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INTRODUCTION

Titanium and its alloys, most commonly used in implants, such as cp Ti and Ti-6Al-4V alloy, have the disadvantage of high elastic modulus (> 100 GPa) when compared to that of the human bone [START_REF] Buciumeanu | Study of the tribocorrosion behaviour of Ti6Al4V -HA biocomposites[END_REF][START_REF] Kaur | Review on titanium and titanium based alloys as biomaterials for orthopaedic applications[END_REF].

The difference in the elastic modulus value (bone and implant) gives rise to a phenomenon known as stress-shielding, generating large stresses at the bone/implant interface, leading to decreased bone production, inducing to bone fracture in the implant's region [START_REF] Guo | Deformation behavior of metastable β-type Ti-25Nb-2Mo-4Sn alloy for biomedical applications[END_REF][START_REF] Pérez | Surface anodization of the biphasic Ti13Nb13Zr biocompatible alloy: Influence of phases on the formation of TiO2 nanostructures[END_REF][START_REF] Türk | Biomimetric coating of monophasic brushite on Ti6Al4V in new m-5xSBF[END_REF][START_REF] Ferrandini | Aging response of the Ti-35Nb-7Zr-5Ta and Ti-35Nb-7Ta alloys[END_REF]. Nowadays, titanium alloys with low elastic modulus are being developed to avoid or reduce the stress shielding effect. The β-Ti phase can be retained at room temperature in a stable or metastable form by adding β-stabilizing alloying elements such as Mo, Nb, Zr, Ta, and Fe [START_REF] Ferrandini | Aging response of the Ti-35Nb-7Zr-5Ta and Ti-35Nb-7Ta alloys[END_REF][START_REF] Lindemann | Ultrafine-grained Ti-40Nb prepared by reactive milling of the elements in hydrogen[END_REF][START_REF] Fanton | Anodization growth of TiO2 nanotubes on Ti-35Nb-7Zr-5Ta alloy: effects of anodization time, strain hardening, and crystallographic texture[END_REF][START_REF] Geetha | Ti based biomaterials, the ultimate choice for orthopaedic implants -A review[END_REF][START_REF] Chaves | Characterization of the structure, thermal stability and wettability of the TiO 2 nanotubes growth on the Ti-7.5Mo alloy surface[END_REF], which are non-toxic for the human body [START_REF] Pérez | Surface anodization of the biphasic Ti13Nb13Zr biocompatible alloy: Influence of phases on the formation of TiO2 nanostructures[END_REF][START_REF] Nnamchi | Mechanical and electrochemical characterisation of new Ti-Mo-Nb-Zr alloys for biomedical applications[END_REF][START_REF] Luz | Characterization of the morphology, structure and wettability of phase dependent lamellar and nanotube oxides on anodized Ti-10Nb alloy[END_REF].

It is reported that the β-Ti phase stability increases monotonically when the niobium content increases from 5 % to 40 % (mass fraction) [START_REF] Sharkeev | Structure and properties of micro-arc calcium phosphate coatings on pure titanium and Ti-40Nb alloy[END_REF][START_REF] Göttlicher | Controlled surface modification of Ti-40Nb implant alloy by electrochemically assisted inductively coupled RF plasma oxidation[END_REF][START_REF] Chaves | Influence of phase transformations on dynamical elastic modulus and anelasticity of beta Ti-Nb-Fe alloys for biomedical applications[END_REF]. The elastic modulus of β Ti-Nb alloys also varies with different Nb amounts. The stable β Ti40Nb alloy is reported to have a low elastic modulus of about 60 GPa in the solution-treated state [START_REF] Lindemann | Ultrafine-grained Ti-40Nb prepared by reactive milling of the elements in hydrogen[END_REF][START_REF] Sharkeev | Structure and properties of micro-arc calcium phosphate coatings on pure titanium and Ti-40Nb alloy[END_REF][START_REF] Göttlicher | Controlled surface modification of Ti-40Nb implant alloy by electrochemically assisted inductively coupled RF plasma oxidation[END_REF][START_REF] Chaves | Influence of phase transformations on dynamical elastic modulus and anelasticity of beta Ti-Nb-Fe alloys for biomedical applications[END_REF][START_REF] Schmidt | Electrochemical deposition of hydroxyapatite on beta-Ti-40Nb[END_REF]. Thus, the Ti40Nb alloy is one of the most suitable materials for medical implants providing good biomechanical interaction with the bone tissue [START_REF] Göttlicher | Controlled surface modification of Ti-40Nb implant alloy by electrochemically assisted inductively coupled RF plasma oxidation[END_REF][START_REF] Chaves | Influence of phase transformations on dynamical elastic modulus and anelasticity of beta Ti-Nb-Fe alloys for biomedical applications[END_REF][START_REF] Schmidt | Electrochemical deposition of hydroxyapatite on beta-Ti-40Nb[END_REF][START_REF] Afonso | Effect of Rapid Solidification on Microstructure and Elastic Modulus of β Ti-xNb-3Fe Alloys for Implant Applications[END_REF]. Furthermore, besides being non-toxic and having good biocompatibility, Nb improves the already suitable Titanium corrosion resistance [START_REF] Pérez | Surface anodization of the biphasic Ti13Nb13Zr biocompatible alloy: Influence of phases on the formation of TiO2 nanostructures[END_REF][START_REF] Luz | Characterization of the morphology, structure and wettability of phase dependent lamellar and nanotube oxides on anodized Ti-10Nb alloy[END_REF][START_REF] Hilario | Influence of morphology and crystalline structure of TiO2 nanotubes on their electrochemical properties and apatite-forming ability[END_REF][START_REF] Chen | Metallic implant biomaterials[END_REF].

