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INTRODUCTION

For many decades, materials science and implantology scientists have been seeking advances in device designs that may be valuable for clinical employment in substitution of body parts. In this field, one of the main target-tissues is the bone due to its particular properties and the opportunity to undertake its functional rehabilitation utilizing bulk biocompatible implants together with proper surgical procedures.

Within the above context, Ti and its alloys are nowadays more relevant and sought materials for several designed implants for applications in orthopedics and dentistry. In the last decades, favorable biocompatibility and adequate corrosion resistance of Ti and Ti-based alloys, two of the necessary characteristics for a metallic implant, have been confirmed in numerous experimental and clinical studies. Titanium-based implants show outstanding mechanical performance regarding load capacity (maximum load, bending, and fatigue strength) [START_REF] Leinenbach | Fatigue and cyclic deformation behaviour of surfacemodified titanium alloys in simulated physiological media[END_REF][START_REF] Bosco | Instructive coatings for biological guidance of bone implants[END_REF][START_REF] Bosco | Surface engineering for bone implants: a trend from passive to active surfaces[END_REF] and stiffness; this last property acts favorably to control bone cell phenotypic requirement [START_REF] Engler | Matrix elasticity directs stem cell lineage specification[END_REF][START_REF] Reilly | Intrinsic extracellular matrix properties regulate stem cell differentiation[END_REF].

The mechanical properties of Ti and Ti-alloys are close to the properties of bone tissues meeting one essential prerequisite for the success of orthopedic implants. With values of Young's modulus and hardness similar to the ones of the bone, the stress shielding effect is diminished and the possibility of bone resorption, which may lead to loosening of the implant from the bone, is reduced [START_REF] Sabirov | Bulk Nanostructured Materials with Multifunctional Properties[END_REF].

Although pure titanium and Ti6Al4V alloys are widely used for commercial titanium-based implant materials [START_REF] Ratner | Biomaterials science: an introduction to materials in medicine[END_REF], there are important concerns regarding their elastic moduli, still much higher in comparison with the bones (10-30 GPa) [START_REF] Wintermantel | [END_REF].

Pure titanium continues to be the choice when corrosion resistance is the most serious concern, such as in dentistry.

The α+β Ti6Al4V alloy is the choice when mechanical properties are more relevant; its mechanical behavior, chemical stability, and microstructure can be modified by heat treatment or thermomechanical processing [START_REF] Long | Titanium alloys in total joint replacement-a materials science perspective[END_REF][START_REF] Ko | Effects of temperature and initial microstructure on the equal channel angular pressing of Ti-6Al-4V alloy[END_REF][START_REF] Semiatin | Flow behavior and globularization kinetics during hot working of Ti-6Al-4V with a colony alpha microstructure[END_REF][START_REF] Seshacharyulu | Hot working of commercial Ti-6Al-4V with an equiaxed α-β microstructure: materials modeling considerations[END_REF].

However, there are increasing concerns about the cytotoxicity effects of Al and V ions that can dissolve into the body as a consequence of corrosion of the Ti6Al4V alloy [START_REF] Long | Titanium alloys in total joint replacement-a materials science perspective[END_REF] resulting in hostile reactions with the bone tissue [START_REF] Laing | Tissue reaction in rabbit muscle exposed to metallic implants[END_REF].

Therefore, a more recent intent is the development of single-phase β-titanium alloys where toxic and allergic elements are not present, with superior mechanical properties, and excellent workability. Also, β-Ti alloys present intrinsically lower elastic moduli than the ones for α-Ti or α+β Ti6Al4V alloy [START_REF] Long | Titanium alloys in total joint replacement-a materials science perspective[END_REF][START_REF] Niinomi | Fatigue characteristics of metallic biomaterials[END_REF].

The newest generation of titanium alloys for orthopedic applications, which include Ti12Mo6Zr2Fe (TMZF) [START_REF] Wang | The Characterization of Ti-12Mo-6Zr-2Fe A New Biocompatible Titanium Alloy Developed for Surgical Implant[END_REF], Ti15Sn4Nb2Ta0.2Pd [START_REF] Okazaki | Effect of alloying elements on mechanical properties of titanium alloys for medical implants[END_REF], Ti13Nb13Zr (TNZ) [START_REF] Davidson | New surface-hardened, low-modulus, corrosion-resistant Ti-13Nb-13Zr alloy for total hip arthroplasty[END_REF], and Ti29Nb13Ta4.6Zr (TNZT) alloys [START_REF] Niinomi | Fatigue performance and cyto-toxicity of low rigidity titanium alloy, Ti-29Nb-13Ta-4.6Zr[END_REF], has attained lower modulus and improved biocompatibility. A further comprehensive and up-to-date synopsis on the mechanical behavior, impact of thermomechanical processing on the microstructure, and alloying of Ti-based alloys can be found elsewhere [START_REF] Long | Titanium alloys in total joint replacement-a materials science perspective[END_REF][START_REF] Geetha | Ti based biomaterials, the ultimate choice for orthopaedic implants-a review[END_REF].

The mechanical properties of Ti-based alloys may be further improved by microstructural refinement using severe plastic deformation (SPD) methods such as the equal channel angular pressing (ECAP), high-pressure torsion (HPT) and others, which are capable of leading grain sizes to the ultrafine or even to the nanosize range. In this way, SPD may improve wear resistance, and the bioactivity by inducing apatite precipitation and intensified biological response when compared to coarse-grained alloys, because of Hall-Petch strengthening, higher surface energy, augmented number of nano-grooves, and a considerable rise in the cell adhesion/proliferation [START_REF] Kim | In vitro biocompatibility of equal channel angular processed (ECAP) titanium[END_REF].

The spontaneous passive oxide layer on the surface of Ti-based materials assists the required chemical features mentioned above, making these alloys proper to be applied in orthopedic and dental implants [START_REF] Hernández-López | Correlation of the nanostructure of the anodic layers fabricated on Ti13Nb13Zr with the electrochemical impedance response[END_REF]. This layer, mainly composed by TiO2, yields chemical inertness in distinct media, thus protecting the metallic surface.

