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Introduction

Zirconium alloys such as Zircaloy-2 are widely used in nuclear industry because of their good mechanical properties, corrosion resistance and low thermal neutron cross-section. In Zircaloy-2, zirconium is predominantly in its ˛phase (hcp crystal structure). As a consequence of the hcp crystal structure, plastic, elastic and thermal single crystal properties are anisotropic so the mechanical behavior of polycrystalline zirconium alloys is strongly influenced by initial texture and texture development. At room temperature, texture evolution is complex since it results from two contributions: reorientation due to twinning and rotation associated with plastic slip.

Many experimental studies of the texture development in zirconium alloys can be found in the literature [1][2][3][4] but, because of the large number of possible deformation modes, the interpretation of the results is not trivial. In order to understand the evolution of in-service properties, several polycrystalline self-consistent models have been proposed to model texture evolution. A viscoplastic self-consistent (VPSC) model has been developed by Lebensohn and Tomé [5] and has been used by Castelnau et al. [4] and Xu et al. [6] to simulate the texture evolution in Zr 702 and Zircaloy-2. The elastoplastic self-consistent (EPSC) model originally proposed by Turner and Tomé [7] was extended to the case of finite strains by Neil et al. [8] to simulate the texture evolution in copper and stainless steel. Recently, an elasto-viscoplastic (EVPSC) model has been developed by Mareau and Daymond [9] to account for both viscous and elastic effects and it was used to describe the evolution of internal strains in Zircaloy-2. In the present paper, the EVPSC model is modified to include the influence of lattice rotation so it can be used to model texture evolution. The results obtained with the EVPSC model are compared with the texture predictions given by the finite strain EPSC model and with an experimental dataset that was previously collected by Xu et al. [6] for Zircaloy-2. The experimental dataset was obtained for a Zircaloy-2 slab under uniaxial tension and compression using neutron diffraction. The comparison highlights the drawbacks and the advantages of each model and shows how the simultaneous use of neutron diffraction and polycrystalline models helps in understanding the contribution of each deformation mode to texture development.

Description of the EVPSC model

Kinematics

Adopting small deformation theory, the total velocity gradient of a grain ˙is decomposed into three additive contributions: elastic ˙e, viscoplastic ˙vp and thermal ˙th so:

˙= ˙e + ˙vp + ˙th . (1) 
The skew-symmetric part of the total velocity gradient is the total rotation rate ω which is the sum of the lattice spin rate ωe and the viscoplastic rotation rate ωvp :

ω = ωe + ωvp . (2) 
The total strain rate ε is obtained by taking the symmetric part of the total velocity gradient:

ε = εe + εvp + εth (3) 
where εe , εvp and εth are respectively the elastic, viscoplastic and thermal strain rates. The anisotropy induced by the crystallographic texture is accounted for using the crystal plasticity framework. Each plastic slip (or twinning) system g is defined with its plane normal n g and slip (or twinning) direction b g . Twinning systems are treated similarly to plastic slip systems so the twin volume fraction rate ˙f g is calculated as a function of the shear rate ˙ g and the characteristic twinning shear tw :

˙f g = ˙ g tw . (4) 
The plastic velocity gradient ˙vp is then defined by:

˙vp = g n g ⊗ b g ˙ g (5) 
The viscoplastic strain and rotation rates can be written as a function of the symmetric and skew-symmetric Schmid tensor R g and S g :

εvp = g 1 2 b g ⊗ n g + n g ⊗ b g ˙ g = g R g ˙ g , (6) ωvp 
= g 1 2 b g ⊗ n g -n g ⊗ b g ˙ g = g S g ˙ g . (7) 

Constitutive law

For plastic slip systems, the shear rate is given as a non-linear function of the resolved shear stress g :

˙ g = ˙ g 0 abs( g ) g c n sign( g ) (8) 
where ˙ 0 is a reference shear rate, g c is a threshold stress and n is the inverse of the rate sensitivity. For twinning systems, the same description is used so the twin volume fraction rate ˙f g is a power function of the resolved shear stress:

˙f g = ⎧ ⎨ ⎩ ˙ 0 tw g g c n if g > 0, 0 if g ≤ 0. ( 9 
)
The resolved shear stress is given by:

g = R g : . (10) 
Hardening is accounted for via the evolution of the threshold shear stress g c . For both twinning and plastic slip systems, the evolution of the critical shear stress is described with a Voce-type hardening rule:

g c = g 0 + ( g 1 + Â g 1 ) 1 -exp - Â g 0 g 1 ( 11 
)
where g 0 , g 1 ,  g 0 and  g 1 are material parameters that must be defined for each deformation mode and is the accumulated shear in the grain. The distinction between self and latent hardening is made thanks to the hardening matrix h which is such that:

˙ g c = d g c d h gh | ˙ h |. (12) 
Though more physical descriptions of the different interactions have been proposed [10][11][12], this phenomenological formulation offers the possibility (via the hardening matrix h) to describe the interactions between dislocations of different slip systems, the influence of dislocations acting as obstacles to twin propagation and the influence of twin interfaces which are strong barriers for dislocations.

