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An improved combination of tensile strength and ductility in titanium alloys via oxygen ordering
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Oxygen content has always been limited in commercial titanium and titanium alloys due to its propensity to induce a severe ductility loss. Yet, its effect on the macroscopical behavior has never been clearly understood and is still rather unclear considering the wide variability in the literature results. Here, we investigate the tensile properties of α-titanium with oxygen contents ranging from 0.15 to 0.80 weight percent (wt%). While the strain-hardening ability of oxygen is maintained, no ductility drop is observed up to 0.60wt% of oxygen, thus allowing exceptional combinations of mechanical properties with an ultimate tensile strength (UTS) of 800 MPa and 29% of elongation at fracture for the Ti-0.6O alloy. Both high strength and ductility of these alloys result from the dislocations/precipitate's interactions. It is proposed that these interactions induce an important cross-slip activity responsible for a dislocation multiplication and a high work-hardening rate. With the addition of Zr, alloys exhibit an even more promising combination of mechanical properties, achieving 1,075MPa of UTS and 28% of elongation at fracture for the Ti-4.5Zr-0.8O alloy. The mechanical properties of TiO and TiZrO alloys brought out in this study surpass those of Ti-6Al-4V Revised Manuscript -clean version Click here to view linked References alloy and open significant prospects for developing a new generation of oxygentolerant titanium alloys.

Introduction

Titanium and titanium alloys are mostly used for mechanically-demanding applications, such as biomedical or aerospace [START_REF] Banerjee | Perspectives on titanium science and technology[END_REF], where in-service material's durability, including at high temperature [START_REF] Eylon | High-Temperature Titanium Alloys-A Review[END_REF], is safety critical. The main factor prohibiting a wider use of titanium lies in its cost [START_REF] Gambogi | US Geological Survey, Mineral Commodity Summaries 2022 : Titanium and titanium dioxide[END_REF], which especially arises from the technical measures put in place to prevent oxygen contamination during fabrication and thermomechanical processes [START_REF] Fang | Introduction to the development of processes for primary Ti metal production[END_REF].

For the last seventy years, oxygen addition has been reported to induce a dramatic drop in elongation-to-failure in α-titanium [START_REF] Jaffee | The Effect of Oxygen, Nitrogen, and Hydrogen on Iodide Refined Titanium[END_REF][START_REF] Jaffee | Alloys of Titanium with Carbon, Oxygen, and Nitrogen[END_REF][START_REF] Finlay | Effects of three interstitial solutes (nitrogen, oxygen, and carbon) on the mechanical properties of high-purity, alpha titanium[END_REF][START_REF] Conrad | Effect of interstitial solutes on the strength and ductility of titanium[END_REF][START_REF] Wasz | Effect of oxygen and hydrogen on mechanical properties of commercial purity titanium[END_REF][START_REF] Chong | Mechanistic basis of oxygen sensitivity in titanium[END_REF], which explains the limitation of its content below 0.4wt% in commercially pure titanium grades [START_REF] Lutjering | Titanium, 2nd editio[END_REF][START_REF] Ritchie | The conflicts between strength and toughness[END_REF] and the necessity to set up strategies for avoiding oxygen contamination during industrial processes.

Further analysis of existing data, though, leads to a more ambivalent outcome, due to a high variability in the measured elongation-to-failure [START_REF] Conrad | Effect of interstitial solutes on the strength and ductility of titanium[END_REF][START_REF] Chong | Mechanistic basis of oxygen sensitivity in titanium[END_REF][START_REF] Oh | Oxygen effects on the mechanical properties and lattice strain of Ti and Ti-6Al-4V[END_REF], and also because some recent works do not evidence any elongation-to-failure loss with oxygen addition [START_REF] Sun | Fabrication of high-strength Ti materials by inprocess solid solution strengthening of oxygen via P/M methods[END_REF][START_REF] Kang | Variation of work hardening rate by oxygen contents in pure titanium alloy[END_REF][START_REF] Luo | High oxygen-content titanium and titanium alloys made from powder[END_REF]. In some Ti-β alloys, such as TNTZ, oxygen is already known to induce a particular mechanical behavior coupling a strong strengthening and a maintenance of a high level of elongation-to-failure [START_REF] Liu | Abnormal Deformation Behavior of Oxygen-Modified β-Type Ti-29Nb-13Ta-4.6Zr Alloys for Biomedical Applications[END_REF].