However, despite this feature, inert Ti is scarcely able to combat infections or even to effectively control any particular process related to bone cell interactions, which are helpful for bone healing implants [START_REF] Hazan | Bone growth to metal implants is regulated by their surface chemical properties[END_REF].

Hence, the enhancement of Ti surfaces to solve, if not both, at least one of these two problems became an important issue and several modifications and coating methods on the titanium surface are now available, which can lead to the improvement in bone formation or even in decreasing the chance of infections [START_REF] Bosco | Instructive coatings for biological guidance of bone implants[END_REF][START_REF] Bosco | Surface engineering for bone implants: a trend from passive to active surfaces[END_REF].

Osseointegration, which refers to the structural and functional relationship between the bone tissue and the surface of an implant [START_REF] Albrektsson | Oral implant surfaces: Part 1--review focusing on topographic and chemical properties of different surfaces and in vivo responses to them[END_REF], is strongly affected b y the properties of the implant surface. Such properties influence the bone reaction (rate, quantity, and quality) and for instance, protein adsorption and cell attachment [START_REF] Junker | Effects of implant surface coatings and composition on bone integration: a systematic review[END_REF] are critically and directly affected by the implant composition and charges. Surface chemical composition influences the hydrophilicity, which can assist the synergies between cells and biological fluids [START_REF] Zhao | High surface energy enhances cell response to titanium substrate microstructure[END_REF][START_REF] Buser | Enhanced bone apposition to a chemically modified SLA titanium surface[END_REF].

Several techniques of surface treatments have been investigated and implemented [START_REF] Wennerberg | On implant surfaces: a review of current knowledge and opinions[END_REF][START_REF] Wong | Effect of surface topology on the osseointegration of implant materials in trabecular bone[END_REF], aiming to favor the osseointegration mechanism and thus providing superior stability over the bone healing process and enabling faster implant loading procedures [START_REF] Beutner | Biological nanofunctionalization of titanium-based biomaterial surfaces: a flexible toolbox[END_REF][START_REF] Wennerberg | Effects of titanium surface topography on bone integration: a systematic review[END_REF].

Different modifications on Ti and Ti-alloys surfaces can be found reported in the literature [START_REF] Oliveira | Osteoblasts behavior on chemically treated commercially pure titanium surfaces[END_REF][START_REF] Oliveira | Surface chemical treatment of ultrafinegrained Ti-6Al-7Nb alloy processed by severe plastic deformation[END_REF][START_REF] Oliveira | Gene expression of human osteoblasts cells on chemically treated surfaces of Ti-6Al-4V-ELI[END_REF][START_REF] Zemtsova | Modern techniques of surface geometry modification for the implants based on titanium and its alloys used for improvement of the biomedical characteristics[END_REF]. Remarkably, one valuable and easy way to treat surfaces was the use of an acid medium to generate a uniform micron/submicron surface porosity followed by an alkali treatment for producing either a sponge or a coral-like nanotopographic substrate, which allowed modulation of cellular interactions [START_REF] Oliveira | Osteoblasts behavior on chemically treated commercially pure titanium surfaces[END_REF].

Nevertheless, one must regard with precaution the vast number of implant types present in the market because they differ in surface properties and other characteristics [START_REF] Binon | Implants and components: entering the new millennium[END_REF]. In this way, it appears to be logical considering new implant surfaces as new biomaterials [START_REF] Coelho | Basic research methods and current trends of dental implant surfaces[END_REF] because distinct and unique surface properties, which might affect the bone-to-implant reaction, may be achieved by different methods for surface modification.

The present work aimed to analyze the structural and microstructural evolutions and mechanical properties of the Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys in different conditions of heat treatment and severe plastic deformation by the method of highpressure torsion (HPT). It also aimed to evaluate the surfaces' morphologies and chemistry of the alloys, processed in different conditions, after surface modification for micro-nano topographic conversion by either anodization or chemical treatment. Some results regarding the Ti13Nb13Zr alloy were recently published [START_REF] Peréz | Surface anodization of the biphasic Ti13Nb13Zr biocompatible alloy: Influence of phases on the formation of TiO2 nanostructures[END_REF]; however, here, a more in-depth analysis is performed as a result of the comparative analysis between the two types of alloys. Finally, the resultant in-vitro bioactivities were analyzed to evaluate a possible synergy between processing and surface treatment

-Materials and Methods

Cylindrical bars of 10 mm in diameter of biomedical Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys (ERCATA GmbH, Development Co., Ltd., Germany) were used in this study. The bars were sliced out in disk-shaped samples of 1 mm thick using wire electro-discharge machining. Such disks were heat-treated from the β field at 750 °C for 1 hour (above the β transus), after which they were fast water quenched.

High-pressure torsion (HPT) was used to severely deform the samples at the room temperature, utilizing a pressure of 4.5 GPa, applying three turns, and employing a rotation speed of 3 rpm. X-ray diffraction (XRD) was used for the structural analysis, utilizing a Siemens D5000 diffractometer with CuKα radiation and a scanning speed of 2°/min from 30° to 90°. To perform the indexation of phases present in both alloys, the following CIF files were used: ICSD 253841 for the α' phase, ICSD 168830 for α phase, and ICSD 645545 for the β phase.

Confocal Laser Scanning Microscopy (CLSM) was performed to characterize the microstructure of the samples with high focus depth and surface resolution. The CLSM Olympus LEXT OLS 4000 was the equipment used for such analysis.

The surfaces of the samples were also inspected by scanning electron microscopy (SEM) to obtain higher resolution images. The equipment was the Zeiss Ultra-55 FEG microscope, equipped with an Energy Dispersive X-ray (EDX) microanalysis system with an SDD detector (BRUKER AXS-30mm²). Different beam energies were applied in the analyses: 6 keV for acquiring high spatial resolution secondary electron (SE) images, and 10 keV for EDX analysis.

