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Introduction

Titanium and its alloys have increased their use as biomaterials due to their low elastic modulus compared to Co-Cr alloys and stainless steels. Such a smaller elastic modulus reduces the stress shielding effect, and, consequently, the possibility of bone resorption and implant loosening [START_REF] Sabirov | Bulk Nanostructured Materials with Multifunctional Properties[END_REF]. Also, titanium alloys are increasingly used in medicine due to their excellent biocompatibility and high specific mechanical properties [START_REF] Bortolan | Fatigue strength of Ti-6Al-4V alloy with surface modified by TiO2 nanotubes formation[END_REF].

Ultrafine-grained titanium alloys, produced by severe plastic deformation, may improve wear resistance, mechanical properties and the bioactivity in accelerating apatite precipitation and amplified biological responses when compared to their coarse-grained counterpart material because of Hall-Petch strengthening, higher surface energy, increased number of nano-sized grooves, and a significant increase in the cell adhesion/proliferation [START_REF] Kim | In vitro biocompatibility of equal channel angular processed (ECAP) titanium[END_REF].

The passivation phenomenon contributes to the above characteristics and makes titanium alloys suitable for use in dental and orthopedic implants, without promoting adverse reactions locally or systemically [START_REF] Hernández-López | Correlation of the nanostructure of the anodic layers fabricated on Ti13Nb13Zr with the electrochemical impedance response[END_REF]. Such adverse reactions could be related to the interactions of the surface layer of the TiO2 on the implant and bone tissue [START_REF] Hazan | Bone growth to metal implants is regulated by their surface chemical properties[END_REF]. However, the biological response of an implant depends on the physicochemical properties of the surface [START_REF] Oliveira | Functionalization of titanium dioxide nanotubes with biomolecules for biomedical applications[END_REF]. Surface modification techniques are required for biomedical materials to improve their surface properties and biological activity [START_REF] Bauer | Engineering biocompatible implant surfaces: Part I: Materials and surfaces[END_REF].

The use of TiO2 nanotubes is becoming one of the most exciting techniques as surface modification of metallic biomaterials and several authors have reported the improvement of bioactivity through changes on the surface of titanium alloys by growing TiO2 nanotubes [START_REF] Stróż | Production, structure and biocompatible properties of oxide nanotubes on Ti13Nb13Zr alloy for medical applications[END_REF][START_REF] Córdoba-Torres | Electrochemical impedance analysis of TiO2 nanotube porous layers based on an alternative representation of impedance data[END_REF][START_REF] Bai | The effect of annealing temperatures on surface properties, hydroxyapatite growth and cell behaviors of TiO2 nanotubes[END_REF][START_REF] Das | TiO2 nanotubes on Ti: Influence of nanoscale morphology on bone cell-materials interaction[END_REF][START_REF] Oliveira | Obtaining self-organized nanotubes on biomedical Ti-Mo alloys[END_REF][START_REF] Zhou | Anodic TiO2 nanotube layers: why does self-organized growth occur-a mini review[END_REF][START_REF] Campanelli | Fatigue resistance, electrochemical corrosion and biological response of Ti-15Mo with surface modified by amorphous TiO2 nanotubes layer[END_REF]. Anodization is based on employing a voltage (some tens of volts) connecting a sample and an inert counter electrode. Both sample and electrode are soaked in an electrolyte comprising water and fluoride ions (F -). Inside the solution, there is a competition between the oxidation and oxide dissolution by the action of F -ions, which may lead to the development of a self-organized layer of TiO2 nanotubes. The applied voltage, anodization time, type of the electrolyte, concentration of water and fluoride ions, temperature, or pH can change the tubes morphology (length, diameter, spacing, or wall look) [START_REF] Roy | TiO2 nanotubes: synthesis and applications[END_REF][START_REF] Kulkarni | Titanium nanostructures for biomedical applications[END_REF][START_REF] Macak | TiO2 nanotubes: Self-organized electrochemical formation, properties and applications[END_REF][START_REF] Lee | One-dimensional titanium dioxide nanomaterials: nanotubes[END_REF]. The sequence of nanotubes' formation can be well visualized in, for instance, Fig. 3a of [START_REF] Macak | Mechanistic aspects and growth of large diameter self-organized TiO2 nanotubes[END_REF] and references therein]. In short, in the first anodization stage, there is the formation of a thin and dense TiO2 layer, which possesses some statistically distributed positions where, close to the dense oxide layer, arises an accelerated local dissolution, nucleating pores. Such nucleation appears on nearly the whole surface. On some sites, there are visible destabilized stretches of the first compact oxide. After this, pores have a random look. Following this stage, pore bottoms start to have a marked dissolution, deepening them. At this point, there will be no vestige of the initial compact TiO2 layer on the surface. Continued anodization leads the porous structure to promptly change to a nanotubular structure, fully evolving a self-organized nanotubes' layer.

Anodic ordered nanoporous TiO2 layers were recently reported [START_REF] Kim | Formation of a Non-Thickness-Limited Titanium Dioxide Mesosponge and its Use in Dye-Sensitized Solar Cells[END_REF][START_REF] Lee | Anodic formation of thick anatase TiO2 mesosponge layers for high-efficiency photocatalysis[END_REF][START_REF] Roy | Size-selective separation of macromolecules by nanochannel titania membrane with self-cleaning (declogging) ability[END_REF]. Such nanoporous layers were of some tens of microns and had channels ranging from some nanometers to tens of nanometers in diameter. These nanostructured morphologies have good adhesion to the substrate, but so far they have not been exploited. However, the formation of such nanoporous layers are produced by etching the first formed thick TiO2 oxide layer produced by anodization and does not follow the above sequence, and they do not even have the morphology mentioned above. Nonetheless, one can generally say that arrays of selforganized oxide tubes or pores can be achieved by an anodization process of a proper metal.