There is thus a major interest in understanding the impact of oxygen on the mechanical properties of α-titanium, since the development of oxygen-tolerant α-titanium alloys may lead up to cost-saving evolutions in the titanium industry. This is even more crucial considering the substantial strengthening effect of oxygen in titanium alloys, even at low concentration [START_REF] Chong | Mechanistic basis of oxygen sensitivity in titanium[END_REF][START_REF] Oh | Oxygen effects on the mechanical properties and lattice strain of Ti and Ti-6Al-4V[END_REF][START_REF] Luo | High oxygen-content titanium and titanium alloys made from powder[END_REF].

Until very recently, our understanding of the oxygen impact relied solely on a picture where randomly distributed oxygen atoms in solid solution interact with gliding dislocations and lead to an intense hardening [START_REF] Conrad | Effect of interstitial solutes on the strength and ductility of titanium[END_REF][START_REF] Yu | Origin of dramatic oxygen solute strengthening effect in titanium[END_REF][START_REF] Naka | The low-temperature plastic deformation of α-titanium and the core structure of a-type screw dislocations[END_REF][START_REF] Barkia | In situ TEM observations of dislocation dynamics in α titanium: Effect of the oxygen content[END_REF][START_REF] Chaari | Oxygen-dislocation interaction in titanium from first principles[END_REF]. This view was precisely challenged by a recent work highlighting the presence of Ti6O-type oxygen-ordered nanoprecipitates in titanium [START_REF] Poulain | First experimental evidence of oxygen ordering in dilute titaniumoxygen alloys[END_REF], suggesting that a paradigm shift is required to fully grasp the complex contributions of oxygen in titanium.

This work aims to demonstrate that binary Ti-O alloys do not systematically suffer from an elongation-to-failure decrease. For this purpose, titanium alloys with varying oxygen contents ranging from 0.15 to 0.80wt% were prepared and their mechanical properties were investigated using tensile tests. The results were then discussed regarding the influence of the Ti6O-type precipitates on the deformation mechanisms.

Finally, as a first valorisation of these results, the latter were extrapolated to ternary Ti-Zr-O alloys, in which zirconium brings supplementary strengthening contributions [START_REF] Kondoh | Quantitative strengthening evaluation of powder metallurgy Ti-Zr binary alloys with high strength and ductility[END_REF].

Materials and method

Titanium and zirconium sponges with high purity (99.9%) were used to prepare 200g arc-melted ingots of Ti-O and Ti-Zr-O alloys. The addition of TiO2 powder allowed to accurately control the oxygen content. The ingots were then hot rolled around 1,173K into square bars and heated at 923K during 1.8ks for complete recrystallization. At this step, the chemical composition of each alloy was measured by inert gas fusion analysis for oxygen and nitrogen and by Inductively Coupled Plasma -Optical Emission Spectrometry (ICP-OES) for zirconium (Table 1). Slices were cut and subsequently hot and cold rolled with thickness reductions of 75% and 40%, respectively, for each step, leading to 0.6mm plates. The latter were finally recrystallized at 1,023K for 600s in molten salts baths (Li2CO3, Na2CO3, K2CO3) and water quenched. After manual polishing with SiC grinding papers, samples were electropolished with a Struers LectroPol-5 machine using an electrolyte solution composed of perchloric acid (6%), hydrochloric acid (4%), 2-butoxyethanol (34%) and methanol. Grain size and crystallographic orientations were analyzed by Electron Backscatter Diffraction (EBSD) using a LEO 1530 SEM. Maps were obtained with a 20kV voltage and a step size of 0.6µm. The grain size was determined by the mean circle diameter of the detected grains with a misorientation threshold of 5° with the OIM software [START_REF] Coutinho | Analysis of EBSD Grain Size Measurements Using Microstructure Simulations and a Customizable Pattern Matching Library for Grain Perimeter Estimation[END_REF].

Nominal

Flat dog-bone specimens of 0.6mm thickness and 20mm gauge length were machined along the rolling direction for tensile tests. For each composition, two reproducible tests were performed at room temperature (RT) on a 10kN INSTRON 5966 electromechanical machine. A 10mm gauge length extensometer was used, and a fixed strain-rate of 10 -3 s -1 was imposed. The true plastic deformation εp,true and true stress σtrue are calculated with the data from tensile tests. The work-hardening rate θ = δσtrue/δεp,true was computed according to the plastic true strain. The Considere criterium was used to suspend the curves when θ = σtrue.

Transmission Electron Microscopy (TEM) observations were performed on both undeformed and 1%-strained samples. For this purpose, 3mm discs were cut and mechanically polished to a thickness of 100µm using SiC grinding papers. They were then electrolytically thinned using a twin jet Struers Tenupol apparatus with a solution of butanol (27%), perchloric acid (7%) and methanol at a voltage of 25V. A low temperature between 253 and 263K is used to prevent the formation of hydrides.

Images of ordered precipitates and corresponding diffraction patterns were obtained with a JEOL 2100+ electron microscope working at 200kV. The Scanning-TEM (STEM) images in Ti-O were captured with a FEG-equipped Tecnai F20 in the Annular Bright Field (ABF) image mode.

Results and discussion

The microstructure of the Ti-xO samples presents equiaxed α-grains with a (0001) texture and the basal plane parallel to the normal direction (fig. 1). This texture is typical for a fully-recrystallized α-titanium alloy [START_REF] Bozzolo | Texture evolution during grain growth in recrystallized commercially pure titanium[END_REF]. The grain size tends to decrease when the oxygen content increases from 45µm at 0.15wt% to 19µm at 0.80wt% (fig. 1.e).

This point can be ascribed to an oxygen-induced solute drag effect that limits grain growth during thermal annealing [START_REF] Gil | Effect of oxygen content on grain growth kinetics of titanium[END_REF]. At a finer scale, nanometric precipitates whose size is in the 15-30nm range are observed by TEM in dark-field conditions (fig. 1.f).

The diffraction signature of these precipitates is highlighted by a red circle in figure 1.g.

It was previously shown that they actually display a Ti6O-type crystal structure coming from an oxygen ordering mechanism in the octahedral interstitial sites of the hexagonal close-packed lattice [START_REF] Poulain | First experimental evidence of oxygen ordering in dilute titaniumoxygen alloys[END_REF]. This level of oxygen also seems to be a turning point regarding the elongation-tofailure. Indeed, while most of literature results followed a linear trend, showing a gradual and significant decrease in elongation at fracture with the oxygen addition, this work surprisingly highlights the maintenance of a high level of elongation-to-failure (around 30%) up to 0.6wt% and then a sharp fall above this value, to decline to less than 10%.

Even if the remarkable maintaining of the elongation-to-failure up to oxygen contents as high as 0.6wt% contrasts with several reports, this was nevertheless already observed in the work of Sun et al. [START_REF] Sun | Fabrication of high-strength Ti materials by inprocess solid solution strengthening of oxygen via P/M methods[END_REF]. Interestingly, the XRD diffractograms depicted in this article systematically displayed shoulders on the left side of each α-phase peak.

These shoulders have proved to be consistent with the Ti6O structure [START_REF] Chaari | Oxygen-dislocation interaction in titanium from first principles[END_REF], thus suggesting that, in both works, Ti6O-type precipitates are present. These precipitates may hence play a key role in maintaining elongation-to-failure despite high amounts of oxygen. Observations in the 1%-strained Ti-0.4O sample in STEM mode gives an overview of the dislocations network. Dislocations appearing wavy and the presence of multiple pinning points (fig. 3.a and 3.b) suggest a strong interaction between the dislocations and the precipitates. This may mean that the hardening effect due to the presence of oxygen in binary Ti-O alloys cannot be attributed solely to the solid solution effect, and that the additional presence of ordered nanoprecipitates also seems to make a significant contribution to the increase of the strength of the alloys.

STEM micrographs also exhibit slip bands in which dislocations are confined (fig. 3.c), suggesting a localization of plastic deformation in these alloys at the microscale. This can be reasonably explained by a shearing mechanism of the nanoprecipitates, eased by their small size and small parametric mismatch with the matrix [START_REF] Chaari | Oxygen-dislocation interaction in titanium from first principles[END_REF]: a first dislocation shears the precipitates and opens a way for following dislocations that can glide in the same direction [START_REF] Chong | Mechanistic basis of oxygen sensitivity in titanium[END_REF][START_REF] Williams | The Influence of Oxygen Concentration on the Internal Stress and Dislocation Arrangements in Titanium[END_REF]. Moreover, the loops and debris present in these slip bands may result from a profuse cross-slip activity due to the strong interaction between the precipitates and the dislocations [START_REF] Yu | Origin of dramatic oxygen solute strengthening effect in titanium[END_REF][START_REF] Barkia | In situ TEM observations of dislocation dynamics in α titanium: Effect of the oxygen content[END_REF][START_REF] Chaari | Oxygen-dislocation interaction in titanium from first principles[END_REF][START_REF] Churchman | The slip modes of titanium and the effect of purity on their occurrence during tensile deformation of single crystals[END_REF] (fig. 3.c). The phenomena observed here, namely the localization of plastic deformation associated with an important crossslip activity within the bands, underlines the possibility for dislocations to strongly interact with each other, leading to forest hardening. This effect is macroscopically studied by looking at the evolution of the work-hardening rate plotted as a function of the true plastic strain.

In figure 3.d, clear changes in work-hardening rate can be observed depending on oxygen content. At low concentrations (0.15wt%), the work-hardening rate is high at early deformation stage and then rapidly decreases. For oxygen content above 0.4wt%, the work-hardening rate sharply decreases up to 0.01 of plastic true strain and a plateau is then reached. A nearly perfect elastoplastic transition is even observed for the Ti-0.6O and Ti-0.8O alloys. These behaviors are in contrast with previous studies on titanium such as, for example, the work of Chong et al., where the work-hardening rate drastically decreases with oxygen addition and becomes negative for a deformation as low as 0.05 in titanium with only 0.3wt% of oxygen, at same strain-rate and temperature [START_REF] Chong | Mechanistic basis of oxygen sensitivity in titanium[END_REF]. In this previous study, it is suggested that the loss of ductility arises from the strong decrease in "strain hardening ability". In our work, the combined effect of an increase in work-hardening with oxygen content and the high value of such work-hardening, even at an advanced deformation stage, could explain the possibility for the material to reach large deformation before necking and thus the high elongation at fracture finally obtained. 

Extrapolation to a ternary Ti-Zr-O system

The results mentioned above open new perspectives for the development of oxygentolerant and -strengthened titanium alloys. On this basis, Ti-4.5Zr-xO alloys with x ranging from 0.15 to 0.80wt% were prepared to assess if oxygen tolerance tendency observed in binary Ti-O alloys could be improved by the addition of a second alloying element. Zirconium is specifically chosen here since it is a neutral element, i.e. neither αnor β-stabilizer [START_REF] Froes | Chapter 3: Principles of Alloying Titanium[END_REF], chemically close to titanium and completely miscible with titanium [START_REF] Predel | Ti-Zr (Titanium-Zirconium)[END_REF]. These properties allow to keep a similar α-phase microstructure with a substitutional alloying element providing a significant strengthening effect both through solid solution effect and grain refinement [START_REF] Matayashi | Effect of Zr addition on recrystallization behavior in rolled Ti-Zr alloys[END_REF]. Moreover, the biocompatibility of both zirconium and titanium allows these alloys to be used for biomedical applications [START_REF] Steinemann | Metallurgie der Knochen-und Gelenkimplantate, Langenbeck's Arch[END_REF].

The amount of 4.5wt% of zirconium is chosen as it is necessary and sufficient to significantly decrease the grain size [START_REF] Matayashi | Effect of Zr addition on recrystallization behavior in rolled Ti-Zr alloys[END_REF]. The Ti-4.5Zr-xO alloys present the same microstructure as in Ti-xO alloys, with Ti6O-type precipitates but finer grains (see Supplementary Figure 1), and similar dislocation networks with deformation bands (see Supplementary Figure 2). Nevertheless, the present section only focuses on the mechanical properties.

The engineering stress-strain curves of the Ti-4.5Zr-xO alloys are gathered in figure As depicted in figure 4.b, all the prepared Ti-4.5Zr-xO alloys keep a high level of ductility (close to 30% at fracture). For the highest oxygen content (0.8wt%), the elongation at fracture is still extremely high, thus offering an exceptional combination of resistance and ductility (UTS of 1,075MPa and 28% of elongation at fracture), which has rarely been reached in any other titanium alloys [START_REF] Kang | A Review on High-Strength Titanium Alloys: Microstructure, Strengthening, and Properties[END_REF][START_REF] Zhou | Mechanical property enhancement of high-plasticity powder metallurgy titanium with a high oxygen concentration[END_REF]. As for the rupture mechanisms, a comparison of both alloy families shows a mixed fracture surface with dimples and intergranular decohesion (see Supplementary Figure 3) suggesting a rather ductile fracture. As a result, both Ti-O and Ti-Zr-O alloys families are shown to overcome the strength/ductility trade-off and fill in an empty space on the strengthelongation chart, outside the classical "banana curve" displayed in figure 5. 

Conclusion

In this work, binary Ti-O alloys with an improved combination of strength and ductility have been studied. Strengthening was attributed to the oxygen in solid solution and to recently evidenced Ti6O-type nanoprecipitates, which also play a role in the conservation of the ductility. The main results are summarized below.