Transmission electron microscopy (TEM), using orientation phase mapping, was performed in the FEI TECNAI G2, operated at 200 kV. Such microscope is equipped with an orientation and phase mapping precession unit NanoMEGAS (model ASTAR) and with a Digistar P1000 unit, which enables Automated Crystal Orientation Mapping (ACOM) in nanoprobe mode allowing collecting orientation/phase maps with a spatial resolution of about 1 nm. Such kinds of maps are comparable to utilizing electron backscatter diffraction (EBSD) in scanning electron microscopy (SEM), but with higher resolution, and it gives the ability for performing analyses in heavily deformed samples as after processing by HPT. As it is in EBSD systems, the identification of grains based on ASTAR results needs a certain critical misorientation angle in such a way all segments of boundaries with a misorientation angle above of the critical one will be recognized as grain boundaries. In this way, the software will measure misorientations among all pixel pairs, hence identifying the boundaries containing individual grains.

When different phases are present, using the same procedure, it is feasible to ascertain grain size distributions for distinct phases present in the sample. For such an analysis, the TSL OIM Analysis 7 software was used to determine the different phases present in the samples and to measure their grain size using ASTAR data. Grains were defined using boundaries with critical misorientations (θ) greater than 15°, and subgrains were determined by boundaries with misorientations between 2° and 15°. The indexation of phases present in both alloys using ASTAR data was performed utilizing the same CIF files for the indexation of XRD patterns were used: ICSD 253841 for the α' phase, ICSD 168830 for α phase, and ICSD 645545 for the β phase.

Vickers microhardness measurements were accomplished using a Stiefelmayer microdurometer, by applying a load of 300 g during 15 s. Microhardness mappings were constructed from hardness measurements along over several samples' radii. These measures were taken in the direction from the center to the edge of the specimen.

Measurements of elastic moduli of the samples were performed utilizing the free decay elastometer equipment SONELASTIC  from ATCP Physical Engineering.

The electrochemical anodization setup to generate oxide nanostructures on surfaces of undeformed and HPT-deformed samples comprised a standard two electrodes system with a platinum grid as the counter electrode, a Ti alloy disk as the working electrode, and a power supply (TCR Electronic measurements inc.). Counter and working electrodes were regularly held at a distance of almost 3 cm. For the anodization procedure, the potential of 20 V was applied for one hour. Glycerol was the working electrolyte and was composed of 25 vol% of water and 0.25 M of NH4F. The choices of anodization conditions and electrolyte were based in the previous work of our group [START_REF] Hilario | Influence of morphology and crystalline structure of TiO2 nanotubes on their electrochemical properties and apatite-forming ability[END_REF]. The temperature of the electrolyte was controlled to be 25 °C during the anodization process. As-anodized oxide nanostructures are amorphous, with little mechanical strength. Hence, as-anodized samples were annealed in air at 550 °C for two hours, thus crystallizing oxide nanostructures and mechanically reinforcing them.

Before anodization experiments, disk samples were successively ground with P320, P600, P1200, and P2400 grade SiC emery paper, and then cleaned with deionized water (Milli-Q®), ethanol and acetone.

Surface chemical treatment was accomplished by, firstly, wet-abrading the disks using a 1500 grit SiC abrasive paper, sonicating them in deionized water, washing in acetone, and drying in the air. After, the surface was acid etched by immersing the disks in a concentrated phosphoric acid at 80 o C during 30 min, after which they were promptly sonicated in deionized water and washed with acetone. Finally, the resulting surfaces were alkaline treated in a 10 mol L -1 NaOH solution at 60 o C during 24 h.

The analysis of the samples' surfaces after chemical treatment was performed by

Raman Spectroscopy employing the RENISHAW InVia Raman Microscope with an Argon Ion laser of 20 mW, whose wavelength was of 514 nm.

Wettability was evaluated through the static water contact angle with an optical tensiometer at room temperature. Measurements were accomplished just after dripping deionized water, thus preventing evaporation and other disturbances. The static contact angle was defined by fitting the Young-Laplace equation around the droplet.

-Results and Discussion

-Structural and Microstructural Characterizations

Figure 1 presents XRD patterns comparing both alloys in the undeformed and HPT deformed conditions. The indexation of XRD patterns of the Ti13Nb13Zr13 alloy presented in Figure 1a indicates the presence of the hcp α' and the bcc β phases before and after HPT. The figure also suggests an increase of the β phase after processing by HPT, probably induced by solute redistribution, which may lead to a prompt phase transformation of the coarse non-equilibrium metastable martensite (hcp α') during severe plastic deformation. Conversely, the indexation of the XRD patterns of Figure 1b reveals that, before deformation, the Ti35Nb7Zr5Ta alloy is mostly composed by the bcc β phase with the presence some residual hcp α phase, which practically vanishes after mechanical processing, also probably due to solute redistribution during HPT.

Peak broadening observed after deformation points to a very high grain refinement for both alloys. presented an average length of ~20 μm with thicknesses ranging from 1 to 2 μm. Figure 2b shows a single β phase with equiaxed grains forming the microstructure of the Ti35Nb7Zr5Ta alloy after heating and quenching. This result is coherent with the one presented in Fig. 1b because the amount of the residual hcp α phase appears to be very small when comparing peak intensities in the XRD pattern. After image analysis, the average grain size was evaluated to be around 240 μm.

The refinement of the microstructure and distribution of phases after deformation by HPT was assessed by ACOM-TEM analysis. Crystallographic mappings obtained for the two alloys are presented in Figure 3.

For the sake of comparison, Figures 3a and3b present equivalent bright-field (virtual bright field -VBF) images from the samples observed by conventional TEM where (3a) is for the Ti13Nb13Zr alloy and (3b) is for the Ti35Nb7Zr5Ta alloy. Both figures confirm a very high grain refinement after processing by HPT, as also observed elsewhere [START_REF] Afonso | From Porous to Dense Nanostructured β-Ti alloys through High-Pressure Torsion[END_REF]. Furthermore, it is possible to observe a non-homogeneous distribution of grains/subgrains sizes in the alloys and, comparing with Figure 2a, a redistribution of the α' phase after mechanical processing (Fig. 1a). The grain size distributions for the samples after processing by HPT were determined, and the measured average grain sizes were ~203 nm and ~112 nm for the Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys, respectively.

