolution during deformation of hexagonal materials[END_REF]. However, it is believed that within the proposed 2-scale model, there is still a possibility to incorporate microstructural effects, especially by refining the description of directional mechanical characteristics of reoriented grains. 4 Summary A rate-independent crystal plasticity model with the regularized Schmid law has been modified in order to incorporate twinning. The influence of slip-twin interactions on the macroscopic material response has been discussed and the hardening rule accounting for them has been proposed. The capabilities of the proposed approach have been demonstrated on the examples of a single orientation of Hadfield steel and polycrystalline 70-30 brass. The results for a polycrystal have been obtained with use of Taylor's averaging scheme and the VPSC tangent model. It was shown that the model is able to capture the main features of mechanical response of metals deforming by slip and twinning.

  Van Houtte, P.,Kanjarla, A., Van Bael, A., Seefeldt, M., Delannay, L., 2006. Multiscale modelling of the plastic anisotropy and deformation texture of polycrystalline materials. Eur. J. Mech. A/Solids 25, 634-648.Van Houtte, P., Li, S., Seefeldt, M.,Delannay, L., 2005. Deformation texture prediction: from the Taylor model to the advanced Lamel model. Int. J. Plasticity 21, 589-624. Zirky, M. A., Kao, M., 1995. Large-scale crystal plasticity computations of microstructural failure modes. Comput. Systems in Engineering 6, 225-240.
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 567 Figure 5. Fraction of reoriented grains (N GR reorient /N GR) predicted by the PTVC scheme and the SA scheme with different frequency of checking the reorientation condition (ξ 0 = 0.04). Orientation [ 111] of Hadfield steel under tension (aggregate of 400 grains)

  Figure 2.

Figure 5 .

 5 Figure 5.

  Figure 6.

Figure 7 .

 7 Figure 7.

  Figure 9.

  Figure 10.

  Figure 12.

Table 1 Material

 1 

		single/polycrystal		
	slip-slip	0.1/1.2	-	1.6
	slip-twin	3.8	0.85	1.6
	twin-slip	0.1/1.2	-	1.6
	twin-twin	3.8	0.8	1.6

parameters for Hadfield steel; τ slip c0 = 105 MPa (single crystal), τ

  MPa: 189.75 MPa for the VPSC model. Twin-slip interactions have been neglected at this stage (H r ts = 0). The aggregate composed of 1500 grain orientations with the initial random texture has been considered.

	slip c0 : τ twin c0	= 30 MPa: 202.5 MPa for the Taylor model and τ slip c0 : τ twin c0	= 34.5
	interactions averaging h (αβ) 0	[MPa] τ sat [MPa] / f αt sat	a q (αα)
	slip-slip	Taylor	252	330	2.3	1.6
			VPSC	431.25	362.25	2.3	1.6
	slip-twin	Taylor	69	0.8	-	1.6
			VPSC	79.35	0.8	-	1.6
	twin-twin	Taylor	36	0.6	-	1.6
			VPSC	41.4	0.6	-	1.6
	Table 2					
	Material parameters for 70-30 brass		

Acknowledgement

Most of the results reported in the paper was obtained in the framework of the research project N N501 068135 supported by the Ministry of Science and Higher Education of Poland.