The secant viscoplastic compliances tensor m (with b = m -1 ) can be introduced to obtain a pseudo-linear relation between the viscoplastic strain rate and the stress tensor:

εvp = m ( ) : . ( 13 
)
The secant viscoplastic tensor is deduced from Eqs. ( 6), ( 8), ( 9) and ( 10):

m = g R g ⊗ R g ˙ 0 g c abs( g ) g c n-1 . ( 14 
)
The stress rate is a linear function of the elastic strain rate:

˙ = c : εe = c : ( ε -m : -˛Ṫ ) ( 15 
)
where c is the elastic moduli tensor, ˛is the thermoelastic expansion tensor and Ṫ is the temperature rate such that εth = ˛Ṫ .

Polycrystalline model

In order to account for the interactions between the different grains and their neighbors, a self-consistent model is used. Different approaches have been proposed to deal with the problem of a heterogeneous medium where constituents have an elasto-viscoplastic behavior [13][14][15][16][17][18]20,19]. In the present work, the self-consistent model proposed by Sabar et al. [19] is used because it offers a good compromise between computational efficiency and estimation quality. The self-consistent model which is based on translated field techniques [20,19] is briefly described here (see Ref. [19] for more details). The self-consistent model aims to find the macroscopic behavior of a polycrystal and to determine the average strain rate and stress rate tensors in each grain. Considering a polycrystal with volume V, the behavior of the homogeneous equivalent medium is given by:

˙ = C : ( Ė -Ėvp -A Ṫ ) ( 16 
)
where ˙ and Ė are the macroscopic stress and strain rates, Ėvp is the effective viscoplastic strain rate and C and A are respectively the self-consistent elastic stiffness and thermal expansion tensors (with S = C -1 and Ėth = A Ṫ ). The average strain rate in a grain is given by the following strain rate concentration equation:

ε = a C : ( Ė -Ėvp ) + a C : a B : Ėvp + a C : C : (c : ( εvp + εth ) -C : ( Ėth + a B : Ėvp )) ( 17 
)
where a C and a B are respectively the strain concentration tensors found for the purely elastic and viscoplastic problems, C is the modified Green tensor [START_REF] Kunin | Elastic Media with Microstructure. II: Three Dimensional Models[END_REF]. The thermoelastic properties C and A of the polycrystal are given by the following averaging relations:

C = c : a C (18) 
A = S : a C T : c : ˛ . ( 19 
)
where x denotes the volume average of the field x. The average rotation rate in a grain depends on the macroscopic rotation rate and the symmetric and the skew-symmetric elastic Eshelby tensors S EC and T EC [START_REF] Eshelby | [END_REF]:

ω = ˙+ T EC : S EC -1 : ( ε -Ė). ( 20 
)
The rotation rate of each grain being known, its orientation is updated from the lattice spin rate which is determined from Eq.

(2).

Grain creation process

Because of twinning, some grains are partially or totally reoriented and the stress field must be partitioned between twinned and untwinned regions. In the present model, the approach proposed by Clausen et al. [23] is used: the twinned and untwinned regions are treated as two independent domains embedded in the homogeneous equivalent medium. When the volume fraction of a given twinning system of a grain reaches a critical value f c , a new grain is created and is given the crystallographic orientation of the twin. To determine the initial stress and strain states in the newly created grain, the traction vector and the in-plane strain fields are assumed to be continuous at the twin interface. As a consequence, choosing a coordinate system where the third direction is normal to the twin plane, the following relations are used to calculate the stress and strain states: 

The elastic moduli tensors of the parent and child grains being known, the remaining components of the stress and strain tensors are easily determined by assuming the plastic strain of the child grain to be inherited from the parent grain. When further twinning occurs in the parent grain, a part of the parent grain is transferred to the child grain so it is possible for a parent grain to split into different child grains and disappear once its volume fraction reaches zero.