Figures 3c and3d present phase mappings, respectively for the Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys after processing by HPT. High-angle grain boundaries superimpose such maps for an easy and fast view of phases' positioning in the samples.

As it may be observed, Figure 3c shows that the β phase (blue) is being formed in between the non-equilibrium metastable acicular martensite (hcp α' -yellow) of the alloy Ti13Nb13Zr during severe plastic deformation. On the other hand, Figure 3d shows that the residual α phase (white) in the Ti35Nb7Zr5Ta alloy is being consumed and transformed into the β phase (blue) and is kept in β grain boundaries. Measurements obtained from colored regions in Figs. 3c and3d, indicate that the area fractions were ~77% of hcp α' and 23% of β in the Ti13Nb13Zr alloy, and ~93% of β and 7% of α in the Ti35Nb7Zr5Ta. The mean second phase particle sizes were ~91 nm and ~50 nm, correspondingly for the β phase present in the Ti13Nb13Zr alloy and α phase in the Ti35Nb7Zr5Ta alloy.

-Mechanical Properties

Figure 4 compares elastic modulus measurements for both materials and conditions (deformed and undeformed). All the samples acquired excellent resilience with a slight reduction after HPT, which is probably due to the increase of β phase in the Ti13Nb13Zr alloy and a reduction of α in the Ti35Nb7Zr5Ta alloy. In the case of the alloy Ti13Nb13Zr, average values were ~63 GPa for the as-quenched sample and ~60 GPa for the one processed by HPT. It is important to emphasize this astonishing result since such a modulus for water-quenched/aged samples of the Ti13Nb13Zr alloy was reported to be around 79 GPa [START_REF] Davidson | New surface-hardened, low-modulus, corrosion-resistant Ti-13Nb-13Zr alloy for total hip arthroplasty[END_REF]. In the same sense, the mean Young's modulus for the Ti35Nb7Zr5Ta alloy was reduced from ~45 GPa to ~44 GPa, which are very close to the values for human bones (10-30 GPa [START_REF] Wintermantel | [END_REF]).

Figure 5 presents hardness mappings after severe plastic deformation comparing results for the Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys. For comparison purposes, the hardness scale was set to be the same, which reduces mapping resolutions. Hence, the insets of the Figures are showing the equivalent mapping with different relative scales to provide more information regarding hardness variations along the samples' radius, which is typical behavior after HPT processing.

The initial average hardness values in the as-quenched conditions were ~265 HV and ~183 HV, respectively for samples of Ti13Nb13Zr and Ti35Nb7Zr5Ta alloy. As it can be observed in Figure 5, after deformation by HPT, those values raised correspondingly to ~390 HV and ~320 HV, representing an increase of about ~47% for the Ti13Nb13Zr alloy and ~75% for the Ti35Nb7Zr5Ta alloy. Such Hall-Petch strengthening difference is expected since, as discussed above in Figure 3, the final grain size for the sample Ti35Nb7Zr5Ta was about 81% smaller than for sample Ti13Nb13Zr. However, in the case of the Ti13Nb13Zr alloy, one may suppose that the hardness behavior is not only due to the Hall-Petch effect because the initial and final hardness values were higher than for the Ti35Nb7Zr5Ta alloy. The presence of the martensitic phase may explain such a difference. The hcp α' martensite is a distorted hcp α lattice in parts of the alloy crystal. The hardness of martensite comes from the density of defects it contains, mostly from dislocations, which are formed to assist martensite formation.

-Surface treatments

-Anodized surfaces

Morphologies of heat-treated anodized surfaces were examined by a FEG-SEM.

Figures 6a-d show top views of Ti13Nb13Zr samples undeformed and deformed, and Ti35Nb7Zr5Ta samples undeformed and deformed, respectively. The insets in the Figures are higher magnification images of the respective region, showing details of the surface morphology. Cross-sectional views are presented in the supplementary material (Fig. S1), and Table 1 summarizes the morphologies and dimensions of the anodized nanostructures.

Figures 6a and6b present SEM images of top views' morphologies of the nanostructures after anodization and heat-treatment of the sample Ti13Nb13Zr, respectively for the undeformed and deformed conditions. As already reported earlier [START_REF] Peréz | Surface anodization of the biphasic Ti13Nb13Zr biocompatible alloy: Influence of phases on the formation of TiO2 nanostructures[END_REF], Figure 6a shows self-organized oxide nanotubes formed in the α' phase and oxide nanoporous in the β phase (please, see the inset in Figa.6a and 6c). If one observes the cross-sectional view in Figure S1a, it will be possible to note that both kinds of nanostructures are formed by tubes with dimensions described in Table 1. However, the difference between them is that nanotubes are noticeably separated from each other, while an oxide layer links the nanopores, whose diameters are smaller than the ones for nanotubes. Furthermore, there is a distinct contrast between the two nanostructures, with nanopores being bright, and nanotubes being dark. This distinct contrast was ascribed to the presence of the heavier β stabilizer (Nb) in the titanium dioxide. Thus, it can be hypothesized that there is a competition between the dissolution and production of oxides as a function of the different chemical composition in both phases [START_REF] Taveira | Initiation and growth of self-organized TiO2 nanotubes anodically formed in NH4F∕(NH4) 2SO4 electrolytes[END_REF].

The above-discussed aspects, regarding the presence of nanopores and nanotubes, were also observed in the deformed condition of the Ti13Nb13Zr alloy presented in Figure 6b, whose characteristics are resumed in Table 1. However, its surface is fuzzy with significant differences in the length of the nanostructures, producing depressions in the sample surface.

Concerning the quasi-single β phase Ti35Nb7Zr5Ta alloy, only nanopores were observed on the whole surface of both samples' conditions, undeformed (Fig. 6c) and deformed (Fig. 6d). In fact, this result confirms that the β phase produces only nanopores, whose characteristics (linking of pores) are better visualized in Figures 6c than in Figure 6a. Nevertheless, the surface of the deformed sample (Fig. 6d) is much fuzzier than the surface of the deformed Ti13Nb13Zr alloy (Fig. 6b), also presenting poor nanostructure formation leading to the presence of large voids on the surface and exposing the substrate. Furthermore, it is noteworthy that all the above nanostructures were amorphous after anodization (please, refer to Figure S2 in the Supplementary Material). Such amorphous structures, as observed earlier [START_REF] Hilario | Influence of morphology and crystalline structure of TiO2 nanotubes on their electrochemical properties and apatite-forming ability[END_REF], were crystallized in a mix of anatase and rutile after heat-treatment at 550 °C for two hours. However, even with the high amount of Nb and Zr in the Ti13Nb13Zr alloy and Nb in the Ti35Nb7Zr5Ta alloy, it is interesting noting the presence of only TiO2 oxides. Such presence of sole TiO2 was also found in many works in the literature, for example, for the Ti20Nb [START_REF] Jin | Fabrication and characterization of anodic oxide nanotubes on TiNb alloys[END_REF][START_REF] Jang | Electrochemical characteristics of nanotubes formed on Ti-Nb alloys[END_REF], Ti13Nb13Zr [START_REF] Stróż | Production, structure and biocompatible properties of oxide nanotubes on Ti13Nb13Zr alloy for medical applications[END_REF], and Ti15Mo [START_REF] Oliveira | Obtaining self-organized nanotubes on biomedical Ti-Mo alloys[END_REF] alloys. Jin et al. [START_REF] Liu | Surface modification of titanium, titanium alloys, and related materials for biomedical applications[END_REF] affirmed that the absence of Nb or Nb oxide reflections in the XRD pattern of as-anodized and annealed nanostructures might be consigned to the small quantity of Nb in such nanostructures due to the small diffusion coefficient of Nb in TiO2 compared to that of Ti. Definitely, by analyzing Table 2, which brings results of EDX analysis (a more sensitive technique) of nanostructures formed on samples surfaces after anodization and heat treatment one can confirm that the amounts of all other elements are small, and the presence of other oxides are below the detection limit of the XRD equipment. Nonetheless, a more precise analysis of the results in Table 2 can be observed in Table 3, which presents the stoichiometric analysis of the data shown in Table 2, that reveals almost the same quantity of TiO2 (anatase and rutile) and the presence of other oxides, other than TiO2, in a considerable total amount. Such other oxides are surely contaminating anatase and rutile in the nanostructures, being, as expected, more significant in the Ti35Nb7Zr5Ta alloy.

-Chemical Treatment by acid etching (H3PO4) and NaOH activation

SEM analysis was accomplished to assess the effect of chemical treatments on surface morphologies. Figures 7a-7d present SEM images for chemically modified surfaces respectively for undeformed and deformed Ti13Nb13Zr alloy, and undeformed and deformed Ti35Nb7Zr5Ta alloy. Table 4 presents the quantitative chemical EDX analysis of samples' surfaces for both compositions and processing conditions. The insets are higher magnification SEM images to give details of the surface morphology.

From these micrographs, one can observe that the acid plus alkali treatment induced the formation of a nano topographic sponge-like morphology on the samples' surface. However, it is noticeable that sponges' tentacles have quite different sizes, depending on the sample composition and mechanical processing condition; they decrease in the sequence of undeformed and deformed Ti13Nb13Zr alloy to undeformed and deformed Ti35Nb7Zr5Ta alloy. Observing such a trend of reducing tentacles' size, it appears that deformation influences such a decreasing in individual compositions. However, it is apparent that the composition and/or phases present in the samples' surface are also affecting the size of tentacles. Therefore, a more in-depth analysis is necessary to determine all possible factors influencing such behavior.

In this sense, Raman analysis was performed (please refer to Figure S3 in the supplementary material) and indicated that sodium titanate, anatase, and rutile are the main phases present in all the samples. Stoichiometric analysis of the data presented in Table 4, based on Raman analysis, is shown in Table 5, which indicates almost the same amount of TiO2 (anatase and rutile) and sodium titanate for all conditions, which are contaminated by a considerable amount of different oxides in the case of the Ti35Nb7Zr5Ta alloy, and smaller contamination in the Ti13Nb13Zr alloy. However, none of the total amounts of such other oxides present in the alloys follows the order of decreasing of tentacles' size, leading us to infer that a specific oxide may be contributing for such decrescent sequence. Analyzing Table 4, it appears that Zr, in the form of an oxide, follows the same sequence of tentacles' sizes. In other words, the higher the amount of Zr, the greater the size of tentacles. Therefore, one may infer that an extra amount of Zr induces to a length increase and thickening of corals' "tentacles", thus coarsening the surface layer in the same sense. Of course, as stated above, deformation also plays a role, but it is impossible to separate the effects of deformation from chemistry and to affirm which one would be most important.

-Surface Bioactivity

Osseointegration requires the development of a bone-like apatite layer on the implant surface, which must start after the implantation [START_REF] Liu | Surface modification of titanium, titanium alloys, and related materials for biomedical applications[END_REF]. The osseointegration is usually evaluated in association with its bioactivity, which is performed by soaking the implant material in SBF solution [START_REF] Liu | Surface modification of titanium, titanium alloys, and related materials for biomedical applications[END_REF], thus verifying its efficacy of apatite production.

Therefore, the bone-bonding ability of samples with treated surfaces correlated to polished surfaces was evaluated by immersing them for 1, 7, and 14 days in SBF.

The formation of an apatite layer was assessed by SEM-EDX chemical microanalysis (please, refer to Figure S4(1-6) in the supplementary material). The presence of hydroxyapatite was evaluated in terms of its constituent elements (Ca, P, and O) and the ratios between Ca/P, which should be around the theoretical values of 1.67 (Ca5(PO4)3(OH) Ca/P = 5/3 = 1.67). Furthermore, EDX spectra show the presence of small quantities of Mg and Na. Actually, Mg 2+ and Na + can substitute Ca ions in human bones' apatites, which are nonstoichiometric and contain vestiges of ions like Mg 2+ and Na + , and also anions like CO3 -2 , HPO4 -2 , F -and Cl - [START_REF] Hsu | Fabrication of nanotube arrays on commercially pure titanium and their apatite-forming ability in a simulated body fluid[END_REF]. SEM-EDX chemical microanalysis (Figure S4(1-6)) showed that even soaking for 14 days, none of the samples with polished surfaces did form apatite, i.e., they are not bioactive. This fact confirms earlier reports that although the initial oxide passivation layer can grant some corrosion resistance and biocompatibility for Ti and its alloys, the physicochemical characteristics of this layer do not stimulate bone formation [START_REF] Huo | Fabrication, modification, and biomedical applications of anodized TiO2 nanotube arrays[END_REF].

