General introduction

The materials currently used for biomedical implants include 316L stainless steel (316L SS), cobalt chromium (Co-Cr) alloys and titanium as well as its alloys.

Unfortunately, there are potential toxic effects of chemical elements such as Ni, Co and Cr, which can be released from prosthetic or dental implants or from cardiovascular devices such as coronary stents for example.. In addition, both 316L SS and Cr-Co alloys possess much higher elastic modulus than the bone one which leads to bone resorption and loosening of implant after some years of implantation.

The option for titanium-based materials as prosthetic implants is due to the combination of their high strength, low elastic modulus, low density, good corrosion resistance, excellent biocompatibility and their high capacity to be joined with bone and other tissues.

On the other hand, alloys possessing shape memory or superelastic behavior are of great interest for biomedical functional devices such as stents, osteosynthesis staples, and orthodontic arch wires. The alloys commonly used for such devices belong to the NiTi family (e.g., Nitinol) due to their exceptional shape memory and superelastic properties. However, Ni hypersensitivity still remains an issue in terms of biocompatibility and superelastic Ni-free β-titanium alloys displaying stress-induced α" martensitic transformation are now considered as the right alternative option for biomedical applications. Consequently, numerous superelastic (Ti-Nb)-based alloys have been widely developed, such as Ti-Nb-Al, Ti-Nb-Zr, Ti-Nb-Ta, Ti-Nb-O, Ti-Nb-N, Ti-Nb-Zr-Sn, Ti-Nb-Zr-Ta, Ti-Nb-Ta-Zr-O. However, most of (Ti-Nb)-based alloys showed low recovery strain (less than 3.0%) compared to NiTi alloys (more than 8.0%). This poor recovery strain is attributed to the small transformation strain from body-centered cubic β phase to C-centered orthorhombic α'' martensitic phase.

More recently, it was reported that hafnium or zirconium can be effective alloying elements to improve the superelastic performance of Ni-free titanium-based alloys. Indeed, the substitution of niobium by zirconium allowed the control of the martensitic transformation start temperature in order to promote superelasticity at room temperature. From this object, four novel (Ti-Zr)-based alloys and a highentropy alloy with superelasticity were developed and characterized in this thesis. In addition, the plastic deformation mechanisms were also investigated in the (Ti-Zr)based alloys. In the present manuscript, five chapters are included as follows:

In the first chapter, the general properties for titanium and its alloys were firstly reviewed, and we then focused on metastable β titanium alloys due to their high strength, good corrosion resistance and biocompatibility and their possibility to display superelastic and shape memory properties for biomedical applications. These properties are due to the fact that a martensitic transformation can occur in these alloys and the mechanisms of such transformation were presented in superelastic and shape memory Ti-based alloys compared with the martensitic phase transformation occurring in NiTi-based alloys. Finally, the plastic deformation mechanisms, such as dislocation glide, deformation twinnings and stress-induced martensitic transformation, were also reviewed in metastable β titanium alloys.

In the second chapter, all the detailed procedures for materials preparation and experimental techniques were presented. In this work, ingots were firstly melted by the cold crucible levitation melting (CCLM) method and thermo-mechanical treatments were conducted to optimize the microstructures. β transus temperature of each alloy composition was determined by resistivity and mechanical properties were carried out by cyclic tensile test. On the other hand, Electron Backscattering Diffraction (EBSD), Synchrotron X-ray Diffraction (SXRD) and Transmission Electron Microscopy (TEM) techniques have been implemented to characterize the crystallographic orientation, the stress-induced martensitic transformation and the deformation microstructures, respectively.

In the third chapter, two new quaternary (Ti-Zr)-based alloys: Ti-20Zr-3Mo-3Sn (at.%) and Ti-20Zr-12Nb-2Sn (at.%), were designed and mechanical tests were conducted. On the other hand, the influence of crystallographic texture, grain size and critical stress for slip (σcss) as the function of thermal treatment conditions on superelastic performance was discussed in this chapter.

In the fourth chapter, the quinary superelastic alloys: Ti-30Zr-13Hf-2Mo-4Sn (at.%) and Ti-28Zr-12Hf-8Nb-4Sn (at.%), were elaborated from the ternary Ti-Zr-Hf phase diagram. Inspired from this viewpoint, a novel single-phase high-entropy alloy Ti-35Zr-15Hf-5Nb-5Ta-5Sn (at.%) with large recoverable strain was then designed.

Finally, all the developed alloys in this chapter were characterized by cyclic tensile test, EBSD and SXRD techniques.

In the last chapter, the plastic deformation microstructures and mechanisms occurring in the Ti-20Zr-3Mo-3Sn (at.%) alloy were more particularly investigated by in-situ and conventional TEM techniques. New stress-induced tetragonal phase was highlighted in association with the classical stress-induced martensitic α'' phase. On the other hand, their twinning mechanisms were observed with different deformation strain.

Introduction

Biomedical materials are artificial or natural materials which are widely used to make implants to replace the lost or diseased biological tissues. Thus, biomaterials help to improve the quality of life and longevity of human beings. Meanwhile, the field of biomaterials has shown rapid growth to keep with the demands of an aging population. Biomaterials are used in different parts of the human body as artificial valves for the heart, stents in blood vessels, replacement implants in shoulders, knees, hips, elbows, ears and dental structures. It should be noted that 90% of population over the age of 40 suffers from kinds of degenerative diseases and the aged people population has increased tremendously. Fortunately, artificial biomaterials are optimal solutions for these troubles. Artificial biomaterials with appropriate shapes will then help to restore the function of the otherwise functionally compromised structures by surgical implantation [1][2][3]. Fig. 1-1 reveals some examples of implants used in hip and knee joints. In fact, there is still a tremendous increase in the demand of new implants able to stay a long time in the human body [3]. 

Current metallic biomaterials and their limitations

In order to serve for longer period and without any rejection, an implant is expected to possess good mechanical properties, such as hardness, tensile strength, elastic modulus and elongation at rupture; to be non-toxic to prevent any inflammatory or allergic reactions in the human body; to possess high corrosion and wear resistance and good osseointegration.

The materials currently used for biomedical implants include 316L stainless steel (316L SS), cobalt chromium (Co-Cr) alloys and titanium as well as its alloys.

Unfortunately, there are potential toxic effects of chemical elements such as Ni, Co and Cr, which can be released from prosthetic implants, as reviewed by Wapner [4].

In addition, both 316L SS and Cr-Co alloys possess much higher elastic modulus than the bone one which leads to bone resorption and loosening of implant after some years of implantation. The option for titanium-based materials as implant is due to the combination of its high strength, low elastic modulus, low density, good corrosion resistance, excellent biocompatibility and high capacity to join with bone and other tissues [5]. As an example, Fig. 12shows the elastic modulus of various Ti-based biomedical alloys compared with bone and other metallic biomaterials [3].

Alloys possessing shape memory or superelastic behavior are of great interest for biomedical functional devices such as stents, osteosynthesis staples, and orthodontic arch wires. The alloys commonly used for such devices belong to the NiTi family (e.g., Nitinol) due to their exceptional shape memory and superelastic properties.

However, hypersensitivity and toxicity of nickel remain as the problems in many clinical cases and the use of nickel must be avoided [6]. 

Titanium and its alloys 3.1 Pure titanium

Pure titanium exhibits an allotropic phase transformation changing from a bodycentered cubic crystal structure β phase to a hexagonal close-packed crystal structure α phase at lower temperature. Fig. 1-3(a) presents the hexagonal unit cell of α titanium and its cell parameters a=0.295nm, c=0.468 nm. The three most densely packed types of lattice planes are (0002) plane, {10-10} plane and {10-11} plane. The three a1, a2 and a3 axes are the close packed directions with the indices <11-20>. At 882°C (transus β), α titanium transforms into body-centered cubic crystal structure β phase (a=0.332 nm) and Fig. 1-3(b) indicates its unit cell. {110} planes are the six most densely packed lattice planes and <111> directions are the four close-packed directions [7]. 

Titanium alloys

Titanium alloys are quite sensitive to the influence of alloying elements on transformation temperature. Depending on the effect of transformation temperature, the alloying elements in titanium can be then classified into α and β stabilizing elements. As shown in Fig. 1234, the alloying elements Al, O, N, C are widely used as α stabilizer. Depending on the resulting binary phase diagrams, the β stabilizers are divided into β isomorphouse elements (such as V, Mo, Nb, Ta) and eutectoid forming elements (like Fe, Mn, Cr, Ni, Cu, Si, H). In addition, the alloying elements, for example Zr, Sn, are regarded as neutral elements, because the α/β transformation temperature (transus β) is slightly lowered but can be increased again at higher concentrations [7][8][9]. 

Classification of titanium alloys

As shown in Fig. 12345, titanium alloys can be classified into α alloys, α+β alloys, metastable β alloys and stable β alloys according to the microstructures at room temperature [10]. 

α titanium alloys

In this type of alloys, α stabilizing elements are necessary for the composition of α alloys. Equiaxed α grains could be formed after annealing in the α phase domain. In such alloys, martensitic α', which has the same crystallographic structure as the α phase except for the morphology of platelets or needles, will be observed after quenching at room temperature. If the alloy is less rich in α stabilizer, α-platelets microstructure could be obtained after annealing in the α phase domain.

α + β titanium alloys

This category of alloys represent the majority of alloys on the market, the most known one being Ti-6Al-4V (namely Ti64). The microstructures of α + β alloys are highly dependent on their compositions, thermal-mechanical treatments and cooling conditions. During slow cooling, the transformed β phase microstructure goes through nucleation and growth process: the α phase nucleates at the grain boundaries and then extends to all the grains.

Metastable β titanium alloys

This type of alloys includes all the alloys containing enough additional β stabilizing elements to be placed between the point β1 and β2 in Fig. 12345. A full β microstructure can be obtained at room temperature by annealing in the β phase domain and then followed by rapid quenching in water. Non-equilibrium phases (such as isothermal/athermal ω phase, self-accomodated/stress-introduced α'' martensite) can appear through quenching, thermomechanical treatment or applied stress and subsequently modify the properties of these metastable β titanium alloys [11]. In this case, the superelastic property can be achieved via martensitic phase transformation with the effect of external loading/unloading processes.

Stable β titanium alloys

If the content of β stable elements is higher, that is to say beyonding β2 point in Fig. 12345, the microstructure will be fully β whatever the cooling condition. The applications of stable β titanium alloys are reduced due to their rather poor mechanical properties.

Non-equilibrium phases in metastable β titanium alloys

The study of non-equilibrium phases is one of the hot topics in metastable β titanium alloys. The non-equilibrium phases normally come from the decomposition of β phase during quenching or thermo-mechanical treatments. The mechanical properties (for example strength, Young's modulus, ductility and so on) can be optimized according to the non-equilibrium phase constitution. In addition, one of the most interesting applications is to obtain superelastic or shape memory effects. All these excellent mechanical properties are attributed to the instability of β phase and several metastable phases can be observed.

The ω phase

ω phase is a high pressure equilibrium phase in most of Ti, Zr, Hf-based alloys [12], but can also be found as a non-equilibrium phase in some of these metastable alloys. Frost et al. [13] firstly observed this phase in the Ti-8Cr alloy. In metastable β titanium alloys, the ω phase can be divided into three types according to paths of its formation: athermal ωath phase from rapid cooling, isothermal ωiso phase from aging in the temperature range of 373-773K, and stress-induced ωsi phase resulting from applied stress or stress relaxation.

Athermal ωath phase

This type of ωath phase is induced by rapid water quenching after heating above β transus temperature with metastable β titanium alloys. The ωath phase presents a hexagonal structure (space group: N°191 P6/mmm) with three atomic positions: (0,0,0), (1/3,2/3,1/2), and (2/3,1/3,1/2). Ideally, the cell parameters are associated with those of the parent β phase following this relationship: , ,

. The orientation relationship between β phase and ωath phase was first reported by Fontaine et al. [14] as: {111}β∥(0001)ω and [1][2][3][4][5][6][7][8][9][10]β∥ [11][12][13][14][15][16][17][18][19][20]ω.

The size of ωath phase precipitates (near about 2 nm) is generally too tiny to be observed by conventional TEM observations, but the corresponding diffraction patterns can highlight the ωath phase existence. Fig. 1-6 reveals the ωath phase in water quenched Ti-5Al-5Mo-5V-3Cr (wt.%) alloy [15]. 

Stress-induced ωsi phase

In recent decade, another type of ω phase due to plastic deformation, namely stress-induced ωsi phase, was also sometimes reported. The stress-induced ω phase was firstly observed by shock deformation. It is widely believed that the β→ω transformation involves a shearing of the β lattice along a {112}β plane, as shown in Fig. 1-10. This mechanism allows the formation of ωsi phase with selection of variants in the form of platelets within the parent β phase deformed by shock [22]. More recently, another type of stress-induced ωsi phase was found along twin boundaries as an interfacial layer. As shown hereafter, this ωsi phase is formed along 

Martensitic α" phase

The martensitic α" phase was firstly reported by Bagariatskii in 1958 in titanium alloys [25]. In the later study of 1988, Moffat [26] found that martensitic phases in titanium alloys could be classfied into two types: α' martensite with a hexagonal structure and α" orthorhombic martensite depending on different content of stabilizing elements. In the present work, we are mainly focusing on the α" martensite with orthorhombic structure.

This phase can be obtained from two approaches: on one hand, α" martensite is prevalent in rapid water quenched alloys with a slightly lower content of β stabilizers than that retaining the β phase; on the other hand, α" martensite also can be formed under the effect of an external mechanical stress from metastable β alloys, namely stress-induced martensitic (SIM) α". The martensitic α" phase presents a C-centered orthorhombic structure belonging to the space group of N°63, Cmcm. The lattice parameters of α" phase are quite sensitive to the alloy composition [27][28][29].

The morphology of martensitic α" phase was widely reported by optical microscopy, EBSD and TEM. Here we show two typical α" martensitic plates in the Fig. 1-14 [30] and Fig. 1-15 [31] for self-accommodating martensite and SIM α" martensite, respectively. In addition, the orientation relationship between parent β phase and α" martensite is illustrated by a schematic of both crystal structures in Fig. 1-17 [32]. Thus, the formation of α" phase follows the orientation relationship: {110}β∥(001)α" and <11-1>β∥[110]α". The lattice correspondence then can be expressed as:

[100]β-[100]α", [010]β-1/2[01-1]α", [001]β-1/2[011]α", or alternatively [100]α"-<100>β, [010]α"-<011>β,
[001]α"-<0-11>β. Hence, six lattice correspondence variants can be defined from the orientation relationship, and these were designated as V1, V2, V3, V4, V5 and V6, as shown in Table 1-1 [30]. 

Martensitic transformation in superelastic and shape memory alloys

Generalities of martensitic transformation

Martensitic transformations are diffusionless. The change in crystal structure is achieved by a homogeneous deformation of the parent phase. To minimize the strain energy the martensite forms as thin plates on particular crystallographic planes known as the habit planes. The consequences of this mechanism can be seen macroscopically because the shape of the transformed region changes. Given the nature of the homogeneous deformation, it should be possible to predict many of the aspects of the crystallography, morphology, transformation strains, and dynamic characteristics of martensite [33].