Many efforts have been made to make metal implants more biocompatible. However, the implant's rejection is still a problem not fully resolved [START_REF] Geetha | Ti based biomaterials, the ultimate choice for orthopaedic implants -A review[END_REF][START_REF] Rupp | Surface characteristics of dental implants: A review[END_REF][START_REF] Asri | Corrosion and surface modification on biocompatible metals: A review[END_REF]. The implant surface properties result in more appropriate interaction with the organism; therefore, there is a need for a surface that optimizes the implant's biocompatibility [START_REF] Fanton | Anodization growth of TiO2 nanotubes on Ti-35Nb-7Zr-5Ta alloy: effects of anodization time, strain hardening, and crystallographic texture[END_REF][START_REF] Hilario | Influence of morphology and crystalline structure of TiO2 nanotubes on their electrochemical properties and apatite-forming ability[END_REF]. As the biological response depends on the physicochemical properties of the surface of the implant, numerous surface modifications have been developed to solve this issue as, for example, laser surface melting [START_REF] Balla | Microstructure, mechanical and wear properties of laser surface melted Ti6Al4V alloy[END_REF], plasma electrolytic oxidation [START_REF] Santos-Coquillat | In vitro and in vivo evaluation of PEO-modified titanium for bone implant applications[END_REF], micro-arc oxidation [START_REF] Correa | Growth mechanisms of Ca-and P-rich MAO films in Ti-15Zr-xMo alloys for osseointegrative implants[END_REF], sandblasting [START_REF] Li | Elastin Blends for Tissue Engineering Scaffolds[END_REF], electrochemical anodization [START_REF] Pérez | Surface anodization of the biphasic Ti13Nb13Zr biocompatible alloy: Influence of phases on the formation of TiO2 nanostructures[END_REF][START_REF] Hilario | Influence of morphology and crystalline structure of TiO2 nanotubes on their electrochemical properties and apatite-forming ability[END_REF][START_REF] Park | Bioactive and electrochemical characterization of TiO2 nanotubes on titanium via anodic oxidation[END_REF]. Highly ordered nanotubes or nanopores have attracted researchers' attention due to their numerous advantages, such as controlled roughness, improvement in corrosion properties, and biocompatibility [START_REF] Pérez | Surface anodization of the biphasic Ti13Nb13Zr biocompatible alloy: Influence of phases on the formation of TiO2 nanostructures[END_REF][START_REF] Macak | Mechanistic aspects and growth of large diameter self-organized TiO2 nanotubes[END_REF].