The above behavior was also observed for samples of the Ti35Nb7Zr5Ta alloy treated with acid etching using H3PO4 and activated with NaOH, indicating that, even with the presence of phosphate on the surface, the surface treatment does not result in bioactivity. Contrarily, with the same surface treatment, the Ti13Nb13Zr alloy showed bioactivity between one and seven days for deformed and undeformed conditions. Anodized surfaces of the undeformed Ti13Nb13Zr alloy started producing an apatite layer between one and seven days, while deformed samples showed to be bioactive since the first 24 hours. However, the same surface treatment proved to be not so effective for specimens of the Ti35Nb7Zr5Ta alloy. In this case, samples (deformed or not) only started producing apatite between the seventh and the fourth day.

The above results from SEM-EDX analyses may be considered qualitative because it gives information only regarding the presence or not of apatite. Therefore, apatite deposition was quantitatively estimated by weighing the samples before and after SBF soaking. Such an evaluation is summarized in Figure 8, which presents the average value of the three weighings. Error bars display the standard deviation.

As it can be observed, the quantitative analysis of Figure 8 endorses the above qualitative ones, regarding apatite deposition or not on the different samples and conditions.

It is noticeable that even having some bioactivity, the surfaces of anodized samples of deformed and mechanically processed Ti35Nb7Zr5Ta alloy produced an undermost amount of apatite after 14 days. In a whole, for the Ti35Nb7Zr5Ta alloy, it can be inferred that even with these two kinds of surface treatments, its bioactivity in the deformed and undeformed conditions are unsatisfactory.

Concerning the apatite formation for the Ti13Nb13Zr alloy after anodization, there was no precipitation of apatite on the surface of undeformed sample during the first day of soaking, while, on deformed samples, the apatite mass gain raised with the immersion time from the early 24 hours. This behavior leads us to infer that the smaller the grain size, the more significant the mass gain, which also proves the consequence of the kind of the surface for bioactivity, and, in this case, the redistribution and refinement of α' and β phases on the sample surface caused by HPT. However, if one compares these results with the ones for a cp α -Ti earlier published by our group [START_REF] Hilario | Influence of morphology and crystalline structure of TiO2 nanotubes on their electrochemical properties and apatite-forming ability[END_REF], it will be possible to observe that from the first day immersed in SBF, cp α-Ti samples showed more significant bioactivity than specimens of the Ti13Nb13Zr alloy. This behavior indicates the result of the distinct type of surfaces (only nanotubes for cp α-Ti and the mix of nanotubes and nanopores for the Ti13Nb13Zr alloy). Nonetheless, even considering the positive effect of grain size reduction in the Ti13Nb13Zr alloy, its bioactivity is much smaller than the one observed for α-Ti.

The chemical surface treatment of the undeformed Ti13Nb13Zr alloy was not as useful for activating the surface; however, better bioactivation was observed for the deformed samples. Finally, comparing anodization and chemical treatment, one may presume that anodization is much better for activating deformed and undeformed surfaces of both alloys than the chemical treatment.

Reasons for the above behavior are worthy of being understood given other good qualities of these implant materials, mainly Young's modulus. As stated in the introduction, implant surface properties will impact the bone response. The implant composition and charges will markedly and directly affect protein adsorption and cell fixing [START_REF] Junker | Effects of implant surface coatings and composition on bone integration: a systematic review[END_REF], which are also influenced by the hydrophilicity that is controlled by the surface chemical composition. Hydrophobic surfaces seem not to help symbiosis between cells and biological fluids when compared with hydrophilic ones [START_REF] Zhao | High surface energy enhances cell response to titanium substrate microstructure[END_REF][START_REF] Buser | Enhanced bone apposition to a chemically modified SLA titanium surface[END_REF].

From this reasoning, one would expect that hydrophilicity could be the first good reason for the behavior of apatite-forming ability on the different surfaces analyzed in this work. Figure 9 presents wettability results as measured by the contact angle of a droplet. Although all the samples surfaces are presenting a predominantly hydrophilic behavior (contact angles lower than 90°), anodized and chemically treated surfaces presented highly hydrophilic responses in comparison with those of polished surfaces.

If one observes Figure 9, despite presenting hydrophilic behavior, it is clear that polished surfaces of the Ti35Nb7Zr5Ta alloy and Ti35Nb7Zr5Ta alloy have shown statistically similar very low hydrophilicity. Even so, such surfaces could influence the adhesion of biological fluids. However, observing Figure 8, in none of the polished surfaces of both alloys for deformed and undeformed conditions, there was apatite formation. Therefore, specifically for untreated surfaces, their lower hydrophilicity may be the main reason influencing the non-formation of apatite.

Despite the excellent reasoning in elucidating the behavior of the apatite formingability on the surfaces of polished samples, hydrophilicity cannot explain alone the apatite-forming ability of anodized and chemically treated surfaces of the Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys, since similar highly hydrophilic responses were produced by their surfaces, when compared to the untreated ones. Therefore a more in-depth analysis is necessary for understanding the apatite forming-ability on surfaces of treated samples' of both alloys.

Therefore, concerning treated surfaces, besides hydrophilicity that is statistically similar for all treated surfaces, it appears that apatite formation on treated surfaces may be associated with the contamination of the surfaces by other oxides. The presence of such excess of contaminant oxides can be observed in Tables 3 and5, respectively for anodized and chemically treated surfaces. If one carefully observes the results in Tables 3 and5 and analyzes Figure 8 in the light of such findings, it will be possible to infer the effect of such contamination and its relationship with apatite-forming ability.