Hence, related to the alloy studied in this work, self-organized oxide nanotube/pore layers of acceptable properties have been published on binary alloys, such as TiNb [START_REF] Ghicov | TiO2-Nb2O5-Nanoröhren mit elektrochemisch einstellbaren Morphologien[END_REF][START_REF] Ghicov | Lattice Widening in Niobium-Doped TiO2 Nanotubes: Efficient Ion Intercalation and Swift Electrochromic Contrast[END_REF], TiZr [START_REF] Yasuda | Control of morphology and composition of self-organized zirconium titanate nanotubes formed in (NH4) 2SO4/NH4F electrolytes[END_REF][START_REF] Yasuda | Mechanistic aspects of the self-organization process for oxide nanotube formation on valve metals[END_REF][START_REF] Yasuda | Electrochemical formation of self-organized zirconium titanate nanotube multilayers[END_REF][START_REF] Yasuda | Formation of Self-Organized Zirconium Titanate Nanotube Layers by Alloy Anodization[END_REF], and on ternary [START_REF] Feng | Electrochemical formation of selforganized anodic nanotube coating on Ti-28Zr-8Nb biomedical alloy surface[END_REF][START_REF] Macak | Self-organized nanotubular oxide layers on Ti-6Al-7Nb and Ti-6Al-4V formed by anodization in NH4F solutions[END_REF] and multicomponent complex alloy systems [START_REF] Tsuchiya | Self-Organization of Anodic Nanotubes on Two Size Scales[END_REF][START_REF] Tsuchiya | Nanotube oxide coating on Ti-29Nb-13Ta-4.6Zr alloy prepared by selforganizing anodization[END_REF].

It is remarkable that, for the majority of elements and alloys, ordered tubular and nanoporous morphologies have been observed after anodization. Some of them can also shift from one to another (for instance, TiAl, TiNb, and TiTa) [START_REF] Ghicov | Lattice Widening in Niobium-Doped TiO2 Nanotubes: Efficient Ion Intercalation and Swift Electrochromic Contrast[END_REF][START_REF] Berger | Transition from Nanopores to Nanotubes: Self-Ordered Anodic Oxide Structures on Titanium-Aluminides[END_REF][START_REF] Wei | High aspect ratio ordered nanoporous Ta2O5 films by anodization of Ta[END_REF][START_REF] Song | Anodic oxidation behaviour of Al-Ti alloys in acidic media[END_REF]. Nevertheless, due to chemistry differences (solubility of the oxide in fluoride and the corresponding solubility of metal fluorides in distinct solutions), a preferred morphology is observed in specific elements or alloys.

In other words, a specific morphology prevails under the majority of anodization conditions. For example, nanotubular anodic oxides are typically observed on zirconium and hafnium while, nanoporous are usually produced on aluminum, niobium, and tantalum.

Regarding alloys, the morphology is dominated by the matrix. Also, considering the wellknown formation mechanism of TiO2 nanotubes [START_REF] Roy | TiO2 nanotubes: synthesis and applications[END_REF][START_REF] Kulkarni | Titanium nanostructures for biomedical applications[END_REF][START_REF] Macak | TiO2 nanotubes: Self-organized electrochemical formation, properties and applications[END_REF][START_REF] Lee | One-dimensional titanium dioxide nanomaterials: nanotubes[END_REF][START_REF] Macak | Mechanistic aspects and growth of large diameter self-organized TiO2 nanotubes[END_REF][START_REF] Minagar | A review of the application of anodization for the fabrication of nanotubes on metal implant surfaces[END_REF][START_REF] Huo | Fabrication, modification, and biomedical applications of anodized TiO2 nanotube arrays[END_REF][START_REF] Regonini | A review of growth mechanism, structure and crystallinity of anodized TiO2 nanotubes[END_REF][START_REF] Mor | Fabrication of Tapered, Conical-Shaped Titania Nanotubes[END_REF], it is notorious that i) for a specific electrolyte: the higher the voltage, the larger diameter and the longer the nanotubes, ii) regarding organic electrolytes: the less dilute the solution, the smoother the nanotubes wall.

Ethylene glycol electrolyte containing a small water amount will significantly thicken the nanotubes layer.

Following anodization, generally, the oxide composition is consonant with the ratio of alloying elements. Occasionally, anodic oxides can also exhibit small amounts of oxide mixtures. TiZr was the only alloy reported to have a complete conversion to a mixed oxide [START_REF] Yasuda | Formation of Self-Organized Zirconium Titanate Nanotube Layers by Alloy Anodization[END_REF].

Just-anodized nanotubes/nanoporous are amorphous, but they can be crystallized through heat treatment into the anatase phase or a mix of anatase and rutile phases, which depends on the treatment temperature [START_REF] Bai | The effect of annealing temperatures on surface properties, hydroxyapatite growth and cell behaviors of TiO2 nanotubes[END_REF][START_REF] Roy | TiO2 nanotubes: synthesis and applications[END_REF][START_REF] Huo | Fabrication, modification, and biomedical applications of anodized TiO2 nanotube arrays[END_REF]. Both nanotubes size and crystallinity alter surface properties and, inevitably, leading to changes in the bioactivity response.

The work herein aimed to analyze the effect of the processing route comparing structural and microstructural evolutions of the Ti13Nb13Zr alloy. Part of the samples was strained by the SPD method of high-pressure torsion (HPT), which led to an ultrafine grained (UFG) microstructure. The samples' surfaces were modified for micro-nano topographic conversion by anodization, in an attempt to bioactivate them. Anodized surfaces were heattreated and contrasted to non-anodized samples. The resulting surface' morphologies of anodized samples were compared with non treated surfaces of deformed and undeformed conditions. Therefore, the purpose of the investigation was to determine the effect of the microstructure and phases present on the formation of nanostructures on samples' surfaces, changes in bioactivity, and the corrosion behavior before and after the surface modification.

Corrosion properties were assessed and, finally, the resultant in-vitro bioactivities were analyzed considering a possible synergy between processing and surface treatment. Corrosion properties should be improved, and surface bioactivity should eventually lead to osseointegration paths into the bone and more improved in samples processed by SPD for both processing conditions.