Application to Zircaloy-2

Summary of the experimental work

In order to assess the validity of the present model for texture predictions, we have studied the development of texture in a Zircaloy-2 slab under uniaxial tension and compression. The experimental results that are used for the comparison were obtained by Xu et al. [6] who carried out uniaxial tension and compression tests in the three principal directions (normal ND, transverse TD and rolling RD directions) of a Zircaloy-2 slab. The tests were carried out to over 10% strain and peak intensities were collected in the three principal directions during the tests using neutron diffraction. In addition to peak intensities, the final textures and the macroscopic stress-strain curves were also measured.

In the studied material, grains are generally equiaxed with a mean grain size of 20 m. Due to rolling and recrystallization, the initial texture (see Fig. 1) is such that the basal plane normals are aligned with the plate normal direction.

Material parameters

The simulations are performed with a polycrystal of 15,456 spherical grains with weights representative of the real material texture. The single-crystal elastic properties are assumed to be equal to those of pure zirconium [24]: c 11 =143.5 GPa, c 33 =164.9 GPa, c 12 =72.5 GPa, c 13 =65.4 GPa and c 44 =32.1 GPa. The thermal properties of Zircaloy-2 that are used for the different simulations were measured by Xu et al. [START_REF] Xu | Paper T72 Proceedings of the 26th Annual Conference of the Canadian Nuclear Society[END_REF] during a heating-cooling experiment: ˛1 = 5.3 × 10 -6 K -1 and ˛3 = 10.1 × 10 -6 K -1 . As in previous studies [29,6,9], four deformation modes are considered: prismatic slip (pri), basal slip (bas), pyramidal c+ a slip (pyr) and tensile twinning (ttw). As suggested by Xu et al. [29], a 600 K cooling down is simulated prior to each uniaxial tension or compression load to account for the internal stresses induced by fabrication and processing.

In addition to the comparison with the experimental dataset, the results of the present model (labeled as EVPSC) are also compared with the results obtained from the elasto-plastic self-consistent model of Neil et al. [8] (labeled as EPSC) that also includes the child grain creation process of [23]. As in the EVPSC model, hardening is described with a Voce-type rule in the EPSC model. Both models are used to predict texture coefficients and final textures. The texture coefficients A h k i l have been determined by normalizing the measured and calculated peak intensities to the corresponding initial texture coefficients (multiples of random distribution -m.r.d.) for each diffraction peak such that:

A h k i l (y) = I h k i l (y) I 0 h k i l (y) A 0 h k i l (y) (23) 
where I h k i l , I 0 h k i l and A 0 h k i l are respectively the peak intensity, the initial peak intensity (prior to deformation) and the initial texture coefficient (i.e. the initial value of the axial distribution function) associated with the diffraction of the h k i l planes in the y direction. The different hardening parameters have been identified to match the experimental stress-strain curves (see Tables 1 and2). As a result of this identification procedure, the hardening parameters are different in the EPSC and EVPSC formulations. Using the same identification procedure (rather than the same parameters) ensures that the hardening parameters provide a description of the stress-strain curves which is equally optimal for both models. For the interactions between the different systems, isotropic hardening (i.e. all the components of the hardening matrix h are set to 1) was found to offer a good description of the experimental stressstrain curves. The values of the initial critical shear stresses 0 are consistent with previously published polycrystal data [START_REF] Turner | [END_REF][27][28]4]. It should be noticed that the parameters used in the present work are different from those used in a previous study aiming to model the evolution of lattice strains in the same material [9]. The reason is twofold:

• While the effect of twin interfaces was accounted for when modelling lattice strain evolution, it has not been considered in this work, hence the local constitutive law is different from the one used by Mareau and Daymond [9]; This allows us to have the same hardening rule in the EVPSC and EPSC models. • The present formulations seem to display a limitation since they fail to give the optimal description of both the lattice strain and texture evolution with a single set of parameters. In other words, it is not possible to obtain optimized predictions for both texture and lattice strains with a single set of plasticity parameters.

Results

The comparison between experimental and calculated stressstrain curves is shown in Fig. 2. Both models are able to reproduce the asymmetry, which is experimentally observed between tension and compression along ND. The calculated relative activities of the different deformation modes (see Fig. 3) show that twinning is responsible for the observed asymmetry. The elastic-plastic transition is generally well reproduced by the different models except for the compression test along RD where the EVPSC and EPSC models both fail to describe the plateau which is observed after the initial yielding. While the agreement between the experimental and calculated stress-strain curves is generally good, both models tend to overestimate the hardening rate for the compression test along TD which is lower than the one observed for the other tests.

According to the relative activities, the deformation is mostly accommodated using prismatic and basal slip modes. The calculated final twin volume fractions given in Table 3 show that twinning provides a significant contribution only for tension along ND, compression along TD and compression along RD. The pyramidal c+ a slip mode is always the last mode to be active and its contribution is generally not very significant since pyramidal slip systems require high resolved shear stresses to be activated. The exception is the compression test along ND, where the texture and sense loading require that significant pyramidal slip occur. Figs. 4 and5 show the comparison between the measured and calculated texture coefficients for the different tests. The measured texture coefficients have been normalized in order to match the initial calculated values. The experimental and predicted (1 0 1 0) and (0 0 0 2) pole figures have been plotted with the MTEX algorithm [30] in Figs. 6 and7 In the case of a compression test along ND, the strengthening of the (1 0 1 0) poles around RD that is induced by basal and pyramidal c+ a slip is well described by both models. The experimental basal pole figure does not display any significant change of the basal pole distribution compared to the initial pole figure but the EVPSC and EPSC models tend to predict a reorganization of the basal poles around ND which is probably caused by an overestimation of the activity of the pyramidal slip systems.

For the compression test along TD, final textures are strongly influenced by tensile twinning. The experimental (0 0 0 2) pole figure show that basal poles are displaced from ND to TD because of twinning. Although this trend is correctly predicted by both models, they overpredict the volume fraction of grains whose (0 0 0 2) normal is rotated toward the transverse direction. This is confirmed by the observation of the (0 0 0 2) texture coefficient measured along TD whose increase is overestimated by both the EPSC and EVPSC models. While the measured (1 0 1 0) pole figure does not display any significant evolution regarding the initial one, the EVPSC and EPSC models do not provide a correct description of the (1 0 1 0) pole figure again likely because the activity of the prismatic slip systems is too high.

The experimental (1 0 1 0) pole figure obtained for a compression test along RD displays a sixfold symmetry caused by prismatic slip that is correctly reproduced by both models. As for the compression along TD, the rotation of basal planes is mostly controlled by tensile twinning and basal slip. The pole density increase around RD induced by tensile twinning is well predicted by the EVPSC and EPSC models. The calculated spread of basal plane normals in the ND-RD plane is more pronounced than the one which is experimentally observed because of an overestimation of the activity of twinning and basal slip systems. The difference between the measured and calculated (0 0 0 2) texture coefficient in RD is also caused by the overestimation of the activity of twinning and basal slip systems.

For tension along ND, the evolution of the (0 0 0 2) texture coefficients in the two Poisson directions indicates that the volume fraction of grains whose basal normal is reoriented from ND to TD or RD because of tensile twinning is strongly overpredicted. While the experimental (1 0 1 0) and (0 0 0 2) pole figures result from a competition between tensile twinning and prismatic slip, the calculated pole figures are too strongly impacted by tensile twinning. For instance, the presence of (1 0 1 0) poles around ND that do not appear on the experimental pole figure is due to a poor selection of the active twinning systems. Though the overestimation of the activity of twinning systems is also observed in the EVPSC model, it is more pronounced with the EPSC model.

The (1 0 1 0) pole figure that was measured after a tension test along TD displays a sixfold symmetry which is correctly reproduced by both models. The sixfold symmetry is induced by prismatic slip which is the most significant contribution to the deformation. The concentration of (0 0 0 2) plane normals around ND which is well described by the EPSC and EVPSC models is caused by basal slip or twinning. The observation of texture coefficients show that there is a good quantitative agreement between measured and calculated texture coefficients.

The (1 0 1 0) pole figure obtained after tension along RD results from two contributions: prismatic and basal slip. The observed sixfold symmetry, which is induced by prismatic slip, is very pronounced in the simulations probably because the activity of basal slip systems is underestimated compared to the activity of the prismatic slip mode. The rotation of (0 0 0 2) plane normals towards TD is caused by basal slip. The insufficient rotation given by the EPSC model and the high concentration of poles around ND are also caused by an underestimation of the volume fraction of grain being rotated because of basal slip.

Discussion

When deformation is mostly governed by plastic slip (compression along ND, tension along TD and RD), the final pole figures and texture coefficients calculated from simulations are generally in good agreement with the experimental results. However, some discrepancies are observed on the basal pole figure obtained after compression along ND. This poor agreement is partly explained by the description of latent hardening. Indeed, when different deformation modes are active (i.e. prismatic, basal and pyramidal), texture predictions are strongly impacted by latent hardening [6]. Since the interactions between the different modes are taken into -0.14 -0.12 -0. account via the hardening matrix h (see Eq. ( 12)), its identification from experimental data is a crucial step but it is non-trivial because of the non-uniqueness of the solution. The complexity of the different interactions (nature of dislocations, dislocation structures) is such that a single parameter may not be sufficient to describe a given interaction. Moreover, a given grain is treated via some aver-age quantities (e.g. stress, strain, orientation) so only the average crystallographic orientation is considered for texture calculations though deformation gradients are likely to develop inside grains and influence texture development [31].

For the compression tests along TD and RD and the tension test along ND, twinning is a significant contribution to deformation. The poor agreement between the measured and calculated pole figures which is observed for a tension test along ND results from the difficulties for both models to perform a proper selection of the active twinning systems. In the EVPSC and EPSC models, the selection of active twinning systems is only based on the average resolved shear stress in grains inside which fluctuations of the stress and strain fields are not considered. As shown by Capolungo et al. [32], this description is not sufficient since twin formation is also dependent on some other factors. First, the molecular dynamics simulations performed by Wang et al. [33] grain boundaries with low misorientation angles are the preferred nucleation sites. In the case of zirconium, Capolungo et al. [32] made a statistical analysis of EBSD images and a slight correlation between misorientation angles and twin nucleation was observed. Then, fluctuations of the stress field inside grains are important enough so that the resolved shear stresses should be calculated from the stress tensor around twins rather than from the average stress tensor in a grain [32] and hence from the local neighbourhood which is difficult to capture fully within self-consistent formula-tions. A better description of the conditions for twin nucleation and twin growth would probably improve the agreement between the calculated and measured textures. No major difference is observed between the results of the EPSC and EVPSC models since the hardening rule is the same and the strain rate sensitivity chosen for the EVPSC model is relatively low (n = 20). Though the overestimation of the volume fraction of grains being reoriented because of twinning is more pronounced in the EPSC model (especially for tension along ND), this difference is rather due to the choice of parameters than to the nature of the formulation.

Concluding remarks

A rate-dependent polycrystalline model (EVPSC) has been used to study texture development in a Zircaloy-2 slab under uniaxial tension or compression. Prismatic, basal and pyramidal c+ a slip and tensile twinning modes were considered in the simulations. In addition to the rate-dependent model, a rate-independent formulation (EPSC) has also been used to simulate the behavior of Zircaloy-2. The results of the simulations have then been compared to an experimental dataset (texture coefficients and final pole figures). The agreement between simulations and experiments is generally good though the results could be improved with a better description of latent hardening and a more appropriate selection of active twinning systems. The EPSC and EVPSC models give very similar results and they both tend to overestimate the volume fraction of grains being reoriented because of twinning.
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 7 Fig. 7. Comparison between the calculated and measured (0 0 0 2) pole figures. Monoclinic sample symmetry was assumed for the determination of the orientation density function.

Table 1

 1 Identified parameters of the plastic slip and twin hardening functions for the EVPSC model.

		˙ 0 (s -1 )	n	0 (GPa)	1 (GPa)	Â0 (GPa)	Â1 (GPa)
	Pri	1 × 10 -4	20	0.12	0.10	0.20	0.00
	Bas	1 × 10 -4	20	0.17	0.10	0.20	0.00
	Pyr	1 × 10 -4	20	0.34	0.20	0.80	0.20
	TTw	1 × 10 -4	20	0.23	0.20	0.15	0.05

Table 2

 2 Identified parameters of the plastic slip and twin hardening functions for the EPSC model.

		0 (GPa)	1 (GPa)	Â0 (GPa)	Â1 (GPa)
	Pri	0.10	0.05	0.05	0.00
	Bas	0.15	0.05	0.05	0.00
	Pyr	0.33	0.2	0.2	0.00
	TTw	0.25	0.05	0.05	0.00

Table 3

 3 Calculated twin volume fractions for the different tension and compression tests with the EVPSC and EPSC models.

		Comp.ND	Comp.TD	Comp.RD	Tens.ND	Tens.TD	Tens.RD
	EVPSC	0.0332	0.1189	0.1978	0.2121	0.0589	0.0161
	EPSC	0.0388	0.1483	0.2502	0.4163	0.0911	0.0176

  in the case of magnesium show that
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