In other words, considering anodized samples, the less contaminated anodized surfaces of the Ti13Nb13Zr alloy led to an excellent apatite-forming ability. Such ability was much better for the deformed sample, which presented the smallest contamination among all surfaces, starting apatite formation in the early stage of the first day. Conversely, highly contaminated anodized surfaces of the Ti35Nb7Zr5Ta alloy resulted in poor apatite formation. However, considering chemically treated surfaces, comparing Tables 5 and3, one can observe that the levels of contaminant oxides in chemically treated and anodized surfaces are similar. Thus, also considering hydrophilicity, it should be expected that chemically treated surfaces would present the same level of apatite formation as it was for anodized ones. In other words, one could expect a similar apatite precipitation trend between the two alloy's compositions after surface chemical treatment. Nevertheless, it was observed after surface chemical treatment the poor apatite formation in the Ti13Nb13Zr alloy and no formation at all in the Ti35Nb7Zr5Ta alloy, suggesting that an additional factor may be influencing apatite formation on such kind of surface.

When analyzing all variables that could influence apatite formation in chemically treated surfaces, one should take a look in Figure 7. In such Figure, it is possible to observe an evolution of tentacles' sizes according to chemistry and deformation conditions. Deeply analyzing the evolution of such tentacles' sizes, it appears that there is a critical dimension to induce apatite formation better. Tentacles sizes decrease in the sequence of undeformed Ti13Nb13Zr, deformed Ti13Nb13Zr, undeformed Ti35Nb7Zr5Ta, and deformed Ti35Nb7Zr5Ta. Here, it is worth remembering the influence of Zr on the thickening of such tentacles, reinforcing the effect of contamination of other oxides in the apatite forming ability. Tentacles with sizes observed in the deformed Ti13Nb13Zr appear to be the critical one for the best apatite formation. Larger or much smaller sizes prejudice the apatite precipitation.

In a nutshell, an accurate summary of effects on apatite formation is as follows.

Surely, hydrophilicity is an essential factor, because low hydrophilicity led to nonformation of apatite in polished surfaces. Not only chemistry will affect apatite precipitation but also, besides hydrophilicity, different charges arising on the surfaces due to the presence of other oxides will worsen such precipitation in anodized and chemically treated surfaces. In the case of chemically treated surfaces, besides the two previous factors, tentacles' sizes appear to have a critical dimension to allow adhesion of biological fluids and thus favor apatite formation.

-Conclusions

The mechanical properties and bioactivity of the Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys were investigated as a function of the microstructural refinement, phases present, and the kind of surface modification (anodization and chemical treatment).

Commercial Ti alloys were heat treated and rapidly quenched. The Ti13Nb13Zr alloy presented a biphasic microstructure containing the α' and β phases. The Ti35Nb7Zr5Ta alloy also presented a biphasic microstructure composed mainly by the β phase and a small amount of the α phase.

HPT processing significantly reduced grain sizes, resulting in ultra-fine microstructures with grain sizes of ~203 nm and ~112 nm for the Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys, respectively. High hardness values were observed in both alloys, in the range of ~390 HV and ~320 HV, with outstanding (low) values of the elastic modulus 60 GPa and 44 GPa before and after deformation, respectively for the Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys.

Another feature produced by HPT was the increase of the β phase in the Ti13Nb13Zr alloy and a decrease of the α phase in the Ti35Nb7Zr5Ta alloy, making it almost single phase.

Anodization of the Ti13Nb13Zr alloy resulted in two different nanostructures, with nanotubes forming in the α'-phase and nanopores in the β-phase, irrespective to the spatial distribution of either phases or their refinement. In the case of the Ti35Nb7Zr5Ta alloy, only nanopores were observed.

Surface modification using acid etching followed by alkaline treatment resulted in a sodium titanate coral-like layer. Coral tentacles' sizes depended on the microstructure size, surface chemistry, and structure, being thicker for undeformed samples and much thinner for samples processed by HPT.

Bioactivity tests indicated that oxide nanostructures could activate the surfaces of both samples, but the bioactivity of the Ti13Nb13Zr alloy is much higher than for the Ti35Nb7Zr5Ta alloy, which did not present any bioactivity when chemical treatment was used. Contrarily, Ti13Nb13Zr alloy was active after both treatments, but much better for oxide nanostructures and samples deformed by HPT.

Reasons for apatite forming-ability behavior were related to hydrophilicity, different charges arising on the surfaces due to the presence of other oxides in both kinds of surface treatment and tentacle sizes in the case of chemically treated surfaces. 

Figure and Table Captions

Figure 2

 2 Figure 2 compares the microstructures of both alloys in the undeformed condition obtained by confocal laser microscopy. Figure 2a, whose inset is a higher-resolution SEM picture, presents microstructural aspects of the Ti13Nb13Zr alloy and reveals the existence of retained bcc β phase and the coarse non-equilibrium metastable martensite (hcp α') phase precipitated after heating and quenching. XRD results presented in Fig 1a confirm such an observation. Measurements of grain size gave a mean initial size of about 250 μm for the β phase, and α' laths

Figure 1 -

 1 Figure1-XRD patterns comparing both alloys in the undeformed and HPT deformed conditions. (a) Ti13Nb13Zr alloy[START_REF] Peréz | Surface anodization of the biphasic Ti13Nb13Zr biocompatible alloy: Influence of phases on the formation of TiO2 nanostructures[END_REF], and (b) Ti35Nb7Zr5Ta.

Figure 2 -

 2 Figure 2 -Microstructures of both alloys in the undeformed condition obtained by confocal laser microscopy. (a) Ti13Nb13Zr alloy and (b) Ti35Nb7Zr5Ta alloy. The inset in Figure 1a is a higher-resolution SEM picture showing microstructure details.

Figure 3 -

 3 Figure 3 -ACOM-TEM analysis. Equivalent bright-field images obtained by TEM for (a) Ti13Nb13Zr and (b) Ti35Nb7ZR5Ta alloys. Phase mappings superimposed by maps of high-angle grain boundaries for (c) Ti13Nb13Zr alloy (β-Ti (bcc) in blue, and α' martensite (hcp) in yellow) and (d) Ti35Nb7ZR5Ta alloy (β-Ti (bcc) in blue, and α-Ti (hcp) in white).

Figure 4 -

 4 Figure 4 -Graph comparing elastic modulus values for the alloys Ti13Nb13Zr and Ti35Nb7Zr5Ta in both processing conditions, deformed, and undeformed.

Figure 5 -

 5 Figure 5 -Hardness mappings after severe plastic deformation comparing results for the Ti13Nb13Zr alloy in (a) and Ti35Nb7Zr5Ta alloy in (b). The insets of the Figures are showing the equivalent mapping with different relative scales to provide more information regarding hardness variations along the samples' radius.

Figure 6 -

 6 Figure 6 -FEG-SEM images showing the morphologies of heat-treated anodized surfaces. (a) undeformed Ti13Nb13Zr alloy. (b) deformed Ti13Nb13Zr alloy. (c) undeformed Ti35Nb7Zr5Ta alloy. (d) mechanically processed Ti35Nb7Zr5Ta alloy. The insets in the Figures are higher magnification images, showing details of the surface morphology.

Figure 7 -

 7 Figure 7 -SEM images for chemically modified surfaces, respectively, for (a) undeformed Ti13Nb13Zr alloy. (b) deformed Ti13Nb13Zr alloy. (c) undeformed Ti35Nb7Zr5Ta alloy. (d) mechanically processed Ti35Nb7Zr5Ta alloy. The insets are higher magnification SEM images to give details of the surface morphology.

Figure 8 -

 8 Figure 8 -Apatite mass gain after soaking specimens in SBF as a function of the immersion time, comparing polished surfaces and treated surfaces of deformed and undeformed samples.

Figure 9 -

 9 Figure 9 -Graph showing the results of contact angles measurements for all surface conditions.

  

  

  

  

  

  

Table captions Table 1 -

 captions1 Summary of observed morphologies and dimensions of the formed anodized nanostructures observed in Figures6 and S1.

Table 2 -

 2 Quantitative chemical EDX analysis of nanostructures on samples' surfaces for both compositions and processing conditions, after anodization and heat treatment.

Table 3 -

 3 Stoichiometric analysis of the data presented in Table2.

Table 4 -

 4 Quantitative chemical EDX analysis of samples' surfaces for both compositions and processing conditions.

Table 5 -

 5 Stoichiometric analysis of the data presented in Table2, considering the Raman analysis presented in FigureS3of the supplementary material.

Table 1 -

 1 Summary of observed morphologies and dimensions of the formed anodized nanostructures observed in Figures6 and S1.

		Ti13Nb13Zr alloy		
	Condition	Morphology	Diameter (nm) Internal External	Length (nm)
	Nondeformed Nanotubes and nanopores	58±7	96±20	1839±72
	Deformed	Nanotubes and nanopores 47±10	94±11	1492±149
		Ti35Nb7Zr5Ta alloy		
	Nondeformed	Nanopores	47±7	82±14	2494±23
	Deformed	Nanopores	36±3	69±7	1742±189

Table 2 -

 2 Quantitative chemical EDX analysis of nanostructures on samples' surfaces for both compositions and processing conditions, after anodization and heat treatment.

			Alloy	
		Ti13Nb13Zr (at %)	Ti35Nb7Zr5Ta (at %)
		undeformed deformed undeformed deformed
	Ti	26.3±0.3 27.9±0.4	22.0±0.2 20.76±0.3
	Zr	2.6±0.1	2.7±0.1	1.5±0.1	1.5±0.1
	Nb	3.1±0.1	2.8±0.3	8.1±0.6	8.1±0.4
	Ta	0	0	0.56	0.59
	O	68.1±0.4 66.6±0.7	67.8±0.6 69.0±0.7

Table 3 -

 3 Stoichiometric analysis of the data presented in Table2.

				Alloy	
			Ti13Nb13Zr (at %)	Ti35Nb7Zr5Ta (at %)
	Phase	Element undeformed deformed undeformed deformed
	TiO2	Ti	26.3±0.3 27.9±0.4	22.0±0.2 20.76±0.3
	Anatase or Rutile	O	52.6±0.4	55.9±0.7	44.0±0.6	41.7±0.4
	Other oxides	O	15.5±0.4	10.8±0.7	23.8±0.6	27.3±0.4

Table 4 -

 4 Quantitative chemical EDX analysis of samples' surfaces for both compositions and processing conditions.

				Alloy	
		Ti13Nb13Zr (at %)	Ti35Nb7Zr5Ta (at %)
		undeformed deformed undeformed deformed
	O	66.4±0.7	66.5±0.6	70.2±0.5	69.9±0.7
	Na	1.4±0.1	1.1±0.1	1.2±0.1	1.1±0.1
	Zr	1.9±0.1	1.1±0.1	1.0±0.1	0.5±0.1
	Nb	2.5±0.4	2.0±0.3	3.6±0.1	3.8±0.2
	Ti	27.9±0.2	29.3±0.4	23.5±0.3	24.2±0.3
	Ta			0.5±0.1	0.5±0.1

Table 5 -

 5 Stoichiometric analysis of the data presented in Table2, considering Raman the analysis presented in FigureS3of the supplementary material.

				Alloy	
			Ti13Nb13Zr (at %)	Ti35Nb7Zr5Ta (at %)
	Phase	Element undeformed deformed undeformed deformed
		Na	1.4±0.1	1.1±0.1	1.2±0.1	1.1±0.1
	Na4O4Ti	O	1.4±0.1	1.1±0.1	1.2±0.1	1.1±0.1
		Ti	0.34±0.1	0.3±0.1	0.3±0.1	0.3±0.1
	TiO2	Ti	27.6±0.2	29.1±0.4	23.2±0.3	23.9±0.3
	Anatase or Rutile	O	55.1±0.7	58.1±0.6	46.4±0.5	47.8±0.7
	Other oxides	O	9.9±0.7	7.3±0.6	22.7±0.5	21.0±0.7
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