Material and methods

The material used in this study was the biomedical β-rich Ti-13Nb-13Zr alloy (ERCATA GmbH, Development Co., Ltd., Germany). As the β transus temperature for this alloy is 735 °C [START_REF] Davidson | New surface-hardened, low-modulus, corrosion-resistant Ti13Nb13Zr alloy for total hip arthroplasty[END_REF], specimens cut in the form of a disk with 10 mm in diameter and 1 mm in thickness were heat-treated from the β field at 750 °C for 1 hour and then fast cooled in water.

Our previous results [START_REF] Pérez | Ultrafine-Grained Ti13Nb13Zr Alloy Produced by Severe Plastic Deformation[END_REF] showed that non-equilibrium metastable martensite (α') phase and a retained β phase appeared after heating and quenching.

A set of specimens were mechanically deformed by High-Pressure Torsion (HPT) using a load of 4.5 GPa and three turns, to refine the microstructure and to observe the effect of the redistribution of α' and β phases on the formation of nanopores/nanotubes. X-ray diffraction (XRD) analysis was conducted using a Siemens D5000 diffractometer with CuKα radiation and a scanning speed of 2°/min from 20° to 90°.

The surfaces of the samples, and cross sections and plan views of anodic coatings were examined by scanning electron microscopy (SEM) using the Zeiss Ultra-55 FEG microscope equipped with an Energy Dispersive X-ray (EDX) microanalysis system with an SDD detector (BRUKER AXS-30mm²).

Orientation phase mapping was performed by Transmission electron microscopy (TEM) using an FEI TECNAI G2, operated at 200 kV, equipped with a NanoMEGAS ASTAR and Digistar P1000 system, which allow Automated Crystal Orientation Mapping (ACOM) in nanoprobe mode enabling orientation/phase maps with a spatial resolution of about 1 nm.

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.

Electrochemical anodization setup to produce nanotubes on surfaces of non-deformed and HPT-deformed samples was the same and consisted of a conventional two electrodes system with a platinum grid as the counter electrode, a Ti13Nb13Zr disk as the working electrode, and a power supply (TCR Electronic measurements inc.). The counter electrode and the working electrode were always kept at the same distance (~3 cm).

During the development of this work, we have tried different conditions for the formation of nanotubes as described in our previous work [START_REF] Hilario | Influence of morphology and crystalline structure of TiO2 nanotubes on their electrochemical properties and apatiteforming ability[END_REF]. After evaluation of the reported effects of voltage, time and types of solutions, and solution dilution [START_REF] Roy | TiO2 nanotubes: synthesis and applications[END_REF][START_REF] Kulkarni | Titanium nanostructures for biomedical applications[END_REF][START_REF] Macak | TiO2 nanotubes: Self-organized electrochemical formation, properties and applications[END_REF][START_REF] Lee | One-dimensional titanium dioxide nanomaterials: nanotubes[END_REF][START_REF] Macak | Mechanistic aspects and growth of large diameter self-organized TiO2 nanotubes[END_REF][START_REF] Minagar | A review of the application of anodization for the fabrication of nanotubes on metal implant surfaces[END_REF][START_REF] Huo | Fabrication, modification, and biomedical applications of anodized TiO2 nanotube arrays[END_REF][START_REF] Regonini | A review of growth mechanism, structure and crystallinity of anodized TiO2 nanotubes[END_REF][START_REF] Mor | Fabrication of Tapered, Conical-Shaped Titania Nanotubes[END_REF],

we varied the anodization voltage from 10 V to 60 V, the time from 45 min to 1 hour and the dilution from 7.5 vol% to 25 vol% of water, solutions of glycerol, containing 0.25 M of NH4F and ethylene glycol and containing 0.25 M of NH4F.

The best condition, which will be presented in this paper, was obtained for the anodization carried out applying a potential of 20 V for one hour using glycerol as a working electrolyte, containing 25 vol% of water and 0.25 M of NH4F. All other conditions did not produce any tubular morphology (porous or nanotubes) in the β phase. The electrolyte was kept at 25 °C throughout the anodization process using a microprocessor controlled refrigerated heating bath with an air-cooled refrigerating unit from Huber Kältemaschinenbau AG, Germany, which can control the temperature within the range of -25 to 200 °C.

After anodic oxidation, as the anodized TiO2 nanostructures are amorphous and of very low mechanical strength, the samples were annealed in air at 550 °C for two hours to crystallize TiO2 nanostructures aiming their structural reinforcement.

Electrochemical analyzes were carried out using a conventional three-electrode cell, where the sample was the working electrode, a platinum grid the counter electrode, and a Saturated Calomel Electrode (SCE) the reference electrode. A Simulated Body Fluid (SBF) was used as electrolyte (NaCl 8.035 g L -1 , KCl 0.225 g L -1 , NaHCO3 0.355 g L -1 , K2HPO4•3H2O 0.231 g L -1 , MgCl2•6H2O 0.311 g L -1 , CaCl2 0.292 g L -1 and Na2SO4 0.072 g L -1 ) [START_REF] Kokubo | How useful is SBF in predicting in vivo bone bioactivity?[END_REF]. All the electrochemical analyses were performed in triplicate to confirm the reproducibility of results. Open Circuit Potential (OCP) was always registered throughout 1 h of resting in the electrolyte. The corrosion resistance was estimated through potentiodynamic polarization curves recorded within the range of -0.03 to 1.5 V versus the SCE, using a scan rate of 0.5 mV s -1 .

The in vitro formation of apatite is an indicator of the in vivo bioactivity of a material surface. Thus, to evaluate the bioactivity of different samples used in this study, they were soaked in 40 mL of SBF solution under a static condition for 1, 7 and 14 days. The surface with nanotubes was placed perpendicularly to the bottom of the beaker because the SBF is very unstable and may spontaneously precipitate apatite on the specimen surface. After soaking, samples were gently rinsed with deionized water and naturally dried in a desiccator.

The apatite-forming ability was estimated by FEG-SEM observations, EDS, and XRD, and by weighing the sample before and after immersion [START_REF] Kokubo | How useful is SBF in predicting in vivo bone bioactivity?[END_REF].

Raman Spectroscopy was performed on samples' surfaces using the RENISHAW InVia Raman Microscope employing an Argon Ion laser of 20 mW with a wavelength of 514 nm.

Results and discussion

Figure 1 exhibits XRD patterns of Ti13Nb13Zr alloy samples in conditions, undeformed and deformed by HPT. The indexation of Bragg's peaks denotes the presence of the hcp α' (ICSD # 253841) and the bcc β (ISCD # 645545) phases before and after deformation. Figure 1b indicates that the fraction of β phase had a slight augment after processing by HPT. Such an increase was probably due to solute redistribution and mechanical activation, driving to a rapid phase transformation of the coarse non-equilibrium metastable martensite (hcp α') during severe plastic deformation. Also in Figure 1b, one may note the broadening of peaks after HPT processing, pointing to enormous grain refinement.

Figure 2 presents morphological aspects of the alloy microstructure before (Fig. 2a) and after deformation (Fig. 2b). Figure 2a displays an SEM image showing that, before deformation, the microstructure of Ti13Nb13Zr alloy is formed by retained β phase and the coarse non-equilibrium metastable acicular martensite phase (hcp-α'), precipitated after heating and quenching, confirming the XRD analysis in Fig. 1a. Grain size measurements gave an average initial size of ~250 μm for the β phase and an average length of ~20 μm for the martensite laths of α' with widths ranging between 1 and 2 μm.

The microstructural refinement and phases' distribution after HPT was evaluated by ACOM-TEM analysis. Figure 2b presents a virtual TEM bright field image superimposed to a mapping of high-angle grain boundaries (> 15 o ), denoting recrystallized grains. As stated before, when discussing Figure 1b, Figure 2b shows a huge grain refinement and spatial redistribution of α' and β phases after HPT processing. Additionally, one may observe an inhomogeneous distribution of grain sizes. Determination of the grain size distribution resulted in an average size of ~203 nm for martensite laths and ~50 nm for the β phase.

Statically assessment of the amount of each phase revealed that, after deformation, the Ti13Nb13Zr alloy sample was composed of about 77% of hcp α' and 23% of β. 3b). Figures 3b and3c indicate that the self-organized arrays of nanotubes were obtained with the following average dimensions: diameter of ~80 nm, a length of ~2 µm and a thickness of ~18 nm. By comparing Figures 3d and3a, one may observe that HPT processing caused the refinement and spatial redistribution of α' and β phases. The formation of the nanotubes was kept sole within the α' phase (Figure 3e), however, with the difference that nanotubes are not so organized and are deformed in their longitudinal direction (Figure 3f) suggesting that their growth follow the spatial distortion of the α' phase. This result shows in an unambiguously way that nanotubes uniquely form on the α' phase.

Such results, even the unsuccessful ones described in the methodology, are of interest since, as stated in the introduction [START_REF] Ghicov | TiO2-Nb2O5-Nanoröhren mit elektrochemisch einstellbaren Morphologien[END_REF][START_REF] Ghicov | Lattice Widening in Niobium-Doped TiO2 Nanotubes: Efficient Ion Intercalation and Swift Electrochromic Contrast[END_REF][START_REF] Yasuda | Control of morphology and composition of self-organized zirconium titanate nanotubes formed in (NH4) 2SO4/NH4F electrolytes[END_REF][START_REF] Yasuda | Mechanistic aspects of the self-organization process for oxide nanotube formation on valve metals[END_REF][START_REF] Yasuda | Electrochemical formation of self-organized zirconium titanate nanotube multilayers[END_REF][START_REF] Yasuda | Formation of Self-Organized Zirconium Titanate Nanotube Layers by Alloy Anodization[END_REF][START_REF] Feng | Electrochemical formation of selforganized anodic nanotube coating on Ti-28Zr-8Nb biomedical alloy surface[END_REF][START_REF] Macak | Self-organized nanotubular oxide layers on Ti-6Al-7Nb and Ti-6Al-4V formed by anodization in NH4F solutions[END_REF][START_REF] Tsuchiya | Self-Organization of Anodic Nanotubes on Two Size Scales[END_REF][START_REF] Tsuchiya | Nanotube oxide coating on Ti-29Nb-13Ta-4.6Zr alloy prepared by selforganizing anodization[END_REF][START_REF] Berger | Transition from Nanopores to Nanotubes: Self-Ordered Anodic Oxide Structures on Titanium-Aluminides[END_REF][START_REF] Wei | High aspect ratio ordered nanoporous Ta2O5 films by anodization of Ta[END_REF][START_REF] Song | Anodic oxidation behaviour of Al-Ti alloys in acidic media[END_REF], due to the solubility of the metal oxide in fluoride and the solubility of metal fluorides in distinct solutions, a favored morphology is expected to prevail under the majority of anodization conditions for most elements. In the case of this work, it would be expected that titanium and zirconium should produce nanotubular anodic oxides and nanoporous should grow on niobium. In the Ti13Nb13Zr alloy, where Nb and Zr are in solid solutions in both phases, the morphology should be dominated by titanium [START_REF] Ghicov | TiO2-Nb2O5-Nanoröhren mit elektrochemisch einstellbaren Morphologien[END_REF][START_REF] Ghicov | Lattice Widening in Niobium-Doped TiO2 Nanotubes: Efficient Ion Intercalation and Swift Electrochromic Contrast[END_REF][START_REF] Yasuda | Control of morphology and composition of self-organized zirconium titanate nanotubes formed in (NH4) 2SO4/NH4F electrolytes[END_REF][START_REF] Yasuda | Mechanistic aspects of the self-organization process for oxide nanotube formation on valve metals[END_REF][START_REF] Yasuda | Electrochemical formation of self-organized zirconium titanate nanotube multilayers[END_REF][START_REF] Yasuda | Formation of Self-Organized Zirconium Titanate Nanotube Layers by Alloy Anodization[END_REF][START_REF] Feng | Electrochemical formation of selforganized anodic nanotube coating on Ti-28Zr-8Nb biomedical alloy surface[END_REF][START_REF] Macak | Self-organized nanotubular oxide layers on Ti-6Al-7Nb and Ti-6Al-4V formed by anodization in NH4F solutions[END_REF][START_REF] Tsuchiya | Self-Organization of Anodic Nanotubes on Two Size Scales[END_REF][START_REF] Tsuchiya | Nanotube oxide coating on Ti-29Nb-13Ta-4.6Zr alloy prepared by selforganizing anodization[END_REF][START_REF] Berger | Transition from Nanopores to Nanotubes: Self-Ordered Anodic Oxide Structures on Titanium-Aluminides[END_REF][START_REF] Wei | High aspect ratio ordered nanoporous Ta2O5 films by anodization of Ta[END_REF][START_REF] Song | Anodic oxidation behaviour of Al-Ti alloys in acidic media[END_REF], which is the principal element even in the β phase. In fact, as presented in Table 1, which summarizes some results from the literature using similar conditions to this work, nanotubes, with a diameter close to the ones found in this work but with half-length, grew in the Ti6Al4V alloy, thus confirming the prevalence of Ti presence in the formation of nanotubes. From this finding, one may suppose that the amount of alloying elements can also make the difference and not only the major alloying component forming the matrix, as it is the case of Ti in the β phase.