The most common and efficient way to grow TiO2 nanotubes is by electrochemical synthesis (anodization). An electric potential is applied between two electrodes separated by a fluoride-containing electrolyte [START_REF] Pérez | Surface anodization of the biphasic Ti13Nb13Zr biocompatible alloy: Influence of phases on the formation of TiO2 nanostructures[END_REF][START_REF] Türk | Biomimetric coating of monophasic brushite on Ti6Al4V in new m-5xSBF[END_REF][START_REF] Fanton | Anodization growth of TiO2 nanotubes on Ti-35Nb-7Zr-5Ta alloy: effects of anodization time, strain hardening, and crystallographic texture[END_REF][START_REF] Chaves | Characterization of the structure, thermal stability and wettability of the TiO 2 nanotubes growth on the Ti-7.5Mo alloy surface[END_REF][START_REF] Göttlicher | Controlled surface modification of Ti-40Nb implant alloy by electrochemically assisted inductively coupled RF plasma oxidation[END_REF][START_REF] Hilario | Influence of morphology and crystalline structure of TiO2 nanotubes on their electrochemical properties and apatite-forming ability[END_REF][START_REF] Trino | Titanium surface bio-functionalization using osteogenic peptides: Surface chemistry, biocompatibility, corrosion and tribocorrosion aspects[END_REF][START_REF] Ferreira | Improvement of titanium corrosion resistance by coating with polycaprolactone and poly-caprolactone/titanium dioxide: Potential application in heart valves[END_REF][START_REF] Goodman | The future of biologic coatings for orthopaedic implants[END_REF]. It is a simple process that can be applied even to complex implant geometries. The working electrode (anode) corresponds to the Ti alloy substrate on which the TiO2 nanotubes will grow, and the counter electrode (cathode) is usually made of Pt [START_REF] Pérez | Surface anodization of the biphasic Ti13Nb13Zr biocompatible alloy: Influence of phases on the formation of TiO2 nanostructures[END_REF][START_REF] Fanton | Anodization growth of TiO2 nanotubes on Ti-35Nb-7Zr-5Ta alloy: effects of anodization time, strain hardening, and crystallographic texture[END_REF][START_REF] Chaves | Characterization of the structure, thermal stability and wettability of the TiO 2 nanotubes growth on the Ti-7.5Mo alloy surface[END_REF][START_REF] Hilario | Influence of morphology and crystalline structure of TiO2 nanotubes on their electrochemical properties and apatite-forming ability[END_REF][START_REF] Chen | Metallic implant biomaterials[END_REF][START_REF] Rupp | Surface characteristics of dental implants: A review[END_REF][START_REF] Lin | Nano-hydroxyapatite crystal formation based on calcified TiO 2 nanotube arrays[END_REF]. The anodization process occurs in 3 distinct phases, which are described in the following. There is a high anodizing current in the initial stage, indicating the beginning of titanium oxidation (Ti→Ti 4+ ). A TiO2 oxide layer is formed due to ions O 2-and OH -present in the electrolyte. Concomitantly, F -ions start forming small cavities/channels in the TiO2 oxide layer. The anodizing current flow remains active; however, it decreases to a minimum value as the TiO2 oxide layer's presence dominates the process. In the second stage, an increase in the current density occurs due to the increase in nucleation and coalescence of the cavities/channels, forming nanopores. This is due to decreased resistance to the flow of ions from the TiO2 oxide layer as more pathways are available for ionic species. Then, the nanopores are enlarged, spreading evenly over the surface. As the pores become deepest, the electric field in these regions increases, accelerating the growth and dissolution of the TiO2 oxide layer, forming tubes. In the third stage, the anodizing current remains constant since the balance between the rate of oxide growth (metal/oxide) and dissolution at the oxide/electrolyte interface is reached. In this step, the stabilization of the nanotubes takes place [START_REF] Regonini | Anodised TiO 2 nano-tubes: Voltage ramp influence on the nanostructured oxide and investigation of phase changes promoted by thermal treatments[END_REF][START_REF] Regonini | Anodised titania nanotubes prepared in a glycerol/NaF electrolyte[END_REF][START_REF] Macak | TiO2 nanotubes: Self-organized electrochemical formation, properties and applications[END_REF][START_REF] Roy | TiO2 nanotubes: Synthesis and applications[END_REF].

It is well known that nanotubes produced by the anodization process are typically amorphous, low mechanically resistant [START_REF] Fanton | Anodization growth of TiO2 nanotubes on Ti-35Nb-7Zr-5Ta alloy: effects of anodization time, strain hardening, and crystallographic texture[END_REF][START_REF] Chaves | Characterization of the structure, thermal stability and wettability of the TiO 2 nanotubes growth on the Ti-7.5Mo alloy surface[END_REF][START_REF] Huang | Growth of titanium oxide or titanate nanostructured thin films on Ti substrates by anodic oxidation in alkali solutions[END_REF]. Therefore, it is necessary to crystalize such an amorphous phase to improve mechanical properties [START_REF] Fanton | Anodization growth of TiO2 nanotubes on Ti-35Nb-7Zr-5Ta alloy: effects of anodization time, strain hardening, and crystallographic texture[END_REF][START_REF] Chaves | Characterization of the structure, thermal stability and wettability of the TiO 2 nanotubes growth on the Ti-7.5Mo alloy surface[END_REF][START_REF] Gavrilin | Differences in the local structure and composition of anodic TiO2 nanotubes annealed in vacuum and air[END_REF][START_REF] Pérez | Severe plastic deformation and different surface treatments on the biocompatible Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys: Microstructural and phase evolutions, mechanical properties, and bioactivity analysis[END_REF]. TiO2 can be crystallized into three different structures, anatase, rutile (the most stable phase), and brookite. Brookite is a metastable phase that can be transformed into the rutile by further heating [START_REF] Hilario | Influence of morphology and crystalline structure of TiO2 nanotubes on their electrochemical properties and apatite-forming ability[END_REF][START_REF] Cremasco | Electrