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The aim of this paper is to investigate the coupled effects of grain size and crystallographic texture on the mechanical behavior induced by gliding mechanism in Ti-6Al-4V alloy. Thus, four microstructures of Ti-6Al-4V alloy whose grain size and crystallographic texture are different were examined by tensile tests along the rolling direction at room temperature. In this study, the contribution of gliding on basal ⟨𝑎⟩, prismatic ⟨𝑎⟩ and pyramidal ⟨𝑐 + 𝑎⟩ plans in the accommodation of plastic strain was estimated by means of a slip trace analysis. The role of the individual grain size and the crystallographic texture was then statistically evaluated. Based on the results of slip trace analysis, numerical optimizations of the Critical Resolved Shear Stress (CRSS) of basal ⟨𝑎⟩, prismatic ⟨𝑎⟩ and pyramidal ⟨𝑐 + 𝑎⟩ in the four microstructures were then carried out, using transition scale rules and a local behavior model. The results suggest that the mechanical behavior of Ti-6Al-4V is controlled by the activation of slip systems that depend not only on their CRSS but also the initial orientation and size of each individual grain. The low CRSS of prismatic ⟨𝑎⟩ slip systems can lead to early activation of these systems in favorably oriented coarse grains. Therefore, a local plastic deformation can be shown. At high levels of loading, increasing the grain size can minimize the crystallographic texture effects by deforming the unfavorably oriented coarse grains. Moreover, based on the results of the numerical optimization, it can be also suggested that the CRSS can decrease with the increase in grain size according to the local Hall-Petch relationship.

Introduction

Due to its high specific strength and good fatigue and corrosion resistance, Ti-6Al-4V titanium alloy is very suitable for moderate temperature applications, in particular in the aeronautics and aerospace industries. One of the challenges associated with this material is to improve the prediction of its macroscopic mechanical properties in relation to its microstructural parameters, such as the grain size and the preferred orientation of grains.

The equiaxed Ti-6Al-4V alloy consists of about 90% of 𝛼-grains whose crystal lattice is a Hexagonal Closed Packed (HCP) surrounded by about 10% of 𝛽-phase that has a Body-Centered Cubic crystal lattice (BCC) [START_REF] Philippe | Textures and anisotropy of titanium alloys[END_REF]. It can thus be assumed that the plastic deformation is mainly accommodated by the 𝛼-phase. The presence of aluminum in this alloy limits the role of twinning mechanisms [START_REF] Gilles | Experimental characterization and elasto-plastic modeling of the quasi-static mechanical response of TA6V at room temperature[END_REF][START_REF] Tirry | A multiscale characterization of deformation twins in Ti-6Al-4V sheet material deformed by simple shear[END_REF]. Therefore, plastic strain is dominated by crystallographic sliding, mainly by prismatic and basal slip along the ⟨𝑎⟩ direction. Slip on pyramidal planes along the ⟨𝑎⟩ direction is significantly harder, and even more difficult on pyramidal planes along the ⟨𝑐 + 𝑎⟩ direction [START_REF] Medina Perilla | Two-dimensional sections of the yield locus of a Ti-6Al-4V alloy with a strong transverse_type crystallographic a-texture[END_REF][START_REF] Bridier | Analysis of the different slip systems activated by tension in a 𝛼∕𝛽 titanium alloy in relation with local crystallographic orientation[END_REF][START_REF] Dunst | Analysis of experimental and theoretical rolling textures of two-phase titanium alloys[END_REF][START_REF] Salem | Strain hardening of titanium: Role of deformation twinning[END_REF][START_REF] Zaefferer | A study of active deformation systems in titanium alloys: Dependence on alloy composition and correlation with deformation texture[END_REF].

In the equiaxed Ti-6Al-4V alloy, the role of gliding mechanism on the accommodation of the plastic behavior of 𝛼-grains can directly depend on two microscopic features:

• The first is the crystallographic texture: a preferred orientation of neighbor grains could generate a localization of plastic deformation by forming zones with soft or hard orientation with respect to the sliding systems [START_REF] Nixon | Anisotropic response of high-purity 𝛼titanium: Experimental characterization and constitutive modeling[END_REF][START_REF] Lunt | Microscopic strain localisation in Ti-6Al-4V during uniaxial tensile loading[END_REF][START_REF] Fan | Orientation influence on grain size effects in ultrafine-grained magnesium[END_REF][START_REF] Wang | Role of grain size in tensile behavior in twinning-induced 𝛽 Ti-20V-2Nb-2Zr alloy[END_REF].

• The second is the grain size: the accumulation of mobile dislocations in grain boundaries leads to a stress concentration and therefore to an increase in the yield strength [START_REF] Arzt | Size effects in materials due to microstructural and dimensional constraints: A comparative review[END_REF][START_REF] Beyerlein | Statistical analyses of deformation twinning in magnesium[END_REF][START_REF] Fernández | Threedimensional investigation of grain boundary-twin interactions in a Mg AZ31 alloy by electron backscatter diffraction and continuum modeling[END_REF]. Thus, by decreasing the grain size, the yield strength increases. For most materials, this phenomenon is described by the Hall-Petch relationship [START_REF] Hall | The deformation and ageing of mild steel: III discussion of results[END_REF][START_REF] Petch | The cleavage strength of polycrystals[END_REF].

The activation of the slip systems is also conditioned by reaching their Critical Resolved Shear Stress (CRSS). However, in the case of HCP polycrystal materials namely the Ti-6Al-4V alloy, the identification of this parameter remains difficult and only relative values have been estimated in most previous works [START_REF] Medina Perilla | Two-dimensional sections of the yield locus of a Ti-6Al-4V alloy with a strong transverse_type crystallographic a-texture[END_REF][START_REF] Dunst | Analysis of experimental and theoretical rolling textures of two-phase titanium alloys[END_REF][START_REF] Li | Methodology for estimating the critical resolved shear stress ratios of 𝛼-phase Ti using EBSD-based trace analysis[END_REF][START_REF] Mayeur | A three-dimensional crystal model for duplex Ti-6Al-4V[END_REF][START_REF] Semiatin | The effect of alpha platelet thickness on plastic flow during hot working of Ti-6Al-4V with a transformed microstructure[END_REF]. Moreover, it is found that the CRSS depends not only on the type of slip system but also on the grain size [START_REF] Armstrong | The plastic deformation of polycrystalline aggregates[END_REF][START_REF] Wang | Direct measurement of critical resolved shear stress of prismatic and basal slip in polycrystalline Ti using high energy X-ray diffraction microscopy[END_REF][START_REF] Raeisinia | Using polycrystal plasticity modeling to determine the effects of grain size and solid solution additions on individual deformation mechanisms in cast Mg alloys[END_REF][START_REF] Cepeda-Jiménez | Effect of grain size on slip activity in pure magnesium polycrystals[END_REF]. Inversely to single crystal materials, in the case of polycrystal materials, not only the lattice friction can be considered as a critical parameter to activate the slip systems. The dislocation gliding may encounter other obstacles such as the grain boundaries and the immobile dislocations. For instance, where the grain size is very small, the dislocation gliding is more difficult. In the case of phenomenological modeling, this effect could be quantitatively taken into account through the CRSS using Hall-Petch relationship [START_REF] Weng | Microstructural theory of grain size dependance in metal plasticity[END_REF]. Noted that the CRSS may also evolve during loading because of the interaction of dislocations in the primary slip system with the other activated dislocations. This phenomenon could be modeled through isotropic hardening laws [START_REF] Mayeur | A three-dimensional crystal model for duplex Ti-6Al-4V[END_REF][START_REF] Raeisinia | Using polycrystal plasticity modeling to determine the effects of grain size and solid solution additions on individual deformation mechanisms in cast Mg alloys[END_REF][START_REF] Berbenni | Impact of the grain size distribution on the behaviour of heterogeneous materials[END_REF][START_REF] Nicaise | Coupled effects of grain size distributions and crystallographic textures on the plastic behaviour of IF steels[END_REF][START_REF] Jain | Grain size effects on the tensile properties and deformation mechanisms of a magnesium alloy, AZ31B, sheet[END_REF][START_REF] Fromm | Grain size and orientation distributions: Application to yielding of 𝛼-titanium[END_REF][START_REF] Raeisinia | On the impact of grain size distribution on the plastic behaviour of polycrystalline metals[END_REF][START_REF] Smith | Cyclic plasticity experiments and polycrystal plasticity modeling of three distinct Ti alloy microstructures[END_REF].

The present investigation aims first to study the coupled effect of grain size and crystallographic texture on the macroscopic behavior of Ti-6Al-4V, then to discuss their role on the activation of sliding systems induced in the 𝛼-phase of this alloy. The aim of this work is also to propose a numerical methodology to identify the CRSS of three slip systems: basal ⟨𝑎⟩, prismatic ⟨𝑎⟩ and pyramidal ⟨𝑐 + 𝑎⟩, in four microstructures whose grain size is different. The effect of the grain size at the local scale can be thus expressed by a phenomenological way. In addition, the local Hall-Petch relationship [START_REF] Hall | The deformation and ageing of mild steel: III discussion of results[END_REF][START_REF] Petch | The cleavage strength of polycrystals[END_REF] can be optimized. To reach this goal, tensile tests are first performed until fracture and then until 1, 3 and 5% of strain. Slip trace analysis technique are then proposed to identify the contribution of each slip system type in the accommodation of plastic strain. This technique consists in comparing the experimentally observed traces with those potentials determined from the crystallographic orientation of the grains. After that, a statistical methodology developed by Li et al. [START_REF] Li | Methodology for estimating the critical resolved shear stress ratios of 𝛼-phase Ti using EBSD-based trace analysis[END_REF] is adapted to estimate the CRSS ratios between basal ⟨𝑎⟩, prismatic ⟨𝑎⟩ and pyramidal ⟨𝑐 + 𝑎⟩ slip systems. Finally, a multi-scale numerical optimization, based on the local behavior model of Méric-Cailletaud [START_REF] Méric | Single crystal modeling for structural calculations: Part 1-Model presentation[END_REF] and the scale transition rule of Berveiller-Zaoui [START_REF] Berveiller | An extension of the self-consistent scheme to plastically-flowing polycrystals[END_REF] is developed to optimize the absolute CRSS of slip systems types in the four microstructures.

Material and methods

Material

The initial material was received as two bars of an equiaxed Ti-6Al-4V alloy. The first one was provided by the NHK spring company (Japan) as a bar of 12 mm diameter. This microstructure exhibits an Ultra Fine Grain (UFG) morphology with an average grain size of about 0.6 μm and a Strong Texture (ST) with a maximum intensity of 6 times random on the {0002} 𝛼 pole figure, as shown in (Fig. 1(a)).

The second alloy is a commercial Ti-6Al-4V grade 5 received as a bar of 20 mm diameter. It is characterized by a Fine Grain (FG) morphology (≈ 3 μm) and displays a Weak Texture (WT) characterized by basal planes {0002} 𝛼 tilted by about ±72 • from X (RD) towards the Z (ND) direction as shown in Fig. 1(b). The chemical composition of the two microstructures is listed in Table 1. The initial crystallographic textures were determined by Electron Backscatter Diffraction (EBSD). HKL channel 5 software was used to illustrate the measured crystallographic orientations as pole figures.

Annealing treatment

To increase the grain size of the two microstructures, the two bars (designated by ST-UFG and WT-FG) were heated from room temperature to 870 • C with aheating speed of 15 • C/min, held at this temperature for different annealing times and cooled down to room temperature in the oven as summarized in Table 2.

The ST-UFG microstructure underwent two different heat treatments characterized each by a dwelling time of 30 min (HT1) and 16 h (HT2) at 870 • . The holding time of the third heat treatment (HT3) applied to the WT-FG microstructure was 10 h. The HT1 and HT2 treatments resulted in two other microstructures with an average 𝛼 grain size of respectively 3 μm designated by ST-FG (Strong Texture with Fine grains) and 7.5 μm designated by ST-SG (Strong Texture with Standard Grains). A fourth microstructure WT-SG (Weak Texture with Standard Grain) was obtained by applying the HT3 treatment to the WT-FG bar (Fig. 2). The four microstructures ST-UFG , ST-FG, ST-SG and WT-SG are investigated in the next sections.

Tensile tests

Uniaxial monotonic strain controlled tests were performed using an MTS hydraulic machine with a load capacity of 100 kN. An extensometer with a gauge length of 10 mm is used. A first category of tests were conducted until the failure of specimens with a constant strain rate of 5 × 10 -4 s -1 , allowing identification of the Ti-6Al-4V monotonic behavior. Each test considered a cylindrical specimen made from one of the four microstructures. In a second category of tensile tests, the specimens with standard microstructures (SG) were examined until a deformation of 1, 3 and 5% for WT-SG and 5% for ST-SG microstructures. In this category of tests, the slip traces were observed and analyzed using EBSD and SEM to enable the study of the evolution of slip activity according to strain levels. To make EBSD measurements and SEM observations possible, the specimens, in this category, were machined in a cylindrical shape with two flat surfaces. It should be noted that these specimens were manually polished and then finished using a liquid composed of 67% of SiC and 33% H 2 O 2 for more than one hour.

Slip trace analysis

The slip trace analysis technique was used to study the activation of the slip systems in the ST-SG and WT-SG microstructures. This technique gives a more accurate prediction of the slip system within each individual grain and therefore explains the impact of the coupled effect of crystallographic texture and grain size on the macroscopic mechanical behavior of Ti-6Al-4V alloy.

Experimental slip traces were observed by SEM after controlled tensile tests and then identified using the orientation data (i.e. Euler angles) provided by EBSD and ImageJ software. The identification of the most likely slip systems to be activated was carried out by comparing the results from theoretical slip traces with the experimental ones, as mentioned before. An algorithm was developed to calculate the Schmid factor and slip trace angle of each theoretical slip system according to the loading directions 𝑅𝐷. The crystallographic orientation describes the rotation of the principle axes of the crystal 𝑒 𝑐 𝑖 relative to the principle axes of the specimen 𝑒 𝑠 𝑖 . Bunge's convention of the three Euler angles (𝜙 1 , 𝜃, 𝜙 2 ) was used. It consists of a rotation 𝜙 1 about the 𝑒 𝑠 3 ∕∕𝑍 axis followed by a rotation 𝜃 around the 𝑒 𝑠 1 ∕∕𝑋 axis, then by a third rotation 𝜙 2 about the 𝑒 𝑠 3 ∕∕𝑍 axis. 𝜙 1 and 𝜙 2 vary from 0 to 2𝜋 and 𝜃 varies from 0 to 𝜋. The Schmid factor 𝜇 of each potential system 𝑠 is given by: where 𝑛 𝑠 and 𝑑 𝑠 are the normal to the slip plane and the slip direction respectively and 𝑒 𝑠 1 ∕∕𝑋 is the external load axis. The theoretical angle 𝜓 between the slip trace of slip system 𝑠 and the tensile axis 𝑒 𝑠 1 ∕∕𝑋 is given by:

𝜇 = (𝑛 𝑠 .𝑒 𝑠 1 )(𝑑 𝑠 .𝑒 𝑠 1 ) (1) 
cos(𝜓) = (𝑛 𝑠 ∧ 𝑒 𝑠 3 ).𝑒 𝑠 1 ( 2 
)
where 𝑒 𝑠 3 ∕∕𝑍 is the normal to the plane of the specimen. An error of 5 • between observed and theoretical traces was accepted. If more than one theoretical slip system lay within ±5 • of the experimental slip trace, the slip system exhibiting the highest Schmid factor was selected [START_REF] Bridier | Analysis of the different slip systems activated by tension in a 𝛼∕𝛽 titanium alloy in relation with local crystallographic orientation[END_REF][START_REF] Li | Methodology for estimating the critical resolved shear stress ratios of 𝛼-phase Ti using EBSD-based trace analysis[END_REF][START_REF] Hémery | In situ SEM investigation of slip transfer in Ti-6Al-4V: Effect of applied stress[END_REF]. An example of the identification methodology is summarized in Fig. 3.

For the WT-SG microstructure, the slip trace analysis was carried out at strain levels of 1%, 3% and 5%. In this sample the weak texture should give the same opportunity for the activation of several slip systems. Moreover, the slip traces in coarse grains may facilitate the identification of slip traces. For ST-SG, the slip trace analysis was performed only at 5% of strain, to check the effect of crystallographic texture on the slip system activation process.

Identification of relative and absolute CRSS 2.5.1. Relative CRSS

The activation of a given slip system can be recorded as a function of slip system type (basal ⟨𝑎⟩, prismatic ⟨𝑎⟩ or pyramidal ⟨𝑐 + 𝑎⟩) and their Schmid factor range. Thus, it was possible to determine the most favorable systems to be activated. In order to eliminate any effect of a preferred orientation of the grain to a slip system type on the determination of the relative values of CRSS, a statistical methodology developed by Li et al. [START_REF] Li | Methodology for estimating the critical resolved shear stress ratios of 𝛼-phase Ti using EBSD-based trace analysis[END_REF] was adapted. For each Schmid factor range 𝑗, this method consisted in minimizing the squared difference 𝑑 between the number of a given slip system type 𝑖 observed-experimentally 𝑂 𝑖𝑗 and the corresponding expected 𝐸 𝑖𝑗 , giving:

𝑑(𝜏 1 , 𝜏 2 , 𝜏 3 ) = √ √ √ √ √ 3 ∑ 𝑖=1 𝑚 ∑ 𝑗=1 ( 𝑐 𝜏 𝑖 𝐸 𝑖𝑗 -𝑂 𝑖𝑗 ) 2 (3) 
where 𝜏 𝑖 (𝑖 = 1, 2, 3) are the critical resolved shear stresses of basal (𝑖 = 1), prismatic (𝑖 = 2) and pyramidal (𝑖 = 3) systems respectively. 𝑐 is an 

𝜕𝑑 𝜕𝜏 𝑖 = 0 ⟶ 𝜏 * 𝑖 = 𝑐 ∑ 𝑚 𝑗=1 (𝐸 𝑖𝑗 ) 2 ∑ 𝑚 𝑗=1 𝑂 𝑖𝑗 𝐸 𝑖𝑗 (4)
Therefore, the relative CRSS ratios to the prismatic value of the prismatic ⟨𝑎⟩, basal ⟨𝑎⟩ and pyramidal ⟨𝑐 + 𝑎⟩ are given as:

𝜏 * 1 𝜏 * 2 ∶ 𝜏 * 2 𝜏 * 2 ∶ 𝜏 * 3 𝜏 * 2 (5)
The advantage of this methodology is that it allows analysis of a large number of grains, making it possible to represent the average behavior by removing the heterogeneity of local stress.

Absolute CRSS

A multi-scale numerical identification of absolute CRSS is proposed in the present section. This optimization uses the obtained relative CRSS, the experimental curves of tensile tests performed until the beginning of plastic behavior, the crystallographic orientations of 500 grains, a local behavior model and the scale transition rule. It consists in finding the coupling values of prismatic, basal and pyramidal CRSS with which the experimental curves of tensile tests can be predicted correctly and the identified relative CRSS is respected. This procedure is applied to ST-UFG, ST-FG and ST-SG microstructures, with three unknowns CRSS (corresponding to each slip systems type) per optimization. This allows to find for each average grain size (0.6 μm (UFG), 3 μm (FG), 7.5 μm (SG)) the corresponding CRSS of slip systems.

The CRSS are defined through the local model as the unknown parameters of the optimization problem. The transition rule allows the change in scale from the local modeling to macroscopic simulations of the tensile curves. In the optimization procedure, the maximal error that can be accepted between the simulated and the experimental responses is defined. Starting from given initial values of the CRSS of basal ⟨𝑎⟩, prismatic ⟨𝑎⟩ and pyramidal ⟨𝑐 + 𝑎⟩ systems, the optimizer tries to find optimal values allowing simultaneously to reproduce the experimental curves while respecting the CRSS ratio constraint. By repeating this procedure for each microstructure, the CRSS depending on the grain size can be thus found. The identification procedure is summarized in Fig. 4 and in [START_REF] Nafi | Identification of mechanical properties of CuSilsteel brazed structures joints: A numerical approach[END_REF]. [START_REF] Méric | Single crystal modeling for structural calculations: Part 1-Model presentation[END_REF] is used. It gives a phenomenological description of each slip system behavior. In this model, the slip strain rate ̇𝛾𝑠 of system 𝑠 is given as a form of power function of the resolved shear stress 𝜏 𝑠 :

Local behavior model. The local behavior model of Méric-Cailletaud

̇𝛾𝑠 = v𝑠 sign(𝜏 𝑠 -𝜒 𝑠 ) (6) 
with:

v𝑠 = ⟨ |𝜏 𝑠 -𝜒 𝑠 | -𝜏 𝑠 𝑐 𝐾 ⟩ 𝑛 (7) 
The ⟨ . ⟩ are Macaulay brackets, defined as:

⟨ 𝑥 ⟩ = { 0 if 0 𝑥 if 𝑥 ≥ 0. 𝜏 𝑠
𝑐 defines the CRSS of the slip system 𝑠 (s={basal ⟨𝑎⟩, prismatic ⟨𝑎⟩, pyramidal ⟨𝑐 + 𝑎⟩}). Several CRSS values are considered for each microstructure and introduced in the optimization process. The variables 𝜒 𝑠 and 𝑟 𝑠 are respectively the kinematic and the isotropic hardening variables of slip system 𝑠, 𝜏 𝑠 is the resolved shear stress of system 𝑠, while 𝐾 and 𝑛 characterize the material viscosity. Moreover, the nonlinearity of the Ti-6Al-4V hardening can be expressed by the nonlinear kinematic hardening of slip systems according to the Armstrong-Frederick equation: [START_REF] Frederick | A mathematical representation of the multiaxial bauschinger effect[END_REF]: [START_REF] Zaefferer | A study of active deformation systems in titanium alloys: Dependence on alloy composition and correlation with deformation texture[END_REF] with:

𝜒 𝑠 = 𝐶𝛼 𝑠
α𝑠 = ̇𝛾𝑠 -𝐷𝛼 𝑠 χ𝑠 (9)
where 𝛼 𝑠 is a state variable describing the evolution of kinematic hardening in slip system 𝑠. 𝐶 and 𝐷 are the material parameters. The kinematic hardening and the viscosity parameters determined by Dick et al. [START_REF] Dick | Fretting modelling with a crystal model of Ti6Al4V[END_REF] are used.

Scale transition rule. Generally, mean field approaches are very relevant in identifying the material parameters at local scale, such as the absolute CRSS. The Berveiller-Zaoui (BZ) model [START_REF] Berveiller | An extension of the self-consistent scheme to plastically-flowing polycrystals[END_REF] was chosen as a scale transition rule for the identification procedure. For this model, the localization rule of the stress tensor is given by :

𝜎 = 𝛴 + 2𝐺𝜓(1 -𝛽) ∶ (𝐸 𝑝 -𝜀 𝑝 ) (10) 
with:

1 𝜓 = 1 + 3 2 𝐺 𝐸 𝑝 eq 𝛴 eq (11) 
and

𝛽 = 2(4 -5𝜈) 15(1 -𝜈) ( 12 
)
where 𝜎 and 𝛴 are the stresses at the local and the global scales respectively. 𝜀 𝑝 and 𝐸 𝑝 are the local plastic strain and the macroscopic plastic strain. 𝜈 is the Poisson ratio, 𝐺 the shear modulus and 𝜓 stands for a non linear accommodation parameter whose formulation is defined as a function of the Von Mises equivalent inelastic strain 𝐸 𝑝 eq and stress 𝛴 eq at the macroscopic scale. 

Results

Tensile behavior

The mechanical behavior of the studied microstructures show an excellent agreement of the elastic responses with a mean Young modulus of 108 GPa. Moreover, ST-SG shows the lowest flow stress, followed by the WT-SG, while ST-UFG presents the highest Yield Strength (YS) and Ultimate Tensile Strength (UTS). WT-SG displays a high ductility with a total Elongation (El) of more than 38% (Table 3). The engineering stress versus engineering strain responses of different ST microstructures are illustrated in Fig. 5(a). The comparison between ST-UFG, ST-FG and ST-SG curves shows a significant influence of 𝛼 grain size. As expected, yield strength increases and tensile elongation decreases as the average grain size increases from UFG to FG. However, the material keeps the same elongation when grain size increases from FG to SG.

In Fig. 5(b), a comparison between the tensile curves of ST-SG and WT-SG is presented. It can be seen that WT-SG displays the highest ductility and yield strength material. The properties of these two microstructures are reported in Table 3. Moreover, regarding all the curves presented in Fig. 5, it is observed that in ST-UFG microstructure, plasticity occurs without any discontinuous yielding. However, a yield point is shown for ST-FG, ST-SG and WT-SG. 

Activation of slip systems

In ST-SG and WT-SG, more than 200 𝛼-grains were analyzed after strain controlled tensile tests. The slip traces were observed at each strain amplitude as shown in Fig. 6.

After 1% of deformation, about only 5% of grains showed thin slip traces. Evident slip traces appeared after 3% of strain. The resolution of SEM reveals the slip traces only when many dislocations move in the same slip plane. Slip traces in levels less than 1% of strain can be easily observed and defined using SEM-DIC techniques or TEM microscopy (see [START_REF] Kasemer | On slip initiation in equiaxed 𝛼∕𝛽 Ti-6Al-4V[END_REF][START_REF] Barkia | In situ monitoring of the deformation mechanisms in titanium with different oxygen contents[END_REF]).

The percentage of the yielding grains as well as the activated slip systems after deformation of 1%, 3% and 5% are reported in Table 4. At 3% of deformation, 49% of WT-SG grains present slip traces. This percentage increases to 58% after 5% of total strain. The percentage of 1 Commercial pure titanium. yielding grains of ST-SG is greater than that of WT-SG, which confirms the macroscopic behavior observed in Fig. 5(b). Fig. 7 shows the distribution of activated slip systems with respect to their Schmid factor for ST-SG and WT-SG after 5% of deformation. The comparison between slip trace frequency into ST-SG and WT-SG induced by the pyramidal ⟨𝑐 + 𝑎⟩ systems shows that ST-SG was more deformed by this slip system than WT-SG. For both ST-SG and WT-SG, prismatic sliding was detected even when grains were unfavorably oriented (low Schmid factor). About 9% of slip traces refer to prismatic slip with a Schmid factor of less than 0.2, (21% of total prismatic sliding). It should be noted that about 12% of grains present slip traces that do not correspond to the considered slip systems in this study (prismatic ⟨𝑎⟩, basal ⟨𝑎⟩ and pyramidal ⟨𝑐 + 𝑎⟩). These slip traces may refer to the activation of other sliding systems such as pyramidal ⟨𝑎⟩ systems.

Discussion

Macroscopic stress flow dependence on grain size and crystallographic texture

Fig. 8 shows the evolution of the yield strength according to the inverse square root of the average grain size 𝑑 -1∕2 . The linear Hall-Petch relationship 𝜎 𝑒 = 𝑘𝑑 -1∕2 +𝜎 0 can be clearly observed, where 𝑘 and 𝜎 0 are the Hall Petch slope and the friction lattice stress respectively. The identification of these parameters gives: 𝑘 = 416 MPa μm -1∕2 and 𝜎 0 = 680 MPa. In polycrystals, the Hall-Petch relationship claims that dislocations have a slip length limited by the grain boundaries. Therefore, a decrease in the grain size implies an expansion of the grain boundaries area and thus dislocations face more and more obstacles compared with coarse grains. When dislocations pile up at grain boundaries, a large force is required to achieve the plastic flow, which leads to an increase in the yield strength. The obtained values of Hall-Petch parameters in comparison with some values reported in the literature are presented in Table 5. The strong dispersion of these parameters shows that the behavior dependence on grain size can be strongly affected by the producing process, the chemical composition as well as the test conditions.

Due to the strong texture of ST-SG (9 times random in {0002} pole figure), it can be assumed that neighbor 𝛼-grains have almost similar orientations. Hence, the dislocations could move more easily through the grains boundaries compared with WT-SG, where dislocations accumulate leading to stress concentrations [START_REF] Rugg | Effective structural unit size in titanium alloys[END_REF][START_REF] Glavicic | The origins of microtexture in duplex Ti alloys[END_REF][START_REF] Germain | Analysis of sharp microtexture heterogeneities in a bimodal IMI 834 billet[END_REF]. This can justify the strong yield strength of WT-SG compared with that of ST-SG (Fig. 5(b)). On the other hand, the low ductility of ST-SG may suggest a formation of soft zones surrounded by hard ones. This could induce an increasing of strain mismatches at the grain boundaries between soft and hard oriented grains/zones. Therefore, additional microcracks in these interfaces could be formed [START_REF] Lunt | Microscopic strain localisation in Ti-6Al-4V during uniaxial tensile loading[END_REF].

The interpretation of the yield point observed for both ST-FG, ST-SG and WT-SG remains difficult as it requires some nano-scale information from, for example, in-situ-TEM technique that is not the topic of the present investigation. However, it is found from the literature that this phenomenon could be attributed to one of the two following mechanisms [START_REF] Barkia | In situ monitoring of the deformation mechanisms in titanium with different oxygen contents[END_REF][START_REF] Conrad | Effect of interstitial solutes on the strength and ductility of titanium[END_REF]:

• The first one is related to a limited initial density of mobile dislocations (upper yield point) followed by a rapid multiplication associated to an important dislocations path length. This may lead to a decrease in the stress (lower yield point). Then the material can continue to deform plastically (hardening stage) by the classical mechanisms involving the movement and multiplication of the dislocations as well as their pile-up at the grains boundaries (gradually increase of the yielding grains number). • The second mechanism is linked to the insertion of solute elements such as the Oxygen (O) and the Carbon (C). In this case, since these atoms radius are equal or larger than some interstices (octahedral radius interstice in Ti-𝛼), they thus tend to reduce the compression stress which is acting on them by diffusing towards the dislocation sites where there is larger space and form ''Cottrel atmosphere''. This phenomenon produces strain field at dislocation sites. Some amount of extra stress (upper yield stress) is thus required to tear away the dislocation from this solute rich region. Once they are unpinned, the material comes back to its original position (Lower yield stress) and it requires normal amount of stress to deform.

In Fig. 5, the absence of the yield point in the case of UFG microstructure may be related to the short dislocation path length. In this case, once the dislocations start to move, they could interact the grains boundaries, therefore, the stress decreasing cannot be appear. Noted that the influence of the grain size on the yield point is not well described in the literature.

Coupled effects of crystallographic texture and grain size on slip activation

Crystallographic slip systems can be activated when their CRSS are exceeded, such that:

𝜏 = 𝜎𝜇 ≥ 𝜏 𝑐 ( 13 
)
where 𝜎 is the external stress and 𝜇 is the Schmid factor. If all slip systems have the same CRSS, only 𝜇 affects their activation. However, for Hexagonal Close Packed materials, the CRSS varies from one slip systems family to another [START_REF] Medina Perilla | Two-dimensional sections of the yield locus of a Ti-6Al-4V alloy with a strong transverse_type crystallographic a-texture[END_REF][START_REF] Bridier | Analysis of the different slip systems activated by tension in a 𝛼∕𝛽 titanium alloy in relation with local crystallographic orientation[END_REF][START_REF] Semiatin | The effect of alpha platelet thickness on plastic flow during hot working of Ti-6Al-4V with a transformed microstructure[END_REF][START_REF] Dick | Fretting modelling with a crystal model of Ti6Al4V[END_REF][START_REF] Lebensohn | A self-consistent approach for modelling texture development of two-phase polycrystals: Application to titanium alloys[END_REF][START_REF] Paton | The deformation of 𝛼-phase titanium[END_REF]. The analysis of slip traces suggests that prismatic ⟨𝑎⟩ slip is the easiest to be activated, even when its Schmid factor is low (<0.2). It is therefore necessary to understand if only the low CRSS of the prismatic systems are the main cause, as has been reported in the literature [START_REF] Salem | Strain hardening of titanium: Role of deformation twinning[END_REF][START_REF] Zaefferer | A study of active deformation systems in titanium alloys: Dependence on alloy composition and correlation with deformation texture[END_REF][START_REF] Li | Methodology for estimating the critical resolved shear stress ratios of 𝛼-phase Ti using EBSD-based trace analysis[END_REF][START_REF] Philippe | Role of twinning in texture development and in plastic deformation of hexagonal materials[END_REF]. To achieve this, a statistical analysis of the grain size distribution of all deformed grains presenting a prismatic Schmid factor less than 0.2 in WT-SG was performed. Fig. 9(a) shows the distribution of grains presenting the activated Unfavorable Prismatic ⟨𝑎⟩ Sliding (UPS) as respect to their size range in WT-SG microstructure. It can be seen that the UPS appears in coarse grains with a size larger than 7.5 μm). For each range of grain size, the ratio between the number of yielding grains (showing UPS) 𝑁 y and the total number of grains 𝑁 t of this range is defined by 𝑟 = 𝑁 y ∕𝑁 t . This ratio evolution is presented in Fig. 9(b) for each range of grain size. It shows that the ratio for the range between 14 and 16 μm makes the highest contribution in the UPS with about 42%. By decreasing the grain size, the ratio 𝑟 decreases. This result obtained for prismatic ⟨𝑎⟩ systems suggests that the activation of slip systems is associated with local heterogeneous stress concentrations, which depends not only on the CRSS of slip systems and the crystallographic texture but also on the individual grain size. Moreover, several studies have shown that the CRSS itself could be influenced by the grain size. Indeed, increasing of grain size can lead to a decrease in the CRSS [START_REF] Wang | Direct measurement of critical resolved shear stress of prismatic and basal slip in polycrystalline Ti using high energy X-ray diffraction microscopy[END_REF][START_REF] Raeisinia | Using polycrystal plasticity modeling to determine the effects of grain size and solid solution additions on individual deformation mechanisms in cast Mg alloys[END_REF][START_REF] Cepeda-Jiménez | Effect of grain size on slip activity in pure magnesium polycrystals[END_REF][START_REF] Weng | Microstructural theory of grain size dependance in metal plasticity[END_REF]. It is then necessary to verify this hypothesis in the case of Ti-6Al-4V alloy by identifying the CRSS of different gliding systems for the studied microstructures. 

Identification of relative and absolute CRSS

The relative CRSS was estimated by adapting the methodology developed in [START_REF] Li | Methodology for estimating the critical resolved shear stress ratios of 𝛼-phase Ti using EBSD-based trace analysis[END_REF] as 1.36 ∶ 1 ∶ 2.84 for basal ⟨𝑎⟩, prismatic ⟨𝑎⟩ and pyramidal ⟨𝑐 + 𝑎⟩ respectively. This result was compared with those found in the literature, as shown in Table 6. It can be observed that the relative CRSS of basal and prismatic slip systems are close in Ti-6Al-4V alloy, in contrast with values for pure titanium [START_REF] Conrad | Effect of interstitial solutes on the strength and ductility of titanium[END_REF][START_REF] Churchman | The slip modes of titanium and the effect of purity on their occurrence during tensile deformation of single crystals[END_REF][START_REF] Sakai | Plastic deformation of Ti-Al single crystals in prismatic slip[END_REF]. The addition of aluminum and oxygen elements leads to a reduction in the stacking fault energy on the basal planes, and therefore dislocations are increasingly dissociated and their motion become easier in these planes [START_REF] Zaefferer | A study of active deformation systems in titanium alloys: Dependence on alloy composition and correlation with deformation texture[END_REF][START_REF] Conrad | Effect of interstitial solutes on the strength and ductility of titanium[END_REF].

The identified values of the CRSS are reported in Table 7 and presented then as inverse square root functions of the average grain size (Fig. 10).

The local Hall-Petch slope was found to be 146, 114 and 235 MPa μm -1∕2 for basal, prismatic and pyramidal ⟨𝑐 + 𝑎⟩ systems respectively. The increase in grain size leads to a decrease in the CRSS, which facilitates the accommodation of plastic strain in coarse grains even when grains are not favorably oriented and confirms the results illustrated in Fig. 9. For the pyramidal ⟨𝑐 + 𝑎⟩ systems, the high values of CRSS of all Ti-6Al-4V microstructures (Table 7) make the activation of these systems very difficult, even in grains that are favorably oriented. However, more than 30% of traces in ST-SG and 22% in ST-SG corresponding to these slip systems were observed (Table 4), which may be justified by the existence of grains whose size is much larger than the average grain size (effect of grain size scattering ). In addition, the Hall-Petch slope of this sliding type is very high compared with the other systems, which can lead to a significant decrease in pyramidal ⟨𝑐 + 𝑎⟩ CRSS in large grains. In the present study it should also be noted that each grain is considered as an isolated single crystal, thus the effects of interaction between grains, 𝛽-phase (10%), dislocations density and the role of grain boundaries as a source of dislocations are not taken into account.

Estimation of slip system type activation in the four microstructures

To estimate the evolution of the slip system activation in the four microstructures, the Cumulative Distribution Function (CDF) of Schmid factors of more than 2500 grains was determined for each slip system, as shown in Fig. 11. The grains were considered to be favorably oriented for the slip systems when their Schmid factor was higher than 0.4. The similarity of the average Schmid factors of basal ⟨𝑎⟩, prismatic ⟨𝑎⟩ and pyramidal ⟨𝑐 + 𝑎⟩ systems of WT-SG was observed, which indicates that the same possibilities may be considered to activate these systems. An estimation of the relative amount of activated sliding systems during tensile tests was carried out. This estimation is only based on the Schmid-Boas law Eq. ( 13) which considers that each grain as an isolated single crystal. The estimated contribution of each slip system type at 5% of deformation is summarized in Table 8. It should be noted that at this amplitude of deformation, the stress is different from one microstructure to another: 1221 MPa for ST-UFG, 976 Mpa for ST-FG, 918 MPa for ST-SG and 982 MPa for WT-SG. By comparing the results of Table 8 with those found experimentally (Table 4), it can be shown that the estimation of the slip system activation in the HCP polycrystal depends not only on the CRSS and the initial crystallographic texture, but also on other parameters such as the interaction between grains and the interaction between slip systems. To take into account all these interactions, it may be necessary to use multi-scale modeling based on local laws and appropriate scale transition methods and introduce the microstructure features as well as the absolute CRSS when estimating the activated slip systems.

Summary and conclusions

The influence of the grain size and the crystallographic texture on the mechanical behavior induced by gliding mechanism in Ti-6Al-4V alloy was first investigated at the macroscopic scale. After that, the contribution of basal ⟨𝑎⟩, prismatic ⟨𝑎⟩ and pyramidal ⟨𝑐 + 𝑎⟩ slip systems types in relationship with the microstructure features of the material was then evaluated based on slip trace analysis methodology.

A statistical methodology followed by numerical optimization were then proposed in order to identify the CRSS of slip systems types in the studied microstructures. Finally, the role of the grain size on the variation of the CRSS of slip systems was discussed. The main conclusions of this research are summarized as follows:

• The significant role of grain size and crystallographic texture on monotonic behavior of Ti-6Al-4V is shown. Increasing the grain size leads to a decrease in the yield strength and an increase in material elongation. A pronounced crystallographic texture leads to a change in the behavior of weakly-textured microstructure according to the loading direction with respect to the 𝑐 axis of the hexagonal lattice. Strong local anisotropy can therefore appear, which may affect the yield strength and the ductility of the material. • The contribution of gliding systems on the accommodation of plastic strain shows a dependence on the crystallographic texture. Increasing of Schmid factor for a slip system type facilitates its activation. However, it was observed that prismatic ⟨𝑎⟩ and basal ⟨𝑎⟩ slip systems are dominant while the pyramidal ⟨𝑐 + 𝑎⟩ slip systems can be activated only with preferred orientation of grains at high level of stress. This result is in agreement with the results found in the literature • The observation of prismatic ⟨𝑎⟩ gliding within coarse grains unfavorably oriented can be related to the low value of prismatic CRSS, especially in coarse grains. Moreover, the numerical optimization of the CRSS of slip systems in the microstructures with Ultra Fine Grains (UFG), Fine Grains (FG) and standard grains (SG) shows a dependence of the CRSS on grain size that can be expressed by the local Hall-Petch relationship. • Due to the variety of slip systems in Ti-6Al-4V alloy, their different CRSS and their strong dependence on both the grain size and the initial crystallographic texture, Ti-6Al-4V can present strong plastic heterogeneity at a local scale.
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 12 Fig. 1. SEM micrographs of the initial microstructures (left) and their{0002} 𝛼 and {01 10} 𝛼 pole figures (right): (a) ST-UFG, (b) WT-FG. The enlarged figure defines the UFG grain map of Band Contrast (BC).
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 2 Fig. 2. SEM micrographs of the final microstructures (left) and their {0002} 𝛼 and {01 10} 𝛼 pole figures (right): (a) ST-UFG, (b) ST-FG, (c) ST-SG, (d) WT-SG. unknown constant and 𝑚 is the number of Schmid factor ranges. If all slip systems have the same CRSS, then 𝜏 𝑖 (𝑖 = 1, 2, 3) = 𝑐. The optimal values 𝜏 * 𝑖 , which are near a multiplicative constant 𝑐 for the CRSS values can be computed by solving the first-order derivative conditions for the distance 𝑑 with respect to 𝜏 1 , 𝜏 2 and 𝜏 3 𝑐:
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 3 Fig. 3. An example of slip trace analysis carried out for one grain of WT-SG at 3% of total strain (grain A in this figure): (a) BSE-SEM images, (b) EBSD map orientations, (c) Slip systems traces, (d) Schmid factor values corresponding to the slip systems presented in (c).
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 4 Fig. 4. Optimization procedure of the absolute CRSS.
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 5 Fig. 5. Stress-Strain curves: (a) Effect of grain size, (b) Effect of crystallographic texture (The legends T1 and T2 correspond to ST and WT respectively in the text).
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 6 Fig. 6. BSE-SEM micrographs of tensile deformed microstructures: (a) WT-SG at 1%, (b) WT-SG at 3%, (c) WT-SG at 5%, (d) ST-SG at 5%.
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 7 Fig. 7. Schmid factor distribution of observed slip systems (a) ST-SG at 5%, (b) WT-SG at 5%.
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 8 Fig. 8. Hall-Petch relationship between yield strength and inverse square of average grain size.
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 9 Fig. 9. Distribution of grain size presenting Unfavorable Prismatic Sliding (UPS) with Schmid factor less than 0.2: (a) Observed slip traces, (b) Actual activated systems.
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 10 Fig. 10. Evolution of CRSS as function of 1∕ √ 𝑑.

Fig. 11 .

 11 Fig. 11. Cumulative Distribution Function (CDF) of Schmid factor slip systems in: (a) ST-UFG, (b)ST-FG (c) ST-SG, (d) WT-SG.

Table 1

 1 Chemical composition of the initial microstructures.

	Elements (wt%)	Ti	Al	V	C	Fe	H	N	O	Y
	ST Microstructure Base 6.26 4.2 <0.1 0.13 <0.1	0.01	0.14 <0.1
	WT Microstructure Base 5.94 3.95 0.052 0.19 0.0002 0.0075 0.185 0.001

Table 3

 3 Mechanical properties of ST and WT microstructures.

	Material	E (GPa)	YS (MPa)	El (%)	UTS (MPa)
	ST-UFG	105.982	1190	13	1232
	ST-FG	107.142	937	16	995
	ST-SG	107.315	843	17	944
	WT-SG	113.041	931	≈40	1003

Table 4

 4 Analysis of deformation behavior of tested specimens.

	Microstructure	Deformation	Number of	% of yield grains	% of activated slip systems contribution
		level (%)	analyzed grains		Basal	Prismatic	Pyramidal
		1	138	4.83	39.91	54.31	5.72
	WT-SG	3	205	48.86	35.51	42.06	22.43
		5	230	58.26	34.29	44.02	22.01
	ST-SG	5	237	68.68	32.43	37.84	30.27

Table 5

 5 The obtained Hall-Petch parameters in comparison with some literature values.

	Material	Grain size range (μm)	𝑘 (MPa μm 1∕2 )	𝜎 0 (MPa)	Reference
	Ti-6Al-4V	[0.6-7.5]	416	680	Present study
	Ti-6Al-4V	[0.8-4]	328	728	[40]
	Ti-6Al-4V	[0.6-1.1]	516	440	[41]
	Ti-6Al-4V	[0.15-10]	142	942	[42]
	CP-Ti 1	[0.2-10]	269	134	[43]

Table 6

 6 Estimated relative CRSS in comparison with results found in the literature for Ti-6Al-4V.

	Basal ⟨𝑎⟩	Prismatic ⟨𝑎⟩	Pyramidal ⟨𝑎⟩	Reference
	1.36	1	2.84	Present study
	1.05	1	1.68	[37]
	1-1.5	1	3-5	[19]
	1.43	1	4.23	[20]
	0.93-1.3	1	1.1-1.6	[4]

Table 7

 7 Absolute CRSS (in MPa) for basal, prismatic and pyramidal systems.

	Material	Basal ⟨𝑎⟩	Prismatic ⟨𝑎⟩	Pyramidal ⟨𝑐 + 𝑎⟩
	ST-UFG	390	290	790
	ST-FG	320	240	570
	ST-SG	240	170	580
	WT-SG	240	170	580

Table 8

 8 An estimation of activated slip systems number (in %) after 5% of deformation.

	Material	Basal ⟨𝑎⟩ (%)	Prismatic ⟨𝑎⟩ (%)	Pyramidal ⟨𝑐 + 𝑎⟩ (%)
	ST-UFG	37	38	0
	ST-FG	27	26	0
	ST-SG	41	27	6
	WT-SG	43	46	4
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