From the above discussion one can speculate that the distinct nanostructures obtained in this work was due to a competition between the dissolution and formation of oxides as a function of the different chemical composition of both phases [15-19, 36-39, 46], or, in other words, a rate-controlling factor is influencing the tubes' growth in the β phase.

Regarding the tubes' growth mechanism explained in the introduction [START_REF] Macak | Mechanistic aspects and growth of large diameter self-organized TiO2 nanotubes[END_REF], one can presume that diffusion can be split into two components: (i) inside tubes and (ii) in the adjacent layer surrounded by the electrolyte. Due to changes in the diffusion layer thickness, the growing shape will be affected thus changing the concentration at the pore entrance. From the present results it is impossible to distinguish what is the critical factor, the internal diffusion of F -or the external one of [TiF6] 2-. However, based on a model described elsewhere [START_REF] Yasuda | Control of morphology and composition of self-organized zirconium titanate nanotubes formed in (NH4) 2SO4/NH4F electrolytes[END_REF] and well-done experiments in [START_REF] Macak | Mechanistic aspects and growth of large diameter self-organized TiO2 nanotubes[END_REF], one can suggest that the diffusion rate is controlled by the [TiF6] 2-. Therefore, throughout the oxide growth, it will take place an increase of fluorides at pore boundaries, sensitizing these regions. Fluoride-rich regions become prone for selective chemical dissolution, thus etching out pore boundaries and leading to isolated tube shapes.

From the above reasoning, one may assume that, because of titanium fluorides' solubility in water, these areas are crucial for nanotubes' generation instead of porous structures. Consequently, under the same good anodization condition found in this work, β and α' phases will inevitably produce different nanostructures due to the high solubility of Ti-F or Ti-O-F compounds in aqueous media unlike Nb-F and Zr-F species that are much less soluble. Thus, an ordered nanoporous oxide will be formed on the Ti-poorer β phase (less Ti fluorides), but nanotubular morphology will be found for the Ti-richer α' phase (more Ti fluorides). We shall come back to this subject when discussing the structure of nanotubes.

Finally, despite also growing nanopores, the dimensions of formed nanotubes in this work presented sizes equivalent to the ones found in the literature for Ti and Ti6Al4V alloy, using similar electrolyte and applied voltage. Actually, our experiments produced nanotubes with an average length larger than for some of those materials (Table 1).

Figure 4a presents XRD patterns of the Ti13Nb13Zr alloy after anodization. In this condition, amorphous peaks of TiO2 are observed (ICSD # 154605), indicating that nanotubes and nanopores are amorphous. When TiO2 nanotubes and nanopores are heat-treated at 550 °C for two hours a mix of anatase and rutile was obtained (Figure 4b). Indexation of Bragg peaks indicates the presence of the phases TiO2-anatase (ICSD # 154601, 2θ = 25.4°, 38.3°, 48.1°, and 55.2° [START_REF] Ji | Fabrication of double-walled TiO2 nanotubes with bamboo morphology via one-step alternating voltage anodization[END_REF]) and TiO2-rutile (ICSD # 9161, 2θ = 27.4° and 36.0° [START_REF] Ibrahim | Anatase/Rutile TiO2 composite prepared via sonochemical process and their photocatalytic activity[END_REF]).

As reported in the literature [START_REF] Varghese | Crystallization and High-Temperature Structural Stability of Titanium Oxide Nanotube Arrays[END_REF], nanotubes' morphology does not change up to 580 o C, when annealing in the air, with no noticeable changes in the pore diameter and wall thickness after annealing during three hours. Also reported in the literature [START_REF] Regonini | A review of growth mechanism, structure and crystallinity of anodized TiO2 nanotubes[END_REF][START_REF] Munirathinam | Titania nanotubes from weak organic acid electrolyte: Fabrication, characterization and oxide film properties[END_REF][START_REF] Tighineanu | Conductivity of anodic TiO2 nanotubes: Influence of annealing conditions[END_REF][START_REF] Roguska | Improvement of the bio-functional properties of TiO2 nanotubes[END_REF] is that the presence of mixed structures of anatase and rutile phases leads nanotubes to be in the anatase structure, while the rutile structure forms a thick layer at the bottom of such nanotubes.

Thickening of the rutile layer occurs during annealing at higher temperatures [START_REF] Roguska | Improvement of the bio-functional properties of TiO2 nanotubes[END_REF]. In such a case, the nanotube structure tends to contract and disintegrate [START_REF] Bai | The effect of annealing temperatures on surface properties, hydroxyapatite growth and cell behaviors of TiO2 nanotubes[END_REF][START_REF] Varghese | Crystallization and High-Temperature Structural Stability of Titanium Oxide Nanotube Arrays[END_REF][START_REF] Mohan | Electrochemical behavior and effect of heat treatment on morphology, crystalline structure of self-organized TiO2 nanotube arrays on Ti-6Al-7Nb for biomedical applications[END_REF].

It is noteworthy that the mechanical properties of the distinct phases of TiO2 nanostructures are dissimilar. In other words [START_REF] Bai | The effect of annealing temperatures on surface properties, hydroxyapatite growth and cell behaviors of TiO2 nanotubes[END_REF], when the amorphous TiO2 transforms into anatase, there are no considerable changes in hardness and Young's modulus. Conversely, the rutile phase leads to an increase in both properties. Indeed, such a kind of mixed structure appears to be very interesting considering hard tissue substitution. Bearing in mind that [START_REF] Bai | The effect of annealing temperatures on surface properties, hydroxyapatite growth and cell behaviors of TiO2 nanotubes[END_REF] highest hardness increases the wear resistance and smallest Young's modulus minimize stress-shielding, it becomes that the most advantageous structure would be the mix of anatase (outermost surface) and rutile (interface), which also looks to be an attractive implant surface, since the mixed structure may favor the mechanical interaction between the implant and bone.

Moreover, one may anticipate that the close-packed structure of rutile phase, when compared to anatase, improves the corrosion resistance of the implant in a biological environment, hence preventing Ti-ion release [START_REF] Munirathinam | Titania nanotubes from weak organic acid electrolyte: Fabrication, characterization and oxide film properties[END_REF][START_REF] Roguska | Improvement of the bio-functional properties of TiO2 nanotubes[END_REF][START_REF] Zhu | Anodic oxide films containing Ca and P of titanium biomaterial[END_REF].

At last, bone growth is favored by high surface bioactivity, thus being able to avoid premature implant substitution. Hereof, once anatase, which is on the outermost surface, and hydroxyapatite have comparable lattices [START_REF] Oh | Titanium oxide nanotubes with controlled morphology for enhanced bone growth[END_REF][START_REF] Uchida | Structural Dependence of Apatite Formation on Titania Gels in a Simulated Body Fluid[END_REF], the bulk anatase is assumed to be more useful for nucleation and growth of hydroxyapatite than the compact bulk rutile, which will have a crucial role in the corrosion resistance by efficiently isolating the substrate from the body fluid. Furthermore, many works confirm that the mixed structure may be more able to promote apatite growth than the single anatase structure [START_REF] Bai | The effect of annealing temperatures on surface properties, hydroxyapatite growth and cell behaviors of TiO2 nanotubes[END_REF][START_REF] Tsuchiya | Hydroxyapatite growth on anodic TiO2 nanotubes[END_REF]. Such fact is associated with the complementary effect of the crystalline structure and surface morphology on the capability of apatite formation.

Another important fact that can be observed in Figure 4 is the absence of any other oxide other than TiO2, despite the presence of high amounts of Nb and Zr. Such absence of other oxides was also observed in several works in the literature, for instance 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. Minor or no explanation at all is given for this fact by the authors of these works. Jin et al. [START_REF] Jin | Fabrication and characterization of anodic oxide nanotubes on TiNb alloys[END_REF], stated that the nonexistence of Nb reflections in the as-anodized and annealed nanotubes is assigned to the unnoticeable quantity of Nb in the nanotubes after both anodization and annealing due to the very low diffusion coefficient of Nb compared to that of Ti. Indeed, by observing Table 2, which presents results of EDX analysis, even not considering that part of Nb and Zr is coming from the substrate due beam penetration, one can confirm that amounts of both elements is very low and the presence of either Nb2O5 or ZrO2, if any, is below the detection limit of the XRD equipment.

The above observation confirms that, as stated before, [TiF6] 2-controls the diffusion rate for nanotubes formation, due to the higher solubility of Ti-F or Ti-O-F compounds in aqueous media than Nb-F and Zr-F species. Therefore, the low solubility of Nb and Zr, and their low diffusion coefficient justify the negligible amounts of both elements in the composition of nanotubes or nanopores, and, consequently, small amounts of their oxides.

Figure 5 presents results of potentiodynamic polarizations that display different corrosion potential values for the various conditions, being higher for anodized and thermally treated samples (TiO2 containing samples), meaning that anodization enhances the stability of the material significantly. Also, one observes a large difference in corrosion current densities, which indicates a lower corrosion resistance for polished samples compared to the anodized and crystallized ones. All samples exhibit very stable passivation characteristics up to ~0.9 V vs. SCE, which evidences the absence of pitting corrosion initiation.

In fact, on average, the corrosion current density (icorr) for titanium substrates is ~120 nA cm -2 , while for samples coated with TiO2 nanostructures such current is decreased to about 3 nA cm -2 . From these results, it is noteworthy that icorr for titanium-based surfaces is exceptionally smaller than for other metallic materials used in longstanding implants, for example ranging from ~8 to ~3000 times lower than the icorr for stainless steel 316L in physiological media (~ 1-10 µA cm -2 ) that is extensively employed in surgical implants [START_REF] Chen | Metallic implant biomaterials[END_REF][START_REF] Sinha | Potentiodynamic polarization study of type316L and 316LVM stainless steels for surgical implants in simulated body fluid[END_REF].

In short, it is visible that ultrafine grained samples have better corrosion behavior than coarse-grained ones, considering or not the presence of the nanostructured coating. However, it is still more noticeable that TiO2 nanostructures enhanced the corrosion resistance when compared to the different titanium substrates. Such an improvement is due to the presence of anatase nanostructures and the compact bulk layer of rutile that creates an interfacial oxide layer barrier. Comparing electrical conductivity and structural arrangement one may be advised that the rutile phase is respectively more conductive [START_REF] Tighineanu | Conductivity of anodic TiO2 nanotubes: Influence of annealing conditions[END_REF] and more compact than the anatase [START_REF] Roguska | Improvement of the bio-functional properties of TiO2 nanotubes[END_REF], thus, as also reported in the literature [START_REF] Munirathinam | Role of crystallinity on the nanomechanical and electrochemical properties of TiO2 nanotubes[END_REF], leading to an improvement of corrosion resistance of the interfacial layer. Therefore, regarding the synergy between corrosion and mechanical properties, it appears that, due to the mixed structure, the nanostructured TiO2 coating can satisfy both properties simultaneously. In other words, high corrosion potential (Ecorr), low corrosion current density (icorr), meaning stability in a physiological environment and, as stated in the literature [START_REF] Bai | The effect of annealing temperatures on surface properties, hydroxyapatite growth and cell behaviors of TiO2 nanotubes[END_REF], attractive values of hardness and Young's modulus.

One can confirm the above statements by examining Table 3, which brings results for cp-Ti and Ti-alloys from the literature. The literature is vast in the nanotubes' subject.

However, the considerable majority of articles are related to cp-Ti and classical Ti6Al4V.

Nevertheless, regarding potentiodynamic polarization, since few results from other alloys were published, we decided to use only the more recent information. 3 for different substrates gave the value of about -380 mV. Considering such a value, one may observe that, except for one value for cp-Ti, corrosion potentials for substrates are electrochemically and statistically similar. However, one must bear in mind that Ecorr is related to surface characteristics. In other words, nobler and more stable surfaces in the medium will lead to higher corrosion potentials. Therefore, differences may be associated with the soaking time, different times before soaking, and distinct surface conditioning previous to polarization. Nevertheless, the above observation is not completely clear for anodized samples. As one may observe in Table 3, in anodized surfaces there would be reciprocated impact of the morphology of TiO2 nanostructures (length, diameter, distribution, and so on) and, of course, their crystallinity influencing surface properties. It is also remarkable that the majority of samples coated with a layer of TiO2 nanostructures usually have higher corrosion potentials, compared to the substrate. This reasoning was not observed for Ti-Nb alloys, where Ecorr was much worsened after anodization. However, it is clear that surfaces of the mixed morphology of nanotubes and nanopores for the Ti13Nb13Zr are much nobler than the majority of the alloys.

Calculation of the average value regarding Ecorr presented in Table

Regarding corrosion current (icorr) for substrates, except for unexpected results for the Ti15Mo and Ti6Al7Nb alloys, all other alloys presented icorr in the same order of magnitude, with similar values, being electrochemically equivalents. Although it would be expected a decrease in icorr after anodization, this was not the case for one cp-Ti, Ti-Nb alloys (where there was a considerable increase in icorr), and Ti15Mo alloy. By observing the micrographs in the related articles, it was possible to note that all surfaces of these alloys were very irregular and, in some cases, with voids, which can lead to crevice corrosion. In this way, one could infer that such irregularities could be one of the reasons for such an increase. Nonetheless, the authors of these articles did not give any explanation regarding this fact. Excluding these exceptions, it is noteworthy that nanotubes on the surface of one of the Ti6Al4V alloy, and nanotubes + nanopores on the surface of the Ti13Nb13Zr alloy, led to very small and equivalent corrosion currents when compared to other alloys.

A qualitative analysis of apatite formation performed by FEG-SEM observations and EDS analysis can be seen in Figures S1,S2, and S3 in the supplementary material file. As one may observe, no apatite layer was found on polished surfaces (Fig. S1), indicating that, as already stated in the literature [START_REF] Bauer | Engineering biocompatible implant surfaces: Part I: Materials and surfaces[END_REF], they are not bioactive. Regarding anodized surfaces, Figure S2 shows that there is apatite precipitation on anodized surfaces of the coarse-grained material between the first and seventh day. Meanwhile, there was apatite precipitation on the anodized surface of ultrafine grained material from the first day of immersion in SBF solution. This behavior indicates that the nanostructured oxide layer produced on fine-grained surfaces is more bioactive than on surfaces of the coarse-grained material. The EDX analysis of Figure S3 and the Raman spectroscopy in Figure 6a confirm the presence of apatite from the first day of immersion.

Comparing the micrographs in Figure S2, one may observe globular precipitation of apatite on the first day for the deformed sample, which grows fast up to the seventh day and thickens in the next seven days. However, in the same Figure, it is possible to see that the precipitation of apatite on the surface of the undeformed sample is very thin after seven days, but also thickens with continued immersion in SBF solution.

Table 4 presents results of periods of precipitation of apatite on surfaces coated with nanotubes from the literature comparing with the results of this work for deformed and undeformed samples of the (α'+β)-Ti-13Nb-13Zr alloy coated with nanopores and nanotubes.

As one may observe, the materials coated with nanopores and nanotubes of the present work acquired higher bioactivity than most of the materials coated with nanotubes found in the literature and have similar bioactivity with some of them. As all of the materials possessed mixed anatase and rutile structures, the most probable reasons for this behavior may be related to different diameters of nanotubes (nanopores) and the degree of ordering of TiO2 nanostructures present in each condition used for growing nanotubes. Both reasons are directly linked to the specific surface area that may favor apatite precipitation [START_REF] Li | Synthesis and bioactivity of highly ordered TiO2 nanotube arrays[END_REF].