Characteristic temperatures of the martensitic transformation

Generally, there are four characteristic temperatures of the martensitic transformation: Ms, Mf, As, Af to characterize the martensitic transformation, as shown in Fig. 1-18. Martensite start temperature, Ms, characterizes the starting temperature of martensitic transformation during cooling from the austenitic domain; martensite finish temperature, Mf, characterizes the end of this transformation; In contrast, austenite start temperature, As, characterizes the beginning of transformation of martensite into austenite during heating; and austenite finish temperature, Af, is the end of this reverse transformation [START_REF] Ramarolahy | Etude de la transformation martensitique et des propriétés superélastiques d'alliages de titane du systèmes Ti-NB-X (X=O,N,Si)[END_REF]. 

Shape memory effect

The so called "shape memory effect" is the ability of deformed alloys to return to their initial shape by heating. The working temperature of shape memory alloys is lower than Mf, and the initial microstructure is then composed of multi-variant twinned martensite. The deformation mechanism is demonstrated in Fig. 1-19 with the schematic stress-strain curve:

(1) Elastic deformation of self-accomodated multi-variants martensite in the elastic domain of the tensile curve.

(2) When the applied stress exceeds the critical stress σM, the multi-variants martensite will transform into a single-vatiant martensite by the movement of twin interfaces. From the stress-strain curve, it corresponds to the plateau region.

(3) If the alloy is full of single-variant martensite near the end of the plateau, it is then elastic deformation of single-variant martensite when the applied stress increases.

(4) Once the applied stress is unloaded, the stress decreases by the elastic deformation of single-variant martensite, and a large permanent residual strain remains in the material as shown on the stress-strain curve.

(5) This residual strain can be recovered back through applying additional heat treatment at a temperature above the austenite finish temperature Af. This step allows to transform back all the martensite into austenite and leads to a total recovery of the initial shape of the material.

(6) Once cooled again from this austenite state, the alloy will transform with selfaccomodated multi-variants martensite again. 

Superelastic effect

The superelastic alloys reveal large recoverable strain, namely superelasticity, due to the reversible stress-induced martensitic transformation (SIM). In this case, the working temperature is higher than austenite finish temperature Af, thus, the initial microstructure is only composed of austenite. The deformation mechanisms for superelastic effect are shown in Fig. 1-20:

(1) The primary stage is the elastic deformation of austensite due to the low applied stress.

(2) Near the critical stress for inducing martensitic transformation σSIM, the austensitic phase transforms into single-variant martensite. In some alloys, stressinduced martensite can be formed as twinned martensite composed then of two variants. In this stage, a large plateau appears on the stress-strain curve until only martensite constitutes the alloy.

(3) When the stress increases, the next stage is the linear elastic deformation of stress-induced martensite.

(4) Once the stress is released from the elastic deformation region of martensite, all the applied deformation can be recovered by reversible transformation through recovery of elastic deformation of martensite, followed by reverse martensitic transformation to austenite and finally recovery of elastic deformation of austensite. 

NiTi-based alloys

The equiatomic NiTi alloy with shape memory effect was first found by Buehler et al. in 1963 [35] and then became quite popular soon after its discovery. NiTi-based alloys are quite attractive functional materials not only as practical shape memory alloys with high strength but also as those exhibiting unique physical properties such as pre-transformation behaviors, which are enriched by various martensitic transformations. These alloys are currently the most used superelastic/shape memory alloys, including for biomedical applications [START_REF] Heraud | Nouveaux alliages de titane biocompatibles et superélastiques pour applications medicales[END_REF].

Phases in NiTi-based alloys

Parent B2 phase: Fig. 1-21(a) reveals the B2 phase structure in NiTi-based alloys with the space group of N°221, Pm-3m [START_REF] Šittner | In situ neutron diffraction studies of martensitic transformations in NiTi polycrystals under tension and compression stress[END_REF][START_REF] Schaffer | Structure-property relationships in conventional and nanocrystalline NiTi intermetallic alloy wire[END_REF]. The phase transformation temperature from B2 structure to disordered body-centered cubic (BCC) phase is about 1090°C. The B2 phase retains upon quenching or slow cooling to room temperature. This is the austenitic phase in the martensitic transformation and the associated shape memory effects.

Martensitic B19' phase: This B19' phase possesses a monoclinic structure with the space group of N°11, P21/m, as shown in Fig. 1-21(b). This martensitic B19' phase can be obtained by quenching from high temperature after solution treatment or by applying an external stress from intial B2 phase. In the two cases, the lattice correspondence then can be expressed as:

[100]B19'-[-100]B2, [010]B19'-[01-1]B2,
[001]B19'-[0-1-1]B2 [START_REF] Kudoh | Crystal structure of the martensite in Ti-49.2 at.% Ni alloy analyzed by the single crystal X-ray diffraction method[END_REF].

Intermediate R phase and B19 phase:

The so-called R-phase, as shown in Fig. 1-21(c), appears under certain conditions (composition, thermo-mechanical treatments) prior to the transformation to B19' phase. Up to now, the space group of R phase is controversial, one is P3, but P (N°147) [START_REF] Sitepu | Use of synchrotron diffraction data for describing crystal structure and crystallographic phase analysis of R-phase NiTi shape memory alloy[END_REF][START_REF] Goryczka | Structure of the R-phase in NiTi shape memory alloys[END_REF] is the most commonly admitted.

Shugo et al. [START_REF] Nishimura | Reprint from the Bull[END_REF] firstly reported also a B19 (space group Pmma, N°51) martensite phase in the first stage of cooling of Ti50Ni50-x (x=10-30) alloys as orthorhombic, and then confirmed by Tadaki et al. [START_REF] Tadaki | Electron microscopy studies of martensitic transformations in Ti50Ni50-xCux alloys. Part II. Morphology and crystal structure of martensites[END_REF]. More recently Potapov et al.

[44] carried out more detailed structure analysis for meltspun Ti50Ni25Cu25 ribbon by using Rietveld refinement and electron diffraction. Thus, the B19 phase is also a possible intermediate phase in martensitic transformation of NiTi. The structure of B19 phase is present in Fig. 1-21(d).

Factors influencing the superelasticity in metastable β titanium alloys

In recent decades, considerable (Ti-Nb)-based alloys with good superelasticity have been developed, such as Ti-Nb-Zr [START_REF] Zhang | Influence of equiatomic Zr/Nb substitution on superelastic behavior of Ti-Nb-Zr alloy[END_REF][START_REF] Brailovski | Bulk and porous metastable beta Ti-Nb-Zr (Ta) alloys for biomedical applications[END_REF], Ti-Nb-Zr-Sn [START_REF] Yao | Reversible twin boundary migration between α ″martensites in a Ti-Nb-Zr-Sn alloy[END_REF][START_REF] Hao | Elastic deformation behaviour of Ti-24Nb-4Zr-7.9 Sn for biomedical applications[END_REF], Ti-Nb-Zr-Ta [START_REF] Tahara | Effect of nitrogen addition and annealing temperature on superelastic properties of Ti-Nb-Zr-Ta alloys[END_REF], Ti-Nb-Ta-Zr-O [START_REF] Kim | Effects of oxygen concentration and phase stability on nano-domain structure and thermal expansion behavior of Ti-Nb-Zr-Ta-O alloys[END_REF]. However, most of (Ti-Nb)-based alloys have smaller recovery strain (around 2.5%), compared with NiTi alloys (nearly 8%). Therefore, many approaches to improve the superelasticity of (Ti-Nb)-based alloys have been developed, such as crystallographic texture improvement or thermal treatments.

A first way to improve superelasticity is to optimize the crystallographic texture.

Indeed, the recovery strain is directly linked to the transformation strain obtained during SIM transformation, which is dependent on the crystallographic orientation of phase regarding the applied strain. As an example, Miyazaki et al. reported the effect of crystallographic texture on recovery strain for the Ti-22Nb-6Ta (at.%) alloy [START_REF] Kim | Texture and shape memory behavior of Ti-22Nb-6Ta alloy[END_REF]. Calculations from lattice parameters of β and α" phases for a single crystal showed anisotropy of recovery strain depending on crystallographic orientation of the applied tensile stress. Sun et al. investigated the effect of short thermal treatment (6mins at 600°C) on the Ti-20Nb-6Zr (at.%) alloy [START_REF] Sun | A thermomechanical treatment to improve the superelastic performances of biomedical Ti-26Nb and Ti-20Nb-6Zr (at.%) alloys[END_REF]. It can be seen from Fig. 1-24 that the recoverable strain of the shortly treated alloy is significantly improved compared with the asquenched and the as-rolled ones. The maximum recovery strain is near about 3.2% for the short thermal treated. In this metallurgical state, the high critical stress for dislocation slip is assumed to be responsible for the improvement of superelastic recovery, since the stress-induced martensitic α" phase is partially retained by the accumulation of dislocations during unloading for the solution treatment.

On the other hand, Fig. 1-25 shows TEM images of the alloys for as-quenched and after a short aging treatment, it can be clearly seen that short thermal treatment results in ultrafine equiaxed β grains of about 1 μm in size compared with the asquenched specimens. According to the classical Hall-Petch law, refined grains contribute greatly to increase the critical stress for dislocation slip. This improvement of superelasticity can thus be explained by the refined grains, which contribute greatly to delay the activation of dislocations and then prevent trapping of stress-induced α" martensite during unloading. Another way to improve superelasticity is then to increase the critical stress for dislocation slip in order to allow a full recovery of SIM α" and avoid any trapping by dislocations. Decreasing the grain size can be then an efficient method to improve the superelasticity. combining of high strength (~1.0 GPa), low Young's modulus (55.0 GPa). It was supposed that the superior superelastic property of the Ti-23Hf-3Mo-4Sn alloy is due to its higher critical stress for slip (Table 1-3). alloy with some traditional Ti-based implant materials.

Plastic deformation mechanisms in metastable β titanium alloys

In materials science, plasticity is the ability of a crystalline material to undergo a non-reversible deformation in response to applied forces [START_REF] Bigoni | Nonlinear Solid Mechanics: Bifurcation Theory and Material Instability[END_REF]. Plastic deformation is quite common in metallic materials. However, the physical mechanisms that cause plastic deformation can vary widely. At a crystalline scale, plasticity in metals is usually a consequence of dislocations glide. In some metals and alloys, twinning is another possible mechanism of plastic deformation. In this section, we will focus on the plastic deformation mechanisms in metastable β titanium alloys: dislocation glide and deformation twinning.

Dislocation glide

There are two basic types of dislocation movement. Glide or conservative motion occurs when the dislocation moves in the crystallographic plane which contains both its line and Burger vector: a dislocation able to move in this way is glissile, one which cannot is sessile. Climb or non-conservative motion occurs when the dislocation moves out of the glide plane, and thus perpendicularly to its Burgers vector [START_REF] Hull | Introduction to Dislocations[END_REF].

For the investigation of dislocation glide, in situ straining experiment TEM is one of the best techniques. Indeed, some publications have reported dislocation slip in metastable β titanium alloys as one of the main plastic deformation mechanisms. As an example, dislocation slip is the only plastic deformation mechanism in the gum metal Ti-23Nb-0.7Ta-2Zr-1.2O (mol.%) alloy. As shown in Fig. 1-31, no other deformation mechanisms such as twinning or stress-induced martensite occurs [START_REF] Besse | Mechanisms of deformation in gum metal TNTZ-O and TNTZ titanium alloys: A comparative study on the oxygen influence[END_REF]. In pure bcc structure metals, a steady motion of screw dislocations was observed at room temperature, whereas the motion is jerky at lower temperature [START_REF] Furubayashi | Behavior of Dislocations in Fe-3% Si under Stress[END_REF][START_REF] Louchet | In situ deformation of b.c.c. crystals at low temperatures in a high-voltage electron microscope Dislocation mechanisms and strain-rate equation[END_REF][START_REF] Caillard | Kinetics of dislocations in pure Fe. Part II. In situ straining experiments at low temperature[END_REF]. The steady motion is commonly attributed to a kink-pair mechanism [START_REF] Caillard | Kinetics of dislocations in pure Fe. Part I. In situ straining experiments at room temperature[END_REF] and the jerky motion to the transition between two core configurations of screw dislocations from a three-dimensionally spread and sessile core structure to a glissile core structure. The temperature of transition between these two mechanisms is below room temperature in pure bcc [START_REF] Castany | In situ TEM study of dislocation slip in a metastable β titanium alloy[END_REF]. In all metastable β titanium alloys, a jerky motion is observed at room temperature, indicating that the transition between the two core configurations is the mechanism controlling the mobility of the screw dislocations. Finally, dislocation slip in metastable β titanium alloys at room temperature has the features of dislocation slip in bcc metals at low temperature.

Deformation twinning

The theory of deformation twinning merits attention both because of its intrinsic importance as a mode of plastic deformation in many crystalline solids and because of its close relationship to the theory of martensitic transformation [START_REF] Mahajan | Deformation Twinning in Metals and Alloys[END_REF]. Deformation twins have long been identified in bcc and hcp metals and alloys with lower symmetry, but are found to be formed in many fcc metals and alloys, too [START_REF] Cahn | Twinned crystals[END_REF][START_REF] Partridge | The crystallography and deformation modes of hexagonal closepacked metals[END_REF].

The classical definition of twinning requires that the twin and parent (or matrix) lattices are related either by a reflection in some plane or by a rotation of 180°about some axis. Another type of twinning ("transformation twinning") results in the product structures of many martensitic transformations [START_REF] Christian | The Theory of transformations in metals and alloys. I. Equilibrium and general kinetic theory[END_REF]. Transformation twinning produces highly organized structures in which, as predicted by the crystallographic theories of martensite, alternate twin lamellae of fixed thickness ratios form regular arrays. In many martensites, the twin boundaries in such an array are highly glissile, and their displacement under stress can be viewed as a highly ordered type of plastic deformation mechanism [START_REF] Christian | Deformation by moving interfaces[END_REF]. twinning process. The invariant plane of this shear is called K1 and the shear direction η1; the second undistorted (or conjugate) plane is K2; the plane containing η1 and the normals to K1 and K2 is the shear plane , here denoted by P, and the intersection of K2 and P is the conjugate shear direction η2. Twins are usually classified as type I (K1 and η2 represent a rational plane and a rational direction of the parent lattice), type II (K2 and η1 are rational) or compound (all four twinning elements are rational) [START_REF] Christian | Deformation twinning[END_REF].

Twinning systems in β phase

Up to now, the widely reported twins in metastable β titanium alloys only occurs with two modes: {112}β<111>β and {332}β<113>β twinning systems. Both of them are compound twins. In the metastable β Ti-36Nb-2Ta-3Zr (wt.%) alloy, a stress-induced α" martensitic phase was observed along the {332}β<113>β twin for deformed specimen [START_REF] Lai | On the mechanism of {332} twinning in metastable β titanium alloys[END_REF]. As shown in Fig. 1-36(a) and (b), a {332}β twin is bounded with an α" martensite band adjacent to it, and the width of α" martensite is near about three times that of the {332}β twin. The same region was mapped again by EBSD after annealing at 900°C for 30 min in Fig. 1-35(c) and (d). It is found that the α" martensite band has completely transformed into the {332}β twin rather than into the β matrix.

This suggests that α" martensite acts as initiation site of {332}β twins. Based on this phenomenon, it is assumed that the {332}β twin nucleates within the progressively formed α" martensite during deformation, i.e., the stress-induced martensitic phase forms first on loading and then transforms into {332}β twin during unloading. Recently, the {332}β<113>β twins were studied in a Ti-27Nb (at. %) alloy after tensile test [23]. It was reported that the β phase totally transforms into α" martensite under stress through in situ synchrotron x-ray diffraction. It was thus supposed that {332}β<113>β twinning were not formed directly in the β phase but were the result of the reversion of {130}α"<310>α" parent twins occurring in martensite under stress from the viewpoint of crystallographic reconstruction analysis, as shown in Fig. 1-38.

More recently, structural investigations on the {332}β<113>β twin boundary in a metastable Ti-30Nb-3Pd (wt.%) alloy deformed until 20.0% of strain revealed that the {332}β twin boundary is actually not a crystallographic {332}β lattice plane, but a kind of transitional structure with residual stress-induced martensitic α" phase between β matrix and {332}β twin [START_REF] Chen | Transitional structure of {332}<113> β twin boundary in a deformed metastable β-type Ti-Nb-based alloy, revealed by atomic resolution electron microscopy[END_REF]. The appearance of interfacial α" phase with transition structure between β matrix and {332}β twinning clearly indicates that the formation process of the (332)β twin in the metastable β alloys is related to not only a stress-induced martensitic α" transformation on loading but also the consequence of reversible transformation from α" to β after releasing. It is believed that the interfacial martensitic α" phase with gradual transition from β structure to {332}β twin is a residual product of the α" to β reversion transformation. The orientation relationship between the interfacial α" phase and the parent β phase from Fig. 1-39 can be identified as (1-30)α"//(332)β and

[001]α"//[1-10]β. These relationships implies that the deformation (332)β twinning reveals a good correspondence to the (130)α" twinning in the martensitic α" phase.

Therefore, the reversible transformation of α"→α"{130}twin→β{332}twin is hypothesized to be occurring during unloading. This study also confirms the occurrence of this reversible transformation from {130}α"<310>α" twinning to {332}β<113>β twinning in metastable β titanium alloys. By the way, the {332}β<113>β twinning is the most commonly observed twinning system and its mechanism of formation can depend on the alloy stability. Regarding plastic deformation twins, {110}α" compound twinning was first reported in a deformed α" microstructure, but in a specific case where twins was observed only at the surface of Ti-40Nb (wt.%) tensile specimen [START_REF] Ping | Stressinduced α″ martensitic (110) twinning in β-Ti alloys[END_REF]. Occurrence of this twinning system is explained by its lowest shear value in comparison with other potential twinning systems predicted from the theory (Table 1234). Table 1-4 The twinning elements K1, K2, η1, and η2 of possible twinning modes of orthorhombic α"-Ti, in order of increasing shear strain S.

Another plastic deformation twinning system was further evidenced in full α" shape memory Ti-25Ta-20Nb (mass%) alloy [START_REF] Bertrand | Deformation twinning in the full-α″ martensitic Ti-25Ta-20Nb shape memory alloy[END_REF]. The initial microstructure, shown 

Conclusion

In this chapter, the general properties for titanium and its alloys were firstly reviewed, and we then focused on metastable β titanium alloys due to their high strength, good corrosion resistance, large superelasticity and shape memory effects for biomedical applications. Secondly, the martensitic transformation was presented in superelastic and shape memory alloys, and we compared the phase transformation processes in NiTi-based alloys. Finally, the plastic deformation mechanisms, such as dislocation glide, deformation twinnings and stress-induced martensitic transformation, were also reviewed in metastable β titanium alloys.

Elaboration of alloys

In this thesis work, all investigated alloys were developed and elaborated on purpose from pure raw metals. The mainly used metals and corresponding melting temperatures (MT) and boiling temperatures (BT) are shown in the Table2-1. During melting, metals can easily be affected by the elements of air, such as O2, N2 and so on.

Therefore, the melting process must be protected by an inactive argon gas to avoid any pollution on the melted ingots. Among all the melting methods, one of the best choices is the cold crucible levitation melting (CCLM) method. The CCLM furnace used in our lab is shown in Fig. 2-1(a) [1] with a corresponding schematic view in Fig. 2-1(b) [2]. The furnace device is made of a magnetic field inductor (U=220 V, I=70 A, P=20 kW, f=215 kHz) and a sectorized copper crucible which is cooled down by a water cooling system. The electric current loops are then induced on the sample and cause Joule effect to heat the metals until melting. The temperature of the surface for the alloy can be measured by a bichromatic optical pyrometer. On the other hand, the Laplace Force is also induced by current loops, so that the liquid-like alloy would be away from the copper. In our case, a point of contact remains between the liquid metal and the crucible, namely "semi-levitation". 

Microstructural characterizations 4.1 Crystallographic orientations

Polycrystalline materials are composed of a large number of grains which can be regarded as single crystals with various crystallographic orientations. If the distribution of crystalline orientations is random, the material is isotropic. Contrarily, if most of grains are orientated to a certain direction, which can be due to thermomechanical treatments, the material is anisotropic. In other words, there is a typical crystallographic texture in materials. A texture can be obtained especially after plastic deformation such as cold rolling and recrystallization. Therefore, one crystallographic orientation can be promoted while the others are suppressed. In our case, the formation of texture is desired to improve the recovery strain. As detailed in the The PF is a conventional method to represent textures on a stereographic projection, as illustrated in the Fig. 2-8 [6]. As shown in this figure, the three axes are defined as normal direction, rolling direction, and transverse direction (ND, RD and TD, respectively) from the macroscopic level in a sheet. Just take one grain as an example, drawing a line along the normal of a plane, the point B is the intersection of the line and the sphere in the sample coordinate system. Joining A and B two points,

Preparation of samples for EBSD

Prior to the EBSD test, all the specimens are mechanically polished like a mirror by using several SiC papers with decreasing grid size P800, P1200, P2400, P4000 and followed by colloidal silica suspension (particles size: 0.05 μm). In this work, the colloidal silica suspension is mixed with H2O2 solution (6.53 mol/L) by the ratio of 10:3 in volume to release stress due to polishing and reveal the microstructure. EBSD characterization was conducted by a scanning electron microscope (Jeol JSM 6400, SEM) equipped with a TSL EBSD system (analysis software: HKL-Channel 5), and working at a 20 kV voltage.

Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of electron can transmit through a specimen to form an image. The sample is ultrathin, typically less than 100 nm thick. As the beam is transmitted through the specimen, the microstructure of inner part for one specimen can be studied by TEM TEM samples are firstly polished by SiC papers until the thickness of ~100μm.

Secondly, twin-jet electropolishing is employed to thin the samples further before perforation with a solution of 6 vol.% of perchloric acid mixed into methanol. Finally, ion milling was used for several hours until a small hole is obtained.

In situ synchrotron X-ray diffraction

A synchrotron is an extremely powerful source of X-rays which are produced by high energy electrons as they circulate around the synchrotron. The entire world of synchrotron science depends on one physical phenomenon: When a moving electron changes its direction, it emits energy as photons. When the electron is moving fast enough, the emitted energy is at X-ray wavelength. A synchrotron machine accelerates electrons to extremely high energy. The resulting X-rays are emitted as dozens of thin beams, each directed toward a beamline next to the accelerator. There are four principal structures for one synchrotron device: storage ring, booster synchrotron, linac and beamlines. In this study, we used the European Synchrotron Radiation Facility (ESRF) which is described hereafter.

Storage ring: The storage ring is a tube of 844 meters in circumference where the electrons circle for hours close to the speed of light. The tube is maintained at very low pressure (around 10 -9 mbar). As the electrons travel round the ring, they pass through different types of magnets to produce X-rays. Units called RF cavities resupply the energy that electrons have emitted as X-rays.

Booster synchrotron: This is a 300-metre-long pre-accelerator where the electrons are accelerated to an energy of 6 billion electron-volts (6 GeV) before being injected into the storage ring. The booster synchrotron only works a few times a day for a few minutes, when the storage ring is refilled. Every 50 milliseconds, it can send a bunch of 6 GeV electrons into the storage ring.

Linac: Here, the electrons for the storage ring are produced in an electron gun, a device similar to the cathode ray tubes found in older televisions or computer screens.

These electrons are packed in "bunches" and then accelerated to 200 million electronvolts (200 MeV) before injection into the booster synchrotron.

Beamlines: The X-ray beams emitted by the electrons are directed toward "beamlines" that surround the storage ring in the experimental hall. Each beamline is designed for use with a specific technique or for a specific type of research [10].

Introduction

Near equiatomic NiTi alloys are commonly used for the manufacture of biomedical devices such as orthodontic arches, orthopedic staples, endovascular stents… due to their high strength, good corrosion resistance and their high and useful superelastic effect which is required for such applications. However, Ni hypersensitivity still remains an issue in terms of biocompatibility [1] and superelastic

Ni-free β-titanium alloys displaying stress-induced α" martensitic transformation (SIM) are now considered as the right alternative option for biomedical applications. (wt%) alloy, and it indicated that increasing the cold rolling rate contribute to improved the recoverable strain: 2.5% recovered strain was obtained due to a smaller grain size (less than 10μm) compared with the reduction rate of 40% and 80% [16].

For a single crystal of superelastic alloys, the maximum transformation strain can be achieved for a certain crystallographic orientation when only one type of martensitic variant is induced. Therefore, texture control is crucial to increase transformation strain along a specific crystallographic direction in polycrystalline. A well-developed {112}<110> type recrystallization texture with 99% reduced in thickness in Ti-24Nb-3Al (mol%) alloy was obtained by Inamura et al., in this case, the maximum macroscopic transformation strain of 2.7% was obtained [4]. Besides, Kim et. al investigated the effect of cold rolling rate and recrystallized textures on plates of Ti-22Nb-6Ta (at.%) alloy systematically. A large recovery strain of 3.4% was obtained due to the {001}<110> texture along the cold rolling direction [10].Transformation strain also can be improved by addition of alloying elements. The study of Ti-Nb binary alloys showed that with increasing Nb content, the martensitic transformation start temperature (Ms) decreases, but the lattice deformation strain degrades simultaneously, so that only Ti-(25.5-27)Nb alloys behave superelastic property.

More recently, it was reported that hafnium [17] or zirconium [18,19] can be an effective alloying elements to improve the superelastic performance of Ni-free titanium-based alloys. Indeed, the substitution of niobium by zirconium allowed the control of the martensitic transformation start temperature in order to promote superelasticity at room temperature and an experimental measurement value as high as 7.0% could be reached in some optimized chemical compositions [19].

In this chapter, two novel quaternary superelastic Ti-20Zr-3Mo-3Sn (at.%) and Ti-20Zr-12Nb-2Sn (at.%) alloys were designed with high zirconium content to replace niobium. Molybdenum and niobium were selected as β stabilizing elements and tin was used to suppress the ω phase formation [18].

For the Ti-20Zr-3Mo-3Sn composition, the alloy was investigated by cyclic tensile tests and characterized by electron back-scattered diffraction (EBSD) for 3 different solution treatment (ST) temperatures: 700°C, 800°C and 900°C for 30min

with the objective to evaluate the influence of the recrystallization texture on its superelastic performance. On the other hand, in situ synchrotron X-ray diffraction (SXRD) characterizations on loading were conducted to follow the deformation sequence and the evolution of the lattice parameters of both phases in order to calculate the maximum transformation strain. Indeed, it is well established that the superelastic recovery strain is attributed to the lattice transformation strain capacity between β and α'' phases [4,6,18,19]. Thus, an objective of this study is also to clarify the role of the chemical composition, and particularly the zirconium element, on the superelastic performance in comparison with other superelastic alloys such as NiTi and (Ti-Nb)-based alloys. Although a maximum recovery strain is required for efficient superelastic medical devices, minimum values must also be taken into consideration for a good functionality. Indeed, superelastic medical devices often present a complex geometry and it remains difficult to control the texture during their fabrication. As this point is rarely addressed in literature, the minimum recovery strain is also investigated in the present study and inverse pole figure maps of transformation strains for all crystallographic orientations will be calculated for comparison with other superelastic alloys such as NiTi and (Ti-Nb)-based alloys.

For the Ti-20Zr-12Nb-2Sn alloy, the samples were thermally treated in three conditions: short heat treatment (named as FT) at 560°C for 2 min and solution treatment (ST for short) at 560°C and 700°C for 30 min, namely FT-560-02, ST-560-30 and ST-700-30. The superelastic properties and initial crystallographic texture are evaluated by cyclic tensile test and EBSD, respectively. In situ SXRD revels reversible transformation between β phase and stress-induced martensitic (SIM) α" phase under cyclic loading/unloading tensile test. Eventually, the relationship between recovery strain and β grain size is highlighted in this study.

Ti-20Zr-3Mo-3Sn alloy 2.1 Determination of β transus temperature

Fig. 3-1 shows the typical hysteresis loop resistivity curve usually observed from metastable β-Ti alloys, which is obtained between 400°C and 900°C during a heating/cooling cycle in the present study. On this curve, the red part corresponds to the heating and the blue part to the cooling. Detection of β transus temperature in titanium alloys by resistivity measurements corresponds to the temperature from which the heating and cooling measurements are superimposed [20]. As shown on this resistivity curve, the β transus temperature is measured to be 690°C for the studied Ti-20Zr-3Mo-3Sn alloy. and α'' phases occurs. Up to four cycles (2% of applied strain), they all show a very good superelastic behavior performance with a total recovery of applied strain. With increasing applied strain, residual strain appears meaning that the inverse martensitic transformation is not complete. Meanwhile, in this figure, the one-single loop of the cycle showing the maximum recovered strain is marked in bold for each sample. The maximum recovery strain is then measured to be 3.5%, 2.7% and 2.5% for ST-700-30, ST-800-30 and ST-900-30, respectively.

Mechanical properties

recovery strain was obtained by tensile test for the Ti-24Zr-10Nb-2Sn alloy composition (at.%) heat treated at 1173 K for 1.8ks. It is worth noting that this remarkable large elastic recovery value is more than three times that of other Ni-free (Ti-Nb)-based superelastic alloys [19], which constitutes an excellent result since it becomes comparable with those obtained with the commonly superelastic NiTi alloy used for biomedical applications [22]. In superelastic alloys, the crystallographic texture is shown to be a very important parameter influencing the recovery strain.

However, the transformation strain capability between β and α'' phases must also be taken into account in order to optimize the superelastic recovery performance. Indeed, the transformation strain does not only depend on the orientation of the β grains but also on the lattice parameters of both β and α'' phases, which depend of the chemical composition of the alloy.

From the superelastic titanium alloys, there are 6 equivalent correspondence variants that can be formed when a cubic crystal of β phase transforms into an orthorhombic α" martensite crystal with respect of the classical {110}β//(001)α' ' and <111>β//[110]α' ' orientation relationships. But when the martensite is stress-induced, a variant selection operates in order to form only the variants that can accommodate the imposed deformation. It is thus commonly assumed that the variant that is activated and growth is the one that gives the maximum transformation strain in each grain.

According to that, the transformation strain induced by the lattice distortion due to the martensitic transformation from the β cubic phase to the orthorhombic α" phase can be calculated for any direction as a function of lattice parameters of both phases [6].

As the maximum transformation strains depend on the lattice parameters of each phase, one can easily calculate them for the present Ti-20Zr-3Mo-3Sn alloy for which the lattice parameters for both β and α'' phases are evaluated by SXRD in this study. (the Ti-24Nb-4Zr-8Sn alloy composition in wt.%) elaborated and characterized by our group with an identical approach [16,23] for comparison. For example, the maximum transformation strain values, εhkl (given in %), that correspond to the three principal crystallographic directions of the body-centered cubic β phase can be calculated as follow [6,[24][25]:

ε 110 = b α" -2a β 2a β × 100 (1) 
ε 001 = b α" 2 +c α" 2 -2a β 2a β × 100 (2) 
ε 111 = a α" 2 +b α" 2 -3a β 3a β × 100 (3) 
Where aβ corresponds to the lattice parameter of the β phase and aα' ', bα' ', cα' ' correspond to the lattice parameters of the α'' phase.

These calculated values for both Ti-20Zr-3Mo-3Sn and Ti-24Nb-4Zr-8Sn alloys are reported in table 3-1 and it can be seen that the highest transformation strain is always obtained for the <101>β direction. Indeed, the theoretical maximum transformation strain, ε110, that can be expected is thus 7.3% and 3.6% for the Ti-20Zr-3Mo-3Sn and Ti-24Nb-4Zr-8Sn alloys, respectively. Consequently, it is not surprising to obtain the best recovery strain when the present alloy is treated at 700°C since the principal texture observed, which is <101>β direction along the rolling direction, is aligned to the tensile direction, unlike those obtained for the other treatments (800°C and 900°C).

These calculated values represent a similar tendency with the experimental superelastic recovery strains that were measured for each alloy to be 3.50% and 2.25%, respectively. Consequently, the zirconium element, instead of niobium, seems to play an important role since the bα' ' lattice parameter is much higher in the case of the Ti-20Zr-3Mo-3Sn alloy with the consequence that this alloy presents a larger strain recovery compared to the Ti-24Nb-4Zr-8Sn alloy.

As previously mentioned, the calculated maximum transformation strain induced by the lattice distortion between β and α'' can be generalized for all crystallographic directions [6,[24][25]. Indeed, the deformation in any x vector of the β phase is transformed to x '(Vi) through the martensite α'' transformation by:

x '(Vi) = T (Vi) .x (4)

Where T (Vi) represents the lattice distortion matrix expressed in the coordinates of the β phase for each variants Vi. In the cubic to orthorhombic transformation, there are 6 equivalent correspondence variants of martensite (i=1 to 6), therefore there are 6 lattice distortion matrices to take into consideration [24].

Hence the maximum transformation strain, ε hkl (Vi)

, due to the lattice distortion for each variant and for any direction can be calculated as follows:

ε hkl (Vi) = x '(Vi) -x x (5) 
From this calculation using the lattice parameters determined by SXRD (Table 3-1), inverse pole figure distribution of maximum transformation strains (IPF-TS) can be drawn as shown in Fig. 3456789. In this figure are presented the IPF-TS for the Ti-20Zr-3Mo-3Sn (top) and Ti-24Nb-4Zr-8Sn (bottom) alloys, respectively. As shown, the maximum transformation strain is obtained for the <101>β direction and the minimum for the <111>β direction (2.5% and 0.6% for the Ti-20Zr-3Mo-3Sn and the Ti-24Nb-4Zr-8Sn alloys, respectively). Thus, the fact to substitute niobium by a relatively large amount of zirconium is very judicious because this later can modify significantly the lattice parameters implying a large difference between aβ and bα'', which must be obtained together with a pure <011>β{100}β recrystallization texture in order to promote the highest superelastic recovery. Of course, calculated transformation strains and experimental recovery strains cannot be compared directly. First because the pure <011>β{100}β recrystallization texture is not obtained, even in the case of the most favorable thermal treatment (700°C) where a <111>β{213}β component is also obtained, and secondly, because the calculated maximum transformation strains don't take into account the presence of grain boundaries and grain sizes or other defects, such as the formation dislocations that can be on great influence on the real recovery strain [26]. However, comparable tendency is observed and higher is the calculated transformation strain, higher is the experimental recovery strain. Another point that deserves to be discussed concerns the minimum values obtained. Although a maximum recovery strain is required for efficient superelastic medical devices, minimum values must also be taken into consideration for a good functionality. Indeed, superelastic medical devices often present a complex geometry and it remains difficult to control the texture during their fabrication. Consequently, parts of the device can present unfavorable texture leading to low recovery strain, which represents a weakness for a considered device. It is then demonstrated through this study the advantage of using zirconium instead of niobium as principal alloying element due to the fact that the minimum value of transformation strain obtained for the Ti-20Zr-3Mo-3Sn alloy (2.5%) is 4 times higher than the minimum value of transformation strain obtained for the Ti-24Nb-4Zr-8Sn alloy (0.6%, which is very low). On the other hand, calculated transformation strains for the B2-B19' martensitic transformation in NiTi alloys can be found in literature for comparison [28,29].

Although NiTi alloys can display a very high maximum transformation strain value in tension reaching more than 10.0% in the most favorable <355>B2 crystallographic 

In situ SXRD

Fig. 3-15(a) displays initial SXRD pattern (in black) and final SXRD pattern until 4.5% of applied strain from the range of 6°to 20°on loading (in red) and after unloading (in blue) for the FT-560-02 alloy. Prior to deformation, only β phase and its typical diffraction peaks are observed: (110)β, (002)β, (112)β, (202)β, (013)β. After being deformed to 4.5%, the mainly detected peaks are SIM α" martensite and they are indexed in Fig. 3-15(a) for both loading and unloading conditions. For the unloading condition, β phase coexists with some residual SIM α" martensite. The SIM transformation is thus clearly evidenced in Ti-20Zr-12Nb-2Sn alloy and the lattice parameters of β phase and α" martensitic phase are aβ=0.336 nm, and aα"=0.318 nm, bα"=0.503 nm, cα"=0.477 nm on loading.

In order to highlight the evolution of phase transformation between the main (110)β and (020)α", (002)α", (021)α" peaks during the cyclic tensile test, the range is focused on 2θ=7.6°~9.4°, as shown in Fig. 3-15(b). It can be noticed that the (110)β peak shifts to the left at the first two cycles on loading and recovers back to its initial position after unloading. The martensitic (020)α", (002)α" peaks are firstly detected at 1.5% of applied strain, while the (021)α" peak is at 2.0%. After unloading, the SIM α" phase transfers back to β phase with (110)β peak intensity increasing.

Discussion

As widely reported, <101>β type texture is favorable for the higher recovery strain [4,6,33], because the transformation strain is maximum from body-centered cubic β phase to C-centered orthorhombic α'' martensitic phase on loading along <101>β direction. In our case, all these three thermal-treated samples present the same <101>β type recrystallization texture, but the recovery strain is very different, especially for the short treated sample for which the recovery strain is the highest one.

It is known that refined grains introduce a great number of grain boundaries, which contribute significantly to suppressing the formation and movement of dislocations and the value of σcss increases drastically due to the classic Hall-Petch law [26,31,33].

The improvement of recovery strain is thus due to the high σcss value in the short treated sample, which limits the formation of dislocations and, in turn, impedes a trapping of martensite by dislocations during unloading and allows a better reversibility of stress-induced martensitic transformation. This result is consistent with the work of Miyazaki et al. on (Ti-Nb)-based alloy [32]. On the contrary, in the case of ST samples with bigger grains, the stress-induced martensite can be trapped by dislocations. Even if the same volume fraction of stress-induced martensite can be obtained for the FT and ST samples on loading, dislocations will prevent reversion of orthorhombic lattice back to BCC lattice during unloading and thus the recovery strain decreases. Therefore, this study shows that the grain size has an important influence on the superelastic property. It has thus been demonstrated (for a same texture) that the smaller the particle size, the greater the recoverable strain.

cyclic tensile test, EBSD and SXRD techniques. From all the characterization methods used, the following conclusions can be made:

(ⅰ) The EBSD observations revealed that the Ti-20Zr-3Mo-3Sn β-grain microstructure showed a strong dependence of the solution treatment temperatures on crystallographic texture and three different textures were obtained. By in situ SXRD, the typical diffraction peaks of β and SIM α" phases during loading/unloading were clearly observed and the reversible transformation between the β phase and the SIM α" phase was evidenced. On the other hand, the lattice parameters of β and SIM α" phases were measured for each cycle and their evolutions during the deformation were established. From these measurements, the maximum transformation strain for any crystallographic direction was evaluated and inverse pole figures of maximum transformation strain (IPF-TS) were established for the present Ti-20Zr-3Mo-3Sn alloy and for the Ti-24Nb-4Zr-8Sn alloy, which was characterized in a previous work by the same approach. By comparing the IPF-TS of the two alloys, it is shown that the Ti-20Zr-3Mo-3Sn alloy presents much higher maximum transformation strain values than Ti-24Nb-4Zr-8Sn alloy whatever the crystallographic orientation. Finally, the highest recovery strain obtained with the Ti-20Zr-3Mo-3Sn alloy (3.5%) can then be explained by the high zirconium content that modifies significantly the lattice parameters implying a large difference between aβ and bα'', which must be obtained together with a pure <011>β{100}β recrystallization texture in order to promote the highest strain recovery.

( ⅱ ) For the novel superelastic Ti-20Zr-12Nb-2Sn alloy, three heat treatments:

FT-560-02, ST-560-30, ST-700-30 were conducted above β transus temperature, and all of them present near the same strong <110>β{111}β recrystallization texture evaluated by EBSD characterization. Meanwhile, in situ SXRD clearly revealed reversible transformation between the parent β phase and the SIM α" phase during each loading and unloading cycle. On the other hand, the recovery strain reveals dependence on critical stress for slip: the lower critical stress for slip, the lower recoverable strain. The critical stress for slip is shown to be dependent on grain size, which can be tuned from temperature and/or time of recrystallization heat treatment.

Finally, a remarkable recovery strain of 4.5% was obtained due to favorable <110>β{111}β recrystallization texture and ultra-fined grain size after a short thermal treatment.

1.Introduction

NiTi family alloys are widely employed to biomedical implant devices such as stents, osteosynthesis staples, and orthodontic arch wires due to their high strength/density ratio and attractive shape memory and superelastic effects. However, toxicity and hypersensitivity of nickel ions are still regarded as the main problem for NiTi alloys clinical applications [1]. Among all the biomedical titanium alloys, metastable β titanium alloys then draw researchers' great attention since the last decades due to the possibility of obtaining nickel-free shape memory or superelastic alloys by using fully biocompatible constituents. Consequently, a great deal of Tibased alloys with non-cytotoxic alloying elements such as Nb, Zr, Ta, Hf, Mo, and Sn is investigated [2][3][4][5][6][7][8][9][10][11][12][13][14] . In fact, shape memory effect and superelastic property can be modified by changing the content of β stabilizer elements for a same type of metastable β titanium alloy. Indeed, the effects of various alloying elements on the reversible martensitic transformation between the parent β phase and stress-induced martensitic (SIM) α" phase are widely reported [9,[12][13]. Normally, full β phase microstructure is obtained for one alloy after thermal treatment above β transus temperature followed by water quenching at room temperature. In such metastable β alloys, β phase transforms into SIM α" martensitic phase beyond critical stress for inducing martensitic transformation on loading. Once unloaded, the SIM α" phase reverses back to β phase spontaneously. At present, the most widely studied superelastic alloys are (Ti-Nb)-based alloys, for example Ti-24Nb-0.5O(at.%), Ti-24Nb-0.5N(at.%), Ti-24Nb-4Zr-8Sn(wt.%) alloys [8][9][10][11][13][14]. However, the obtained recovery strain is less than 2.5%, which is far from that of NiTi about 7-10% [15]. More recently, superelastic (Ti-Zr)-based and (Ti-Hf)-based alloys revealed higher recovery strains. For example, Ti-20Zr-3Mo-3Sn(at.%) and Ti-23Hf-3Mo-4Sn(at.%) alloys display recoverable strains of about 3.5% and 4.2%, respectively [12,[16][17][18]. It is interesting to note that both Zr and Hf belong to the same IV-B column in periodic table of elements. Therefore, the aim of this work is to design new (Ti-Zr-Hf)-based alloy with superior superelasticity.

Since the last decade, high entropy alloys (HEA) are drawing considerable attention due to their advantages in superior mechanical properties, including high strength, outstanding work-hardening rate, good ductility… [19][20]. HEA are commonly defined as alloys consisting of at least five principal elements varying in chemical composition from 5 at.% to 35 at.% forming a multi-principal element homogeneous solid solution alloy. Recently, some literature reported that the strategy of stress-induced transformation, involving transformation induced plasticity (TRIP) and twinning induced plasticity (TWIP), also can be applied to HEA to improve their mechanical properties, such as face-centered cubic (fcc) CrMnFeCoNi [21] and bodycentered cubic (bcc) Ti35Zr27.5Hf27.5Nb5Ta5 (at.%) [22]. This strategy is employed in the present work to metastable β titanium alloys to obtain superelastic property.

Indeed, it is very interesting to know if it's possible to design a superelastic biomedical HEA with large recovery strain, which is an exciting challenge.

Based on the above consideration, we have designed and synthesized two new superelastic Ti-30Zr-13Hf-2Mo-4Sn (at.%) and Ti-28Zr-12Hf-8Nb-4Sn (at.%) alloys to keep Ti:Zr:Hf as the same ratio, and tried to develop a novel single-phase superelastic Ti-35Zr-15Hf-5Nb-5Ta-5Sn (at.%) HEA for the first time. For the alloying elements, Mo and Nb act as β stablilizer elements to retain β phase microstructure at room temperature after quenching and Sn is also added to suppress the harmful quenching ω phase formation. On the other hand, reversible martensitic transformation during cyclic tensile tests is evidenced by in situ synchrotron diffraction experiments, and texture analysis is also carried out due to the strong dependence of the recovery strain on crystal orientation.

Effect of Mo and Nb alloying elements on (Ti-Zr-Hf)based alloys

Fig. 4-1 corresponds to the isothermal section of the ternary Ti-Zr-Hf phase diagram [23]. In order to maximize the content of Zr and Hf elements, the point A (Ti-30Zr-13Hf) in diagram is selected along the β phase boundary due to the promising phase transformation. Mo, Nb and Sn are then added properly to ensure only β phase at room temperature after quenching, in which the ratio of Ti:Zr:Hf is the same than the point A of Fig. 4-1 for both Ti-30Zr-13Hf-2Mo-4Sn and Ti-28Zr-12Hf-8Nb-4Sn alloys. According to the author's best knowledge, no one has claimed the above superelastic alloy design method before. 

Influence of alloying elements on β transus temperature

As shown on the resistivity curves obtained from Ti-30Zr-13Hf-2Mo-4Sn and Ti-28Zr-12Hf-8Nb-4Sn alloys during heating and cooling cycles in Fig. 4-2(a), the β transus temperature is detected as 610°C and 680°C for Ti-30Zr-13Hf-2Mo-4Sn and Ti-28Zr-12Hf-8Nb-4Sn specimens, respectively. 

Superelasticity dependence on alloying elements

Fig. 4-3(a) and (b) present cyclic tensile test results for thermally treated Ti-30Zr-13Hf-2Mo-4Sn and Ti-28Zr-12Hf-8Nb-4Sn alloys at 700°C for 30min, respectively.

From these two figures, the superelastic behavior of both alloys can be confirmed: a stress plateau is observed on loading and a large reversibility is clearly visible during unloading. The values of the maximum recovery strain εrec and the critical stress for slip σCSS, obtained after cyclic tests for each composition, are listed in Table 4-1. The maximum recoverable strain, corresponding to the cycle in bold in Fig. 4-3, is 3.8% and 3.2% for Ti-30Zr-13Hf-2Mo-4Sn and Ti-28Zr-12Hf-8Nb-4Sn alloy, respectively.

As mentioned above, the superelasticity is attributed to the reversible stress-induced martensitic transformation between parent β phase and SIM α" phase. This point will be evidenced by SXRD results in the following part. To ensure a better readability, the critical stress for slip is indicated by a dashed arrow in the cyclic tensile curves.

What worth noting most is that the σCSS of 850MPa for Ti-30Zr-13Hf-2Mo-4Sn alloy is much higher than that of 750MPa for the Ti-28Zr-12Hf-8Nb-4Sn alloy.

Consequently, it is believed that the superior superelastic behavior of the Ti-30Zr-13Hf-2Mo-4Sn alloy is due to its higher σCSS. Indeed, the addition of Mo is known to induce a strong solid solution strengthening effect, which contributes to increase the σCSS [16][17]. Table 4-1: Lattice parameters of β and α'' phases, calculated transformation strains in the <110> direction, measured recovery strains and critical stress for slip of Ti-30Zr-13Hf-2Mo-4Sn and Ti-28Zr-12Hf-8Sn-4Sn alloys.

In situ synchrotron X-ray diffraction characterization

In alloy. It can be seen that the (110)β peak shifts slightly from its initial position to the left until 1.0% strain under loading and then remains in the same position when the strain increases. However, its intensity continuously decreases until 5.0% of strain.

On the other hand, (020)α", (002)α" and (021)α" peaks appear and their intensities are progressively increasing with the strain. It has to be noticed that (110)β and (002)α" are roughly superimposed. After unloading, the SIM α" peaks vanish and only the (110)β peak is visible at its initial position in Fig. 4 alloy. The evolution of diffraction peaks is nearly the same as Ti-30Zr-13Hf-2Mo-4Sn alloy except for the values of diffraction angles. These observations are consistent with the cyclic tensile curves in Fig. 4-3 and reveal that the recovery strain is due to the reversible martensitic transformation between parent β phase and SIM α" phase.

Alloys

Lattice parameters (nm) ε110(%) εrec(%) β phase α'' phase σcss(MPa) aβ aα'' bα'' cα'' observed: the presence of the stress-plateau in the elastic domain and hysteresis loops, which are typical characteristics of superelastic alloys between loading and unloading, confirms the occurrence of stress-induced martensitic transformation from parent β phase to martensitic α'' phase and its reversible transformation. 

Martensitic transformation

In order to clarify the phase transformation accurately between β and α" martensitic phase near the principal (110)β peak during each loading and after unloading cycle, the diffractograms are mainly focused on a small angular range 2θ=7.6°~8.8°. To ensure a better readability, the intensity of (020)α" peak near 7.8°is zoomed 10 times, as shown in Fig. 4-10(a) on loading. From 0.0% to 1.0% strain, no martensitic peak are detected and the (110)β peak is observed to shift to the left, indicating merely the elongation of the lattice parameter of the β phase on loading; when the load is released in Fig. 4-10(b), the shifted β peak returns back to its initial position naturally. This is in a good agreement with the tensile curve in which only linear deformation is observed before 1.0% strain. Above 1.0%, the (002)α", (020)α", (111)α" peaks corresponding to the martensitic phase start to be detected and their intensities increase continually while the intensity of the (110)β peak decreases with the applied strain. This is a great evidence to confirm that stress-induced martensitic transformation occurs on loading in the Ti-35Zr-15Hf-5Nb-5Ta-5Sn HEA. After unloading, the (002)α", (111)α", (020)α" peaks transform back to bcc β phase. Thus, the strain-plateau and hysteresis loop in cyclic tensile test can be unambiguously attributed to the reversible transformation between β phase and stress-induced α" 

Discussion

As most literature reported, there is a specific lattice correspondence between β phase and stress-induced martensitic α" phase: [24][25][26][27][28]. Thus, the transformation strain due to the martensitic transformation from the β phase to stress-induced α" martensitic phase can be calculated via lattice parameters of the parent β phase (aβ) and those of the orthorhombic α" martensite phase (aα", bα", cα") and this transformation strain is maximized along the <110>β direction. In our case, the calculated transformation strains along <110>β and <100>β are 6.3% and 3.3%, respectively. As observed in Fig. 4-11(a), the Ti-35Zr-15Hf-5Nb-5Ta-5Sn HEA presents <110>β type recrystallization texture, so the transformation strain could be near 6.3% in most grains. However, the transformation is also strongly influenced by grain boundaries, grain size and other defects. Hence, the measured recovery strain by cyclic tensile test is lower than the calculated one. The improvement of recovery strain at 750°C is thus attributed to the pure <110>β type texture compared with solution treatment at 800°C. As previously reported [12], the calculated transformation strain along <110>β direction of Ti-24Nb-4Zr-8Sn (wt%) is only 3.6%, which is much lower than the present Ti-35Zr-15Hf-5Nb-5Ta-5Sn HEA.

[100]α"-[100]β, [010]α"-[011]β, [001]α"- [0-11]β
This improvement is own to the optimized alloying elements. On the other hand, the minimum transformation strain along <111>β direction for the Ti-35Zr-15Hf-5Nb-5Ta-5Sn HEA is 3.2%, which is competitive with the 2.7% value along <001>B2 direction for NiTi alloys [29].

Conclusion

On one hand, a new family of metastable Ti-30Zr-13Hf-2Mo-4Sn (at.%) and Ti-28Zr-12Hf-8Nb-4Sn (at.%) superelastic alloys were designed in this work with the objective to investigate the possibility to obtain superelastic (Ti-Zr-Hf)-based alloys with Mo and Nb addition. After solution treatment at 700°C for 30min, both of the alloys are composed of single β phase and display favorable <110>β type texture. In addition, the reversible martensitic transformation between β phase and SIM α" phase was observed by in situ SXRD test. Finally, Ti-30Zr-13Hf-2Mo-4Sn alloy reveals the largest recovery strain of 3.8% due to the solid solution strengthening effect of Mo and favorable transformation strain along the <110>β crystallographic direction.

On the other hand, a new single-phase superelastic Ti-35Zr-15Hf-5Nb-5Ta-5Sn (at.%) HEA with superelasticity was elaborated and characterized in this chapter. The maximum recovery strain is measured as 3.7% by uniaxial cyclic tensile test. In situ SXRD revealed the phase transformation from parent β phase to martensitic α'' phase on loading and its reversible transformation after unloading. The improvement of recovery strain is mainly attributed to the favorable <110>β{447}β recrystallization texture combined with large transformation strain. Thus, Ti-35Zr-15Hf-5Nb-5Ta-5Sn

HEA is a potential candidate for biomedical applications.

Introduction 1.1 Intermediate phase transformation

Metastable β titanium-based alloys are actually developed for biomedical applications due to their high strength/density ratio, low elastic modulus, good biocompatibility, and especially for the attractive shape memory and superelastic effects [1][2][3][4][5][6][7][8][9][10][11][12]. Superelasticity is commonly achieved from a full metastable β phase (bcc) microstructure in the initial state at room temperature. The high temperature β phase is thus obtained by the addition of β stabilizer alloying elements, such as Nb, Mo, Ta, and followed by rapid water quenching from the β phase domain.

Consequently, the recoverable strain, which is attributed to the direct reversible transformation between parent β phase and stress-induced α'' martensitic (SIM) phase, is observed during deformation such as in uniaxial tensile curves [3][4][5][6][7][8][9][10][11][12]. By contrast, the stress-induced phase transformation in the well-known NiTi alloys remains more complex and occurrence of intermediate R phase or B19 phase can be observed between parent B2 austenitic phase and stress-induced B19' martensitic phase.

However, the high recoverable strain of NiTi alloys is not driven by these intermediate phases due to their lower transformation strain compared with B19' martensitic phase [13][14][15][16][17][18]. At present, reduced recovery strain, especially for (Ti-Nb)based alloys, is one of the most challenging feature for a wide application of metastable β titanium alloys. More recently, Ti-based alloys with high zirconium or hafnium content are reported. For example (Ti-Zr)-1.5Mo-3Sn (at.%), Ti-24Zr-10Nb-2Sn (at.%), Ti-23Hf-3Mo-4Sn (at.%) revealed excellent superelasticity in comparison with Ti-Nb based alloys [19][20][21]. We report here the existence of a novel tetragonal stress-induced intermediate phase in metastable  titanium-based alloys as in the case with the R-phase in NiTi. As such intermediate phase was never reported before, the present chapter aims to elucidate the role of this novel stress-induced intermediate phase occurring in the Ti-20Zr-3Mo-3Sn (Ti2033) alloy in relationship with its plastic deformation mechanism and its superelastic property [22].

Plastic deformation mechanisms and SIM transformation

Plastic deformation mechanisms are mainly dominated by dislocation glide, deformation twinning and SIM transformation with the variation of parent β phase stability. Dislocation glide occurs independently on the stability of β phase and was widely reported through in situ straining TEM experiments in metastable β titanium alloys, such as Ti-23Nb-0.7Ta-2Zr-1.2O (mol.%) [23], Ti-23Nb-0.7Ta-2Zr-0.4Si (at.%) [24], Ti-23Nb-0.7Ta-2Zr-0.5N (at.%) [25], and so on. With β phase stability decreasing, deformation twinning and stress-induced martensite can be activated. In the case of superelastic β-Ti alloys, {332}β<113>β and {112}β<111>β twinning systems were observed frequently by EBSD and TEM in deformed specimens.

Reversible SIM α″ transformation was particularly revealed with advanced in situ synchrotron X-ray diffraction technique and residual stress-induced martensite can be sometimes detected after unloading in the stage of plastic deformation [10,22,26].

Residual SIM α″ or martensitic twinning are difficult to observe by TEM due to the reversibility of SIM α″ phase transforming back to the parent β phase and the spontaneous relaxation during the preparation of thin foils in superelastic β-Ti alloys [27][28]. However, the crystallographic reconstruction method, which is based on the Phenomenological Theory of Martensite Theory (PTMT) [29], can be used to predict the potential martensitic twinning system really activated on loading from the observed β phase twinning by using the lattice correspondence between both β and SIM α″ phases. This method was successfully applied to illustrate the origin of {332}β<113>β twinning in Ti-27Nb (at.%) alloy and {112}β<111>β twinning in Ti-24Nb-4Zr-8Sn (wt.%) single crystal from the result of the reversion of {130}α″<310>α″ and {110}α″<110>α″ twinning, respectively [10,26]. Moreover, both of {130}α″<310>α″ twinning in bulk material and {110}α″<110>α″ twinning on the surface of the specimen were observed in deformed shape memory alloys [1,30].

Literature widely reported the two {332}β<113>β and {112}β<111>β twinning systems as plastic deformation mechanisms, but there is still lack of investigations to reveal the real microstructures of residual SIM α″ or martensitic twinning for superelastic β titanium alloys. The objective of the present work is therefore to investigate the plastic deformation mechanisms and reveal the microstructure, involving: an intermediate tetragonal phase, SIM α″ phase and martensitic twinning, after plastic deformation. Specimens deformed with various deformation strains are then observed in the novel superelastic Ti2033 alloy. On the other hand, the stressinduced interfacial ω phase was firstly observed between parent β phase and SIM α″ phase, and the orientation relationships (OR) among these three phases was analysed. According to the symmetry loss from bcc to bct structures, there are three possible equivalent correspondence variants (CV) of the bct phase for one single orientation of the bcc β phase. This novel tetragonal phase was never reported in Ti-based alloys. 

Specimen deformed at 5.0% of strain

With the Ti2033 alloy strained to 5.0%, a typical deformation microstructure is shown in Fig. 5-3(a), in which a nano-sized deformation band with width of about 60 In order to investigate the real activated martensite variant, the transformation strains are calculated for each variant of α" martensite according to the orientation of the β matrix, as shown in Table 2. From this result, one can notice that CV1 offers the maximum of strain and has to be formed during deformation. Let's then assume that this CV1 was initially formed. To find the observed OR of α" martensite, this CV1 has to be transformed by deformation twinning. The potential twinning system able to produce the actual orientation of α" phase is then searched by applying rotations of 180°around potential twinning planes or twinning directions. As the trace of (021)α' ' plane is parallel to the interface of the α" plate interface on the Fig. 5 compound twinning relationship. This twinning system was never observed before.

Therefore, the observed α'' plate is the result of reversion of SIM α" after stress releasing:

(i) Under loading, the initial β grain (Fig. 5-4a) is transformed into the CV1 of martensite (Fig. 5-4c) and a deformation twin is formed inside CV1 with a {021}α' '<012>α'' compound twinning system (Fig. 5-4b);

(ii) After unloading, the CV1 α''-matrix (Fig. 5-4c) reverses back to β-matrix (Fig. 5-4a); but the α'' twin (Fig. 5-4b) is retained, probably due to interfacial strains, leading to an unexpected OR between β and α" phases as observed in Fig. 5-3.

It is also interesting to determine which twinning system in β phase corresponds to this {021}α' '<012>α'' compound twinning system. In other words, it consists to apply the OR between β and α" phases to the α" twin (Fig. 5-4b) to find the orientation of β phase if this α" plate was reversed back to β phase during unloading. The result is shown in Fig. 5-4(d). From this orientation, a rotation of 180°around (013)β pole and [0-31]β direction is made respectively to confirm that the same orientation of the β matrix of Fig5-4(a) is obtained. This shows an unexpected {013}β<031>β compound

Plastic deformation mechanisms

After characterization of stress-induced phase transformation in the previous section, the present section will focus on mechanisms of deformation occurring in these product phases, especially twinning. In order to investigate the plastic deformation mechanisms for the Ti2033 alloy, specimens deformed until 3.5% and 8.0% are observed as shown in Fig. 5-1(a). The first deformation rate will allow to investigate twinning in the new tetragonal phase, while the second one will allow to characterize twinning in α" phase. Consequently, primary and secondary deformation bands observed in Fig. 5-6(a) share clearly a novel {101}T<101>T compound twinning relationship. It has also to be noticed that as this tetragonal phase was never reported before, there is no literature data about its deformation mechanisms. (α''+ω) phases, respectively. In addition, it is worth noting that the ω phase presents a good contrast, which allows to observe its localization at the phase boundary between β phase and α'' martensitic phase. This indicates its nature of interfacial phase boundary. This interfacial layer of ω phase appears here rather thick (Fig. 5-8e) because the interface is far from an edge-on condition. Such interfacial β phase was already reported in literature along twin boundaries separating two crystals of β phase [10,26], but never between β and α" phases. Meanwhile, the OR between β and ω phases is found from Fig. 5-8(c) as:

Specimen deformed at 3.5% of strain

Specimen deformed at 8.0% of strain

{1101}ω∥{110}β, {0001}ω∥{111}β, <11-20>ω∥<110>β
And the OR between α'' and ω phases is found as:

{1101}ω∥{002}α", {0001}ω∥{205}α", <11-20>ω∥<512>α"

In order to characterize the OR between the two primary and secondary α" bands, the same area is observed along another diffracting condition as shown in Fig. 

Conclusion

In this chapter, the deformation microstructures of Ti2033 alloy were investigated by in situ and conventional TEM technique. The main conclusions can be made as following:

(1) By in situ TEM experiment, large deformation bands are observed from initial full β phase and identified as a new body-centered tetragonal (bct) structure.

(2) From conventional TEM observation, specimens after 2.5% deformation also show deformation bands with the new bct structure. The OR between parent β phase and bct phase is identified.

(3) At 3.5% deformation, some nano-sized secondary twin bands are observed inside the primary bct bands. The OR between primary and secondary T bands is determined to be a {101}T<101>T compound twinning relationship.

(4) With the strain increasing to 5.0%, only SIM α'' plates are detected, but without classical OR with β phase. The unexpected OR is then supposed to be due to activation of {021}α' '<012>α'' compound twins into α" martensite, which are not reversed to β phase during load releasing while the surrounding α" reverses back to β phase. In addition, the new bct phase is not observed at this stage of deformation, proving that this phase is an intermediate phase occurring during the β to α" phase transformation.

(5) At 8.0% deformation, SIM α''-primary bands are found to contain secondary α" twins with the classical {111}α" type I twinning OR. An interfacial layer of ω phase is also observed along the α"-β interface and is tought to release residual stress between parent β phase and SIM α'' phase during unloading.

favorable <110>β{111}β recrystallization texture and ultra-fined grain size after a short thermal treatment.

In the chapter IV, according to the isothermal section of the ternary Ti-Zr-Hf phase diagram, the (Ti-Zr-Hf)-based superelastic alloys, Ti-30Zr-13Hf-2Mo-4Sn and Ti-28Zr-12Hf-8Nb-4Sn alloy compositions were developed in order to investigate the posibility to design superelastic (Ti-Zr-Hf)-based alloys with Mo and Nb addition.

After solution treatment at 700°C for 30min, both of the alloys were composed of single β phase and displayed favorable <110>β type texture. In addition, the reversible martensitic transformation between β phase and SIM α" phase was observed by in situ SXRD test. Finally, the Ti-30Zr-13Hf-2Mo-4Sn alloy revealed the largest recovery strain of 3.8% combined with a favorable critical stress for slip at about 850 MPa, due to the solid solution strengthening effect of Mo and with a much higher transformation strain along the <110>β crystallographic direction.

On the other hand, a new single-phase superelastic Ti-35Zr-15Hf-5Nb-5Ta-5Sn (at.%) HEA displaying superelasticity was elaborated and characterized in this chapter. The maximum recovery strain was measured to be 3.7% by uniaxial cyclic tensile test. In situ SXRD revealed the stress-induced phase transformation from parent β phase to martensitic α'' phase on loading and its reversibility after unloading.

The improvement of recovery strain was mainly attributed to the favorable <110>β{447}β recrystallization texture combined with large transformation strain.

Thus, the Ti-35Zr-15Hf-5Nb-5Ta-5Sn HEA is a potential candidate for biomedical applications.

In the chapter V, the deformed microstructures of the Ti-20Zr-3Mo-3Sn (at.%) alloy, which was heat treated at 700°C for 2 min, were investigated by in-situ and conventional TEM technique. By in-situ TEM experiment, large bands were observed to appear first from the initial full β phase under straining. Surprisingly, these bands were indexed with a body-centered tetragonal (bct) structure (space group N°139, I4/mmm) and not with the classical C-centered orthorhombic α'' martensitic phase.We therefore turned to the conventional TEM tests with different deformation strain.

From the conventional TEM observations, deformation bands were observed for samples strained until 2.5%. The observed band was also identified as a tetragonal phase (T for short) and the orientation relationship (OR) between the parent β phase and the stress-induced tetragonal phase was determined to be <100>β//<100>T and {110}β//{110}T. This observation was consistent with the in-situ experiment.

When the strain increases to 3.5%, many secondary bands were observed to be formed into the primary band in one  grain. In fact, the secondary bands correspond to a twinning mechanism and it was established that the primary and secondary deformation bands shared clearly a novel {101}T<101>T compound twinning relationship.

At 5.0% deformation, nano-sized deformation bands of about 60 nm wide was observed and indexed as the SIM α'' phase. In addition, the OR between the parent β phase and SIM α'' phase was established to be {013}β//{021}α' ' and <031>β//<012>α' ', which does not correspond with the well-known {111}β//{110}α' ' and <110>β//<001>α' ' usually observed. This unexpected observation can be explained by the reversion of the SIM α" phase after stress releasing as follow:

(i) Under loading, the initial β grain was transformed into the CV1 of martensite and a deformation twin is formed inside CV1 with a {021}α' '<012>α'' compound twinning system;

(ii) After unloading, the CV1 α''-matrix reversed back to β-matrix; but the α'' twin is retained, probably due to interfacial strains, leading to an unexpected OR between β and α" phases.

On the other hand, it was determined that {021}α' '<012>α" compound twinning system corresponded to the {013}β<031>βcompound relationship very well in β crystal. As this twinning relationship was not one of the most favorable, its formation would lead to a large interfacial strain. That was probably the reason why this α" plate did not reverse to β phase during unloading.

Fot the 8.0% deformation, SIM α''-primary bands were found to contain secondary α" twins with the classical {111}α" type I twinning OR. In addition, ω phase was observed to be localized at the phase boundary between β phase and SIM α'' martensitic phase. The OR between β and ω phases was found as: {1101}ω∥{110}β, {0001}ω∥{111}β, <11-20>ω∥<110>β.

And the OR between α'' and ω phases is found as: a permis de contrôler la température de début de transformation martensitique afin de favoriser la superélasticité à température ambiante et une déformation par transformation de 7.0% a pu être obtenue pour certaines compositions chimiques optimisées [5].

Les mécanismes de déformation dans les alliages de titane β-métastable sont principalement dominés par le glissement de dislocation, le maclage de déformation et la transformation martensitique sous contrainte, dont les proportions relatives dépendent de la stabilité de la phase β. Le glissement de dislocation a été observé par déformation in situ au microscope électronique en transmission (MET) dans des alliages tels que Ti-23Nb-0.7Ta-2Zr-1.2O (at.%) [12], Ti-23Nb-0.7Ta-2Zr-0.4Si (at.%) [13], Ti-23Nb-0.7Ta-2Zr-0.5N (at.%) [14], etc. Lorsque la stabilité de la phase β faible, le maclage de déformation et la martensite induite sous contrainte sont activés.

Dans le cas des alliages de titane β-métastable superélastiques, les systèmes de maclage {332}β<113>β et {112}β<111>β ont été fréquemment observés par EBSD et MET dans des échantillons déformés. La transformation martensitique réversible vers la phase α″ a été révélée par des techniques avancées de diffraction des rayons X synchrotron in situ lors d'essais de traction cycliques [15,16]. Cependant, l'observation de martensite α″ résiduelle ou de maclage martensitique est rendu difficile en raison de la réversibilité de la phase α″ qui se retransforme spontanément vers la phase mère β lorsque la contrainte est relâchée ou lors de la préparation des lames minces pour les observations MET [17].

Dans cette thèse, quatre nouveaux alliages à base de (Ti-Zr) superélastiques de compositions (at.%) Ti-20Zr-3Mo-3Sn, Ti-20Zr-12Nb-2Sn, Ti-30Zr-13Hf-2Mo-4Sn, Ti-28Zr-12Hf-8Nb-4Sn et un alliage à haute entropie Ti-35Zr-15Hf-5Nb-5Ta-5Sn ont (2) À 2.5% de déformation, les échantillons observés présentaient tous des bandes de déformation de la même phase de structure tétragonale qui avait été observée in situ. La relation d'orientation entre la phase β et la phase tétragonale a été établie.

(3) À 3.5% de déformation, la phase tétragonale est toujours la seule phase observée en plus de la phase β. Certaines bandes de phase tétragonale présentent une structure multi-maclée à l'échelle nanométrique. L'analyse de la relation d'orientation de ces macles a permis de d'identifier le système de maclage dans la phase tétragonale comme un système composé de type {101}T<101>T. Abstract : Near equiatomic NiTi alloys are commonly used for the manufacture of biomedical devices such as orthodontic arc wires, stents, and so on, due to their high strength, good corrosion resistance and excellent superelastic effect, which is required for such applications. However, Ni hypersensitivity still remains an issue in terms of biocompatibility and superelastic Ni-free metastable-β titanium alloys are a promising alternative. Consequently, numerous superelastic (Ti-Nb)-based alloys have been widely developed. However, most of (Ti-Nb)-based alloys showed low recovery strain (less than 3.0%) compared to NiTi alloys (more than 8.0%). Recently, it was reported that hafnium or zirconium are effective alloying elements to improve the superelastic performance of Ni-free titanium-based alloys.

The aim of this thesis thus lies in the development and characterization of novel (Ti-Zr)-based alloys. On one hand, four alloy compositions (at.%) Ti-20Zr-3Mo-3Sn, Ti-20Zr-12Nb-2Sn, Ti-30Zr-13Hf-2Mo-4Sn, Ti-28Zr-12Hf-8Nb-4Sn and one high-entropy alloy Ti-35Zr-15Hf-5Nb-5Ta-5Sn were designed and elaborated. All these alloys exhibit outstanding superelasticity. The superelastic properties of these alloys were characterized by cyclic tensile tests, including in situ X-ray diffraction under synchrotron radiation. Influence of crystallographic texture, which was evaluated from EBSD, has received special attention. On the other hand, the plastic deformation mechanisms, mainly focused on deformation twinning, were deeply investigated in the Ti-20Zr-3Mo-3Sn alloy by transmission electron microscopy. 
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 1 Fig.1-9 TEM observation of the Ti-16Mo (wt.%) alloy annealed at 773K for 1h (a) dark-field image and (b) corresponding selected-area diffraction pattern.
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 1 Fig.1-10 Planar stacking of the {112}β planes of the bcc lattice (shown by open circles).
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 1 Fig.1-13 TEM observations of one single deformation band for a sample of Ti2448 alloy deformed up to 4.5% strain: (a) bright field image and (b) the corresponding selected area diffraction patterns; (c) and (d) the dark field images taken with the spots highlighted by red and green circles in (c) corresponding to (-110)β and (-2110)ω, respectively.
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 1 Fig.1-14 Optical micrographs showing the microstructure of α" martensite variants in (a) Ti-20Nb, (b) Ti-22Nb and (c) Ti-24Nb alloys, respectively.
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 11 Fig.1-15 (a) Bright field TEM image of α" martensitic phase observed in the deformed Ti-23Nb-0.7Ta-2Zr-0.5N alloy and (b) corresponding electron diffraction pattern.

Fig. 1 -

 1 Fig.1-17 Lattice correspondence between the body-centered cubic β phase and C-centered orthorhombic α" phase.

Fig. 1 -

 1 Fig.1-18 Schematic diagram of the hysteresis loop indicating the characteristic temperatures of martensitic transformation (ξ: the martensite fraction).

Fig. 1 -

 1 Fig.1-19 Schematic of mechanisms involved in shape memory effect.

Fig. 1 -

 1 Fig.1-20 Schematic of mechanisms involved in the superelastic effect.

Fig. 1 -

 1 23 shows the calculated results of the transformation strain expressed by contour lines for each orientation in a standard stereographic triangle. The maximum transformation strain of 2.46% was obtained along the [011] direction, while the transformation strain decreases with changing direction from[011] towards the directions of [001] and [-111], respectively. Consequently, the best recovery strain, and in turn the best superelasticity, will be obtained if a polycrystalline material is strongly textured with <110> directions along the tensile direction.

Fig. 1 -

 1 Fig.1-23 Orientation dependence of the calculated transformation strain associated with the martensitic transformation from the β to α" phase.

Fig. 1 -

 1 Fig.1-24 Incremental loading-unloading tensile tests from 0% to 3.5% on Ti-20Nb-6Zr specimens after heavy cold-rolling, after a short aging treatment of 360 s at 873 K and after solution treatment, respectively.

Fig. 1 -

 1 Fig.1-26 Stress-strain curves obtained by cyclic loading-unloading tensile tests for Ti-15Nb-3Mo-(0-1.5) Sn alloys.

Fig. 1 -

 1 Fig.1-28 Stress-strain curves obtained by cyclic loading-unloading tests of the Ti-24Zr-10Nb-2Sn alloy heat treated at temperatures between 873 and 1173 K for 1.8 ks.

Fig. 1 -

 1 Fig.1-30 Stress-strain curves obtained by cyclic tensile tests for the specimens solution treated at: (a) 1173 K, and (b) 1073 K for 1.8 ks and quenched in water.

Fig. 1 -

 1 Fig.1-31 clearly illustrated the typical motion of screw segments by in situ TEM for the Ti-23Nb-0.7Ta-2Zr-1.2O alloy. It is shown that some parts of the screw segments

Fig. 1 -

 1 Fig.1-32 Motion of screw dislocations during in situ TEM straining for the Ti-23Nb-0.7Ta-2Zr-0.4Si alloy.

Fig. 1 -

 1 Fig.1-33 The four twinning elements. The twinning and the conjugate (or reciprocal) twinning planes are K1 and K2 and the twinning and conjugate (or reciprocal) twinning directions are η1 and η2, respectively. The directions η1 and η2 and the normals to K1 and K2 are all contained in the shear plane P.

Fig. 1 -

 1 Fig.1-33 illustrates the four twinning elements involved in the deformation

Fig. 1 -

 1 Fig.1-36 A TEM micrograph of a (332)β twin taken by g = 110 (long arrow) in Ti-40.3Nb-13.3Ta (wt.%) alloy, showing a curved and very dense dislocation structure in the parent plane near a twin interface (short arrow).

Fig. 1 -

 1 Fig.1-37 EBSD analysis of a {332}β twin before (a, b) and after (c, d) annealing at 900°C for 30 min.

Fig. 1 -

 1 35(a) illustrates a typical bright-field TEM image of a deformation band, and Fig.1-35(b) is the selected-area electron diffraction pattern in the red cycle of Fig.1-35(a) along [1-10]β zone axis. Fig.1-35(c) shows a representative atomic-resolution HAADF-STEM raw image near the (332)β twin boundary in Fig.1-39(a). Fig.1-39(d) is the FFT-filtered HAADF-STEM image of Fig.1-39(c) showing the atom arrangement feature in the (332)β twin boundary region when viewed along the [1-10]β axis.

Fig. 1 -

 1 Fig.1-38 Stereographic projections of (a) the matrix and (b) the twin in Ti-27Nb alloy. (c),(d) Stereographic projections of the same crystals after crystallographic reconstruction in α" martensite.

Fig. 1 -

 1 [START_REF] Sitepu | Use of synchrotron diffraction data for describing crystal structure and crystallographic phase analysis of R-phase NiTi shape memory alloy[END_REF] presents a typical bright-field TEM image and the corresponding selected-area electron diffraction pattern of such twins. This figure clearly reveals a complete martensitic microstructure with the presence of {110}α" twinning substructure.

Fig. 1 -

 1 Fig.1-40 (a) A typical TEM bright field image and (b) the corresponding SAED pattern obtained from the deformed Ti-40Nb alloy.

Fig. 1 -

 1 Fig.1-43 (02-1) αʺ projection of the most possible atomic movement of {112}αʺ -type I twinning in the Ti-7.5Mo alloy.

Fig. 1 -

 1 Fig.1-45 Determination of twinning elements of Twin B: (a) Crystallographic geometry of the sample, (b) SEM image of the rectangular region shown in (a), and (c) Stereographic projection of surfaces M1, M2, T1 and T2 on the K1.

Fig. 2 - 7

 27 Fig.2-7 Illustration of a cyclic tensile test carried out on superelastic alloys.

Chapter 1 ,

 1 <101>β crystallographic orientation maximizes the transformation strain and is thus beneficial to optimize recovery strain [4-5]. In general, there are three ways for crystallographic texture presentation: pole figure (PF), inverse pole figure (IPF) and orientation distribution function (ODF).

  deeply. In order to investigate initial and deformed microstructures, the observations were conducted with a JEOL 2100F TEM operating at 200 kV for this work. The external appearance of this equipment is shown in Fig.2-10.

Fig. 2 -

 2 Fig.2-10 View of the JEOL-2100F TEM microscope.[9] 

  Consequently, numerous superelastic (Ti-Nb)-based alloys have been widely developed, such as Ti-Nb-Al, Ti-Nb-Zr, Ti-Nb-Ta, Ti-Nb-O, Ti-Nb-N, Ti-Nb-Zr-Sn, Ti-Nb-Zr-Ta, Ti-Nb-Ta-Zr-O[2][3][4][5][6][7][8][9][10][11][12][13][14]. However, most of (Ti-Nb)-based alloys showed low recovery strain (less than 3.0%) compared to NiTi alloys (more than 8.0%). This poor recovery strain is attributed to the small transformation strain from bodycentered cubic β phase (space group No.229, Im-3m) to C-centered orthorhombic α'' martensitic phase (space group No.63, Cmcm)[2].It is widely reported that grain refinement can improve remarkably the recoverable strain. Sun et al. investigated the effect of short thermal treatment (6mins at 600°C) on the Ti-20Nb-6Zr (at.%) alloy, and showed that outstanding superelastic recovery strain of 3.2% can be obtained due to formation of ultrafine β grains (1-2μm)[7]. Hao et al. also studied an ultrafine-grained Ti-24Nb-4Zr-8Sn-0.4O (wt.%) alloy with recoverable strain of 3.0% obtained by warm rolling at 400°C[3]. Similar work was done by Yang et al. with flash treatment at 700°C for 3min to Ti-24Nb-4Zr-8Sn

Fig. 3 - 1

 31 Fig.3-1 Electrical resistivity curve of the Ti-20Zr-3Mo-3Sn alloy (heating and cooling cycle).

Fig. 3 -

 3 Fig.3-2 displays the engineering stress-strain curves, which are obtained from cyclic tensile tests for specimens subjected to three different solid solution treatments in the β-phase domain: 700°C for 30 min (ST-700-30, Fig.3-2.a), 800°C for 30 min (ST-800-30, Fig.3-2.b) and 900°C for 30 min (ST-900-30, Fig.3-2.c). In these tensile curves, the presence of hysteresis loops between loading and unloading is due to the superelastic property of the alloy in which reversible SIM transformation between β
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 39 Fig.3-9 Inverse pole figures of maximum transformation strains (IPF-TS) for Ti-20Zr-3Mo-3Sn (top) and Ti-24Nb-4Zr-8Sn (bottom) alloys.

Fig. 3 -

 3 Fig.3-12 displays IPF maps obtained on specimens after various thermal treatments along the cold rolling direction: (a) FT-560-02, (b) ST-560-30 and (c) ST-700-30. The colors of the grains correspond to the crystallographic axes of the grains in the maps, as shown in the inserted color code for the rolling direction. Red, green and blue colors correspond to <001>β, <101>β and <111>β directions paralleling to cold rolling direction, respectively. All the samples show a typical equiaxed grain structure with single β phase and nearly full of green colored grains, indicating a strong texture preference of <101>β{hkl}β. Fig.3-12(d) present the grain size (≤10 μm) distributions for samples (a) FT-560-02, (b) ST-560-30 and (c) ST-700-30. The averaged grain size is evaluated as 0.4±0.3 μm, 1.6±1.1 μm and 7.3±4.8 μm, respectively. There are much more ultra-fined grains in the FT-560-02 alloy.

Fig. 3 -

 3 Fig.3-12 IPF maps along RD for the thermo-mechanical treated Ti-20Zr-12Nb-2Sn specimens: (a) FT-560-02; (b) ST-560-30; (c) ST-700-30; (d) the grain size (≤10 μm) distribution of the three heat treatment conditions.

Fig. 3 -

 3 Fig.3-14 Inverse pole figures of the thermo-mechanical treated Ti-20Zr-12Nb-2Sn specimens: (a) FT-560-02; (b) ST-560-30; (c) ST-700-30.

Fig. 4 - 1

 41 Fig.4-1 Isothermal section at 700℃ of the ternary Ti-Zr-Hf phase diagram.

Fig. 4 -

 4 Fig.4-2(b) reveals SXRD profiles for these two alloys after solution treatment at 700°C for 30min followed by water quenching. Only typical β phase peaks: (110)β, (002)β, (112)β, (202)β, (013)β are observed, which is in the good agreement with resistivity result.

Fig. 4 -

 4 Fig.4-2 (a) Resistivity curves from 400°C to 1000°C and (b) SXRD patterns for solution treated at 700°C for 30 min of Ti-30Zr-13Hf-2Mo-4Sn and Ti-28Zr-12Hf-8Nb-4Sn alloys.
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 43 Fig.4-3 Engineering stress-strain curves of the (a) Ti-30Zr-13Hf-2Mo-4Sn and (b) Ti-28Zr-12Hf-8Nb-4Sn alloys thermally treated at 700°C for 30 min through cyclic tensile tests.

  order to highlight the phase transformation for the two alloys, cyclic loading/unloading tensile tests are performed in situ under synchrotron X-ray radiation. Corresponding diffractograms near the main (110)β peak are shown from the range of 7.4°to 9.0°in Fig.4-4. Fig.4-4(a) and (b) display the evolution of phase transformation on loading (a) and after unloading (b) for Ti-30Zr-13Hf-2Mo-4Sn

  -4(b). Fig.4-4(c) and (d) are the in situ SXRD patterns on loading (c) and after unloading (d) for Ti-28Zr-12Hf-8Sn-4Sn

Fig. 4 -

 4 Fig.4-9 (a) Engineering stress-strain curves of the Ti-35Zr-15Hf-5Nb-5Ta-5Sn HEA obtained from cyclic tensile tests at room temperature: (a) ST-750-30; (b) ST-800-30.

Fig. 4 -

 4 Fig.4-11 (a) Inverse pole figures of the (a) ST-750-30 and (b) ST-800-30 HEA; (c) bright-field TEM micrograph (left) and the corresponding electron diffraction pattern (left) for ST-750-30 HEA.

2.2 Conventional TEM characterization 2 . 2 . 1

 221 Fig.5-2(a) is provided in Fig.5-2(b). The matrix is identified as β phase with [100]β zone axis, and the band is surprisingly indexed with a body-centered tetragonal (bct) structure (space group N°139, I4/mmm) with [010]T zone axis. This diffraction pattern cannot be indexed with other known phases in titanium such as α" or ω. In other words, a totally novel stress-induced tetragonal phase (T for short) from parent β phase is highlighted here. For a better readability, this SAED pattern of the tetragonal phase is also indexed separately in Fig.5-2(c). In addition, another SAED pattern with only [01-1]T zone axis is shown in Fig.5-2(d) for the same selected area to confirm the bct structure of this new phase. Lattice parameters of the tetragonal phase can thus be determined as aT=bT=0.312 nm and cT=0.432 nm. Meanwhile, the OR between parent β phase and stress-induced tetragonal phase is found from Fig.5-2(d) as <100>β//<100>T and {110}β//{110}T. Table1and 2 display this OR in detail.
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 52 Fig.5-2 Conventional TEM results of deformed Ti2033 alloy after 2.5% strain: (a) bright-field image; (b) corresponding SAED patterns of the area labeled with awhite circle in (a) along [100]β and [010]T zone axis; (c) separated SAED pattern from (b) for the tetragonal phase only; (d) SAED pattern along [01-1]T zone axis of the same tetragonal phase for another diffracting condition.

Fig. 5 -

 5 Fig.5-3 TEM results of the Ti2033 alloy deformed until 5.0% strain: (a) bright-field image; (b) corresponding SAED pattern of the white circle in (a); (c) and (d) dark-field images corresponding to the matrix (yellow circle in (b)) and deformation band (red circle in (b)).

  -3, this plane can be the twinning plane. The stereographic projection of martensite is then rotated of 180°around (021)α' ' pole, as shown in Fig.5-4(c). Surprisingly, the OR between the β matrix in Fig.5-4(a) and the rotated α" phase in Fig.5-4(c) corresponds to the expected CV1 with the conventional OR. Rotation of 180°around potential [01-2]α'' twinning direction allows to obtain the CV1 again, showing the twinning relationship is of compound type. In other words, Fig.5-4(b) and Fig.5-4(c) show a {021}α' '<012>α''

Fig. 5 -

 5 Fig.5-6 presents the TEM observations of deformed sample at 3.5% of strain. The bright-field image Fig.5-6(a) shows a large deformation band crossing two grains. In addition, many secondary bands are present in the band of the grain at the right, while almost no secondary bands are in the grain at the left. The orientation of the deformation band is then modified due to the secondary bands appearance. A higher magnification image of the hierarchical band is shown in Fig.5-6(c), in which the size of the inner secondary bands is about 10 nm. The SAED pattern of Fig.5-6(b), taken from the white circle in Fig.5-6(a), is indexed as β phase with the [100]β zone axis, as well as two different orientations of the tetragonal phase sharing a common [010]T zone axis. Details of the microstructure are shown from dark-field imageshighlighting the matrix (Fig.5-6d), primary band (Fig.5-6e) and secondary bands (Fig.5-6f), respectively. In order to find the OR between these secondary and primary bands, the crystallographic orientations of the T-matrix and T-twin observed in Fig.5-6 are presented on stereographic projections in Fig.5-7(a) and (b). After rotations of 180°around potential twinning direction and twinning plane normal, a common (10-1)T twinning plane as well as a common [101]T twinning direction can be found.

Fig. 5 -

 5 Fig.5-8 displays the typical deformation microstructure at 8.0% by TEM. Fig.5-8(a) shows a bright-field image with a large deformation band, in which several nanoscale bands with 20-40 nm in width are visible. In order to highlight different components of this complex deformation band, the SAED patterns (Fig.5-8b,c) and corresponding dark-field images (Fig.5-8d,e,f) are presented. The SAED pattern in Fig.5-8(b) is taken from the circles area of Fig.5-8(a) and reveals the existence of β phase, two orientations of SIM α'' phase and ω phase. A SAED pattern of the β matrix only is provided in Fig.5-8(c) for better readability. It should be noted that the spots circled in red and yellow are the superimposition of ω phase with β phase and α'' martensitic phase, respectively. The components in dark-field images of Fig.5-8(d), Fig.5-8(e) and Fig.5-8(f) are thus designated as (β+ω) phases, only ω phase, and

5- 9

 9 Fig.5-9(b) to Fig.5-9(d) correspond to the diffraction spots marked with red, yellow and green in Fig.5-9(a), respectively. The three components from Fig.5-9(b) to (d) areassigned for SIM α'' (primary+secondary) bands together, SIM α'' primary band and SIM α'' secondary band, respectively. The OR between α''-primary and α''-secondary corresponds thus to the well-known {111}α" type I twinning relationship. This OR is presented by the stereographic projections in Fig.5-10(a) and Fig.5-10(b). This twinning relationship is a self-accommodation one, meaning the two α" crystals have

Fig. 5 -

 5 Fig.5-8 TEM results of Ti2033 alloy deformed until 8.0% strain: (a) the bright-field image; (b) and (c) are the corresponding SAED patterns of the white circle; (d-f) dark-field images corresponding to the (β+ω) phases, ω phase, and (SIM α''+ ω) phases, respectively.

  {1101}ω∥{002}α", {0001}ω∥{205}α", <11-20>ω∥<512>α".The SIM transformation in Ti-based alloys can be generally classified into two modes: direct transformation or indirect transformation involving an intermediate phase transformation. For the classical superelastic (Ti-Nb)-based alloys, the SIM transformation occurs from bcc β phase directly to othorhombic α'' martensitic phase.In the superelastic NiTi-based alloys, the intermediate R phase or B19 phase were widely observed between parent B2 austenitic phase and stress-induced B19' martensitic phase. For the present work, an intermediate phase with bct structure is also identified. In other words, the stress-induced martensitic transformation processed β→T→α'' in the Ti-20Zr-3Mo-3Sn alloy. This novel intermediate bct structure was never reported in Ti-based alloys and is thought to occur in Ti-Zr based alloys because of larger lattice parameters. This point is currently investigated by ab initio calculations in collaboration with L. Pedesseau and J. Even of FOTON lab in Rennes.

  été élaborés et étudiés. La microstructure initiale et les propriétés mécaniques des alliages développés ont été caractérisées par des essais de traction cyclique, EBSD et diffraction des rayons X sous rayonnement synchrotron (SXRD). Les mécanismes de déformation plastique du Ti-20Zr-3Mo-3Sn ont été étudiés plus en profondeur à partir d'observations en MET. Les principaux résultats obtenus sont résumés ci-après. Tout d'abord, l'influence de l'orientation cristallographique sur le comportement superélastique a été étudiée sur l'alliage Ti-20Zr-3Mo-3Sn. La Fig.1présente les courbes contrainte-déformation nominales après traitement thermique de mise en solution à (a) 700°C, (b) 800°C, (c) 900°C pendant 30 min, et les Fig.1(d-f) donnent les textures de recristallisation correspondantes aux Fig.1(a-c), respectivement. De plus, les caractéristiques de la transformation martensitique induite sous contrainte sont révélées à partir de résultats de SXRD pour l'alliage traité à 700°C (Fig.2). Les conclusions suivantes ont pu être tirées .Les observations EBSD ont révélé une forte dépendance de la texture cristallographique de l'alliage Ti-20Zr-3Mo-3Sn en fonction de la température de traitement thermique. Trois textures différentes ont ainsi été obtenues. Par SXRD in situ, les pics de diffraction typiques des phases β et α" induite sous contrainte pendant le chargement/déchargement ont été clairement observés et la transformation réversible entre ces deux phases a été mise en évidence. D'autre part, les paramètres de maille des deux phases ont été mesurés pour chaque cycle, permettant de suivre leur évolution pendant la déformation. À partir de ces mesures, la déformation par transformation théorique a été calculée pour toute direction cristallographique. Les résultats ont été représentés sous forme de figures inverses de pôles de déformation par transformation (IPF-TS) pour l'alliage actuel Ti-20Zr-3Mo-3Sn et pour l'alliage de référence Ti-24Nb-4Zr-8Sn, qui a été caractérisé dans un travail précédent selon la même approche. En comparant les IPF-TS des deux alliages, il est montré que l'alliage Ti-20Zr-3Mo-3Sn présente des valeurs de déformation par transformation beaucoup plus élevées que l'alliage Ti-24Nb-4Zr-8Sn quelle que soit l'orientation cristallographique. Conformément à ces résultats, la déformation recouvrable expérimentale est la plus élevée pour l'alliage Ti-20Zr-3Mo-3Sn (3.5%), ce qui s'explique par la forte teneur en zirconium qui modifie significativement les paramètres de maille, impliquant alors une grande différence entre aβ et bα' '. Comme la déformation par transformation est maximale pour une sollicitation selon <011> β, la déformation recouvrable la plus élevée est obtenue pour le traitement thermique donnant une forte texture <011>β{100}β .

( 4 ) À 5 .

 45 0% de déformation, la phase tétragonale n'est plus observée et seule la martensite α'' est observée en plus de la phase β. Par contre, la relation d'orientation avec la phase β est inattendue et ne suit pas la relation classique. Ce phénomène peut s'expliquer si la bande de phase α'' observée est le résultat d'un maclage de type composé {021}α' '<012>α'' qui ce serait formé dans la variante de martensite initialement formée. Cette dernière ce serait alors retransformée en phase β lors du relâchement de la contrainte alors que la macle non, laissant une relation d'orientation avec la phase β inhabituelle. (5) À 8.0% de déformation près de la rupture, les bandes de martensite α'' présentent de fines macles qui montrent une relation d'orientation bien connue {111}α" de type I. Une fine bande de phase β se trouve également aux interfaces β/α" et dont l'origine est probablement due à une accommodation des contraintes entre ces deux phases pendant de la transformation inverse qui a lieu lors du relâchement de la contrainte imposée. (6) Finalement, dans les alliages à base de Ti-Zr, la transformation martensitique β-α" n'est pas directe comme dans les alliages à base de Ti-Nb mais présente une transformation intermédiaire vers une phase tétragonale qui n'avait jamais été mise en évidence jusque là. Titre : Etude de la transformation martensitique sous contrainte et des mécanismes de déformation plastique dans de nouveaux alliages superélastiques à base de (Ti-Zr) Mots clés : Alliages de titane, superélasticité, transformation martensitique, déformation plastique. Résumé : Les alliages NiTi sont couramment utilisés pour la fabrication de dispositifs biomédicaux tels que les arcs orthodontiques, les stents, etc, en raison de leur résistance mécanique élevée, de leur bonne résistance à la corrosion et de leur excellent effet superélastique. Mais l'hypersensibilité au Ni reste un problème en terme de biocompatibilité et les alliages de titane β-métastable superélastiques sans Ni sont une alternative prometteuse. Par conséquent, de nombreux alliages superélastiques à base de (Ti-Nb) ont été développés. Cependant, la plupart de ces alliages présentent une faible déformation recouvrable (moins de 3.0%) par rapport aux alliages NiTi (plus de 8.0%). Récemment, il a été montré que l'hafnium ou le zirconium sont des éléments d'alliage efficaces pour améliorer la superélasticité de ces alliages. L'objet de cette thèse réside donc dans le développement et la caractérisation de nouveaux alliages (Ti-Zr). D'une part, quatre alliages de compositions (at.%) Ti-20Zr-3Mo-3Sn, Ti-20Zr-12Nb-2Sn, Ti-30Zr-13Hf-2Mo-4Sn, Ti-28Zr-12Hf-8Nb-4Sn et un alliage à haute entropie Ti-35Zr-15Hf-5Nb-5Ta-5Sn ont été développés et élaborés. Tous possèdent une superélasticité exceptionnelle. Les propriétés superélastiques de ces alliages ont été caractérisées par des techniques de traction cyclique, notamment in situ en diffraction sous rayonnement synchrotron. L'effet de la texture cristallographique initiale, évaluée par EBSD, a fait l'objet d'une attention particulière. D'autre part, les mécanismes de déformation plastique, principalement axés sur le maclage de déformation, ont été étudiés en détail dans l'alliage Ti-20Zr-3Mo-3Sn par microscopie électronique en transmission. Title : Investigation of the stress-induced martensitic transformation and the plastic deformation mechanisms in new (Ti,Zr)-based superelastic alloys Keywords : Titanium alloys, superelasticity, martensitic transformation, plastic deformation

  Intitulé de la thèse : titre Investigation of the stress-induced martensitic transformation and the plastic deformation mechanisms in new (Ti,Zr)-based superelastic alloys les droits d'auteur N°d'ordre: 20ISAR 05/D20-05

  

  

  

Table 1 -

 1 

1 Six lattice correspondence variants (CV) derived from the β and α" crystals.

Table 1 -

 1 

2 Summary of superelastic properties obtained from cyclic loading-unloading tensile tests of Ti-15Nb-3Mo-(0-1.5)Sn alloys.

Table 1 -

 1 3 Comparison of mechanical and superelastic properties of the studied Ti-23Hf-3Mo-4Sn

Table 2 -

 2 1 Melting point (MT) and boiling point (BT) of alloying elements.

	MT (°C) BT (°C)	Ti 1668 3287	Zr 1852 4377	Mo 2620 5560	Hf 2227 4602	Nb 2468 4742	Ta 2996 5425	Sn 231 2260

Table 3 -

 3 1 Lattice parameters of β and α'' phases, calculated maximum transformation strains in the

	principal crystallographic directions and measured recovery strains for Ti-20Zr-3Mo-3Sn and Ti-
	24Nb-4Zr-8Sn alloys.						
	Alloys	lattice parameter(nm) β phase α'' phase aβ aα'' bα''	cα''	ε110	ε001	ε111	recovery strain (%)
	Ti20Zr3Mo3Sn	0.336	0.312 0.510 0.477	7.3	3.8	2.5	3.50
	Ti24Nb4Zr8Sn[23]	0.333	0.315 0.488 0.484	3.6	3.2	0.6	2.25

Table 3 -

 3 1 reports these lattice parameter values for the Ti-20Zr-3Mo-3Sn alloy of the present study and those obtained on a typical (Ti-Nb)-based superelastic alloy

  Table 1 and 2 display this OR in detail.

Table 5

 5 

	-1 Correspondence of crystallographic directions for the three lattice correspondence
	variants (CV) derived from the bcc (β) and tetragonal (T) crystals.	
	Variant CV1 CV2 CV3	[100]T [100]β [010]β [001]β	[010]T [010]β [001]β [100]β	[001]T [001]β [100]β [010]β

Table 5 -

 5 2 Correspondence of crystallographic planes for the three CV derived from the bcc (β)

	and tetragonal (T) crystals.		
	Variant CV1 CV2 CV3	(110)T (110)β (011)β (101)β	(1-10)T (1-10)β (01-1)β (-101)β

with [-1-11]β// α' ' zone axis. The lattice parameters of this SIM α'' orthorhombic phase (space group N°63, Cmcm) are aα' '=0.313 nm, bα' '=0.505 nm, cα' '=0.474 nm.

Fig. 5-3(c) and (d) present dark-field images for parent β phase (yellow circle on SAED pattern) and SIM α'' phase (red circle on SAED pattern), respectively. At this stage of deformation, no tetragonal phase is found and the conventional orthorhombic α" is observed. However, it is worth noting that the OR between β and α" phases is not the conventional OR. Indeed, the crystallographic orientations of the parent β phase and SIM α'' phase are presented with stereographic projections in Fig. 5-4(a) and (b), in which the solid circles are crystallographic planes' poles and the open circles are crystallographic directions. The OR between the two crystals is thus {013}β//{021}α' ' and <0-31>β//<01-2>α' ', not the well-known {111}β∥{110}α' ' and <110>β∥<001>α' ' [31]. This means that this plate of α" martensite was not formed directly into the present β grain and another mechanism has occurred, leading to the loss of the initial OR. This unexpected feature is explained hereafter.

General conclusion

Near equiatomic NiTi alloys are commonly used for the manufacture of biomedical devices such as orthodontic arches, orthopedic staples, endovascular stents, due to their high strength, good corrosion resistance and their high and useful superelastic effect which is required for such applications. However, Ni hypersensitivity still remains an issue in terms of biocompatibility and superelastic

Ni-free β-titanium alloys displaying stress-induced α" martensitic transformation (SIM) are now considered as the right alternative option for biomedical applications.

Consequently, numerous superelastic (Ti-Nb)-based alloys have been widely

developed. However, most of (Ti-Nb)-based alloys showed low recovery strain (less than 3.0%) compared to NiTi alloys (more than 8.0%). The poor recovery strain is attributed to the small transformation strain from body-centered cubic β phase to Ccentered orthorhombic α'' martensitic phase. Recently, it was reported that hafnium or zirconium can be effective alloying elements to improve the superelastic performance of Ni-free titanium-based alloys. Indeed, the substitution of niobium by zirconium allowed the control of the martensitic transformation start temperature in order to promote superelasticity at room temperature. In this thesis, four novel superelastic (Ti-Zr)-based alloys: Ti-20Zr-3Mo-3Sn, Ti-20Zr-12Nb-2Sn, Ti-30Zr-13Hf-2Mo-4Sn, Ti-28Zr-12Hf-8Nb-4Sn and one Ti-35Zr-15Hf-5Nb-5Ta-5Sn (at.%) high-entropy alloy were designed and characterized. The superelastic properties of the developed alloys were characterized by cyclic tensile, EBSD and SXRD techniques. On the other hand, the plastic deformation mechanisms in Ti-20Zr-3Mo-3Sn were particularly investigated by TEM. The main conclusions of the present study are as follows.

In the chapter III, the influence of crystallographic orientation on superelastic behavior was firstly investigated on the Ti-20Zr-3Mo-3Sn alloy. The cyclic tensile tests and crystallographic texture analysis were conducted on the samples heat treated at 700°C, 800°C and 900°C for 30 min. The maximum recoverable strain (3.5%) was obtained for the sample heat-treated at 700°C. At higher temperature, the maximum recoverable strain is lower: 2.7% and 2.5% at 800°C and 900°C, respectively. The EBSD observations revealed that the Ti-20Zr-3Mo-3Sn β-grain microstructure showed a strong dependence of the solution treatment temperatures on crystallographic texture and three different textures were obtained. The main texture component at 700°C, 800°C and 900°C is <011>β{100}β, <100>β{011}β and 150 <113>β{110}β, respectively. By in situ SXRD, the typical diffraction peaks of β phase, (110)β, (002)β, (112)β, (202)β, (013)β, and SIM α" phase, (020)α' ', (002)α' ', (021)α' ', (022)α' ', (113)α' ', during loading/unloading mechanical tests were clearly observed and the stress-induced reversible transformation between the β phase and the SIM α" phase was evidenced. On the other hand, the lattice parameters of β and SIM α" phases were measured for each cycle and their evolutions during the deformation were established. From these measurements, the maximum transformation strain for any crystallographic direction was evaluated and inverse pole figures of maximum transformation strain (IPF-TS) were established for the present Ti-20Zr-3Mo-3Sn alloy and for the Ti-24Nb-4Zr-8Sn alloy, which was characterized in a previous work by the same approach. By comparing the IPF-TS of the two alloys, it is shown that the Ti-20Zr-3Mo-3Sn alloy presents much higher maximum transformation strain values than Ti-24Nb-4Zr-8Sn alloy whatever the crystallographic orientation. The highest recovery strain obtained with the Ti-20Zr-3Mo-3Sn alloy (3.5%) can then be explained by the high zirconium content that modifies significantly the lattice parameters implying a large difference between aβ and bα'', which must be obtained together with a pure <011>β{100}β recrystallization texture in order to promote the highest strain recovery.

On the other hand, in order to highlight the relationship between critical stress for slip and recovery strain, the Ti-20Zr-12Nb-2Sn alloy was studied with three different heat treatment conditions above the β transus temperature: short thermal treatment at 560°C for 2 min, solution treatment at 560°C and 700°C for 30 min.

From the ESBD results, all three samples indicated a favorable <110>β{111}β recrystallization texture. With thermal treatment temperature and/or duration increasing, the averaged grain size was evaluated as 0.4±0.3 μm, 1.6±1.1 μm and 7.3±4.8 μm, respectively. Meanwhile, in situ SXRD analyses clearly revealed a reversible transformation between the parent β phase and the SIM α" phase during each loading and unloading cycle. On the other hand, the recovery strain is observed to be clearly influenced by the critical stress for slip: the higher critical stress for slip (800MPa, 580MPa, 500MPa), the larger recoverable strain (4.3%, 3.7%, 3.1%). On the other hand, the critical stress for slip was shown to be dependent on grain size, which can be modulated by the temperature and/or time of recrystallization heat treatment. Therefore, a remarkable recovery strain of 4.3% was obtained due to

Résumé étendu en français

Les matériaux biomédicaux, ou biomatériaux, sont des matériaux artificiels ou naturels qui sont largement utilisés pour fabriquer des implants destinés à remplacer les tissus biologiques perdus ou malades. Les biomatériaux contribuent ainsi à améliorer la qualité de vie et la longévité des êtres humains. Les matériaux actuellement utilisés pour les implants biomédicaux sont l'acier inoxydable 316L