 Tensile tests highlighted a linear strengthening effect coupled with a conservation of ductility up to 0.6wt% of oxygen in Ti-O binary alloys. These trends allow the Ti-0.6O alloy to reach an improved combination of both strength and ductility, with values of 800MPa and 29%, respectively.

 Slip bands, with an intense cross-slip activity, were observed. It is proposed that the formation of these slip bands is a consequence of the interaction of the gliding dislocations with ordered Ti6O-type precipitates by a shearing mechanism. The interaction between the dislocations in the slip bands could explain the high work-hardening rate, which has not been observed before for these amounts of oxygen. The large work-hardening rate enabled a significant homogeneous deformation and thus large elongation at fracture.

 Similarly, the ductility was maintained in oxygen-rich Ti-4.5Zr alloys displaying the same microstructure (α-phase grains with Ti6O-type nanoprecipitates). The TiZrO alloys seem to be even more tolerant to oxygen as the Ti-4.5Zr-0.8O alloy reached a mechanical strength of 1,075MPa and 28% of elongation at fracture.

This study thus offers new possibilities for strengthening α-titanium alloys with oxygen without any loss of ductility thanks to the presence of nanoprecipitates. Further investigations concerning their formation and stability need to be performed. Their role in the deformation mechanism could then be entirely exploited to prevent the ductility loss due to oxygen.

This work also opens very promising outlooks for the use of oxygen as a full alloying element and for the development of a new generation of oxygen-strengthened titanium alloys, avoiding the use of critical alloying elements in terms of availability, safety, and biocompatibility.

Fig. 1 .

 1 Fig. 1. Left side: EBSD normal direction Inverse Pole Figure (IPF) orientation maps of the Ti-xO alloys and corresponding inverse pole figures for the direction (0001), with x = 0.15 (a), 0.40 (b), 0.60 (c) and 0.80 (d) wt%. RD and TD correspond to the rolling and transverse directions, respectively. Right side: Evolution of the average grain size according to oxygen content (e). Dark-field TEM image of the Ti6O precipitates in Ti-0.4O (f) and corresponding Selected Area Diffraction Pattern (SADP) (g). The spots indexed in blue correspond to matrix reflections in the matrix zone axis [112 ̅ 6] and the spots indexed in red to precipitates reflections in the precipitate zone axis [11 ̅ 03]. The red circle shows which reflection has been used to record the precipitates.

Fig. 2 .

 2 Fig. 2. Engineering stress-strain curves of the Ti-xO alloys (a). Comparison of the mechanical properties, yield stress and elongation at fracture, of the Ti-xO alloys of the present studies with previous works also in binary Ti-O alloys (b).

Fig. 3 .

 3 Fig. 3. Large-scale STEM (a and c) and lower-scale (b) STEM images taken in Ti-0.4O alloy deformed at 1% plastic strain in ABF conditions. The Zone Axes (ZA) of the different TEM images are indicated on each picture. True stress true plastic strain curves of Ti-xO alloys (solid lines) and corresponding work-hardening rates (dotted lines) (d).

4Fig. 4 .

 4 Fig. 4. Engineering stress-strain curves of the Ti-4.5Zr-xO alloys (a) and comparison of the mechanical properties, yield stress and elongation at fracture, of the Ti-4.5Zr-xO with Ti-xO alloys (b). The dashed lines are plotted to facilitate the lecture.

Fig. 5 .

 5 Fig. 5. Property map comparing Ti-O and Ti-Zr-O alloys with the different titanium alloy families (Data from the Cambridge Engineering Selector (CES) software).

  

Table 1 :

 1 Chemical compositions of the alloys obtained by gas fusion analysis for oxygen and nitrogen and by Inductif Coupled Plasma -Optical Emission Spectromoetry for zirconium

		Oxygen (wt%)	Nitrogen (wt%)	Zirconium (wt%)
	compositions			
	Ti-0.15	0.157	< 0.020	-
	Ti-0.4O	0.392	0.007	-
	Ti-0.6O	0.643	0.006	-
	Ti-0.8O	0.768	0.028	-
	Ti-4.5Zr-0.15O	0.147	0.004	4.50
	Ti-4.5Zr-0.4O	0.374	0.010	4.46
	Ti-4.5Zr-0.6O	0.561	0.003	4.46
	Ti-4.5Zr-0.8O	0.835	0.003	4.42
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