A quantitative evaluation of apatite formation was carried out by weighing samples before and after immersion in SBF. Values in Figure 6b represent the average of three measurements while error bars consider the standard deviation and measurement uncertainties of the weighing balance (0.2 mg). Figure 6b shows apatite mass gain for annealed TiO2 nanostructures on (α'+β) Ti samples compared to results for a cp α-Ti previously published by our group [START_REF] Hilario | Influence of morphology and crystalline structure of TiO2 nanotubes on their electrochemical properties and apatiteforming ability[END_REF] (alloy number 3 in Table 4), after 1, 7 and 14 days of immersion in SBF. As one may observe, no apatite was deposited on the surface of coarse-grained (α'+β) Ti-alloy during the first day of soaking, while on other samples, the mass gain of apatite increased with the immersion time from the first 24 hours. However, despite continuously growing, one can note that during the second week of immersion the growth rate of apatite was reduced compared to the first week. From the first day immersed in SBF, cp α-Ti samples showed higher bioactivity than samples of (α'+β) Ti-alloys, demonstrating the effect of the different kind of surfaces (only nanotubes and the mix of nanotubes and nanopores). In this case, it is possible to compare bioactivity related to surfaces because the parameters, procedures, and conditions used to produce the nanostructures on the surface of different alloys were precisely the same. Nevertheless, comparing coarse-grained samples, α-Ti is much more bioactive than the coarse-grained (α'+β) Ti-alloy. Comparing (α'+β) Ti samples, it is also noticeable that the smaller the grain size, the more important the mass gain, which also demonstrate the importance of the kind of the surface for bioactivity, and, in this case, the redistribution and sizes of α' and β phases on the sample surface caused by HPT.

Conclusions

The results of the anodization of the Ti13Nb13Zr alloy showed for the first time that there is the formation of two different nanostructures, where nanotubes grow in the α'-phase and nanopores in the β-phase, irrespective to the spatial distribution of both phases.

Even with the different nanostructures formed in α' and β phases after anodization, potentiodynamic polarizations revealed an increase of corrosion resistance for the anodized Ti13Nb13Zr samples when compared to polished ones, without pitting corrosion initiation.

A comparison between anodized (α'+β)-Ti coarse-grained alloy and (α'+β)-Ti ultra-fine grained one indicates that nanostructuring the (α'+β)-Ti alloy by HPT helped to improve the bioactivity when compared with the coarse-grained sample. 4), coarse-grained (α'+β)-Ti-13Nb-13Zr alloy and ultra-fine grained (α'+β)-Ti13Nb13Zr alloy processed by HPT. 

Tables' captions

Figure 3

 3 Figure 3 presents in SEM images the morphologies of the top and lateral views of nanostructures after anodization. Such images show self-organized TiO2 nanotubes formed in the α' phase and nanoporous of TiO2 in the β phase (see Fig.3b). Figures3b and 3c indicate

undeformed and deformed samples Table 3 .Table 4 .Figure 1 .

 341 Figures' captions

Figure 2 .

 2 Figure 2. (a) SEM image showing the microstructure of the non-deformed Ti13Nb13Zr alloy. (b) ACOM-TEM analysis, showing a virtual TEM bright field image for the Ti13Nb13Zr alloy after deformation, superimposed to a mapping of high-angle grain boundaries.

Figure 3 .

 3 Figure 3. SEM micrographs of anodized Ti13Nb13Zr alloy. (a, b, c) Initial condition. (a) Top view image, (b) Top view image (higher magnification), (c) Lateral view of the mechanically fractured region. (d, e, f) HPT deformed samples. (d) Top view, (e) Top view image of nanopores, (f) Lateral view of the mechanically fractured region.

Figure 4 .

 4 Figure 4. XRD pattern for the Ti13Nb13Zr alloy in the initial and deformed conditions with (a) as-formed nanotubes and nanopores and (b) annealed TiO2 nanostructures at 550 °C in air.

Figure 5 .

 5 Figure 5. Potentiodynamic polarization curves, recorded in SBF at 37°C.

Figure 6 .

 6 Figure 6. (a) Raman spectroscopy of the surface of the ultrafine-grained samples, showing the presence of hydroxyapatite (Hap) on the surface of nanotubes and nanopores of the alloy (α'+β)-Ti13Nb13Zr. (b) Apatite mass gain of anodized samples when immersed in SBF, as a function of immersion time, comparing coarse-grained cp α-Ti [42] (alloy number 3 in Table
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 1 Summary of some results from the literature using similar conditions to this work
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 2 Results of EDX analysis of anodized and heat treated nanostructures coating
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	Nanotubes'dimensions
	(nm)

Table 2 .

 2 Results of EDX analysis of anodized and heat treated nanostructures coating undeformed and deformed samples

		Condition
	Element	Undeformed (at. %)	Deformed (at. %)
	Ti	26.30	27.93
	Zr	2.55	2.65
	Nb	3.14	2.78
	O	68.01	66.64

Table 3 .

 3 Corrosion parameters of annealed nanotubes compared to substrates (NP = nanopores, NT = nanotubes, CG = Coarse grained, UFG = ultrafine grained, GP= Ground and polished)

	Material	Morphology	Condition	Icorr (nA/cm2) Ecorr (mVxSCE)	[ref]
	Ti13Nb13Zr13 CG	GP	Substrate	161	-451	
	Ti13Nb13Zr13 UFG			81	-541	This work
	Ti13Nb13Zr13 CG	NP+NT	Annealed at 550 o C	2.5	-3	
	Ti13Nb13Zr13 UFG			3.4	-71	
	cpTi cpTi	GP NT	Substrate Annealed at 500 o C	100 180	-145 80	[63]
	cpTi cpTi	GP NT	Substrate Annealed at 450 o C	300 200	-523 -389	[64]
	Ti10Nb			200	-367	
	Ti20Nb	GP	Substrate	200	-367	
	Ti30Nb			350	-337	
	Ti40Nb Ti10Nb Ti20Nb	NT	Annealed at 600 o C	100 28,000 15,000	-493 -1323 -1000	[59]
	Ti30Nb			30,000	-1266	
	Ti40Nb			30,000	-811	
	Ti6Al7Nb Ti6Al7Nb	GP NT	Substrate Annealed at 600 o C	600,000 8000	-218 -317	[65]
	Ti6Al4V Ti6Al4V	GP NT	Substrate Annealed at 500 o C	4334 549	-143 -89	[66]
	Ti6Al4V Ti6Al4V	GP NT	Substrate Annealed at 650 o C	150 2	-250 -125	[67]
	Ti15Mo Ti15Mo	GP NT	Substrate Annealing ?	1100 1500	-397 -206	[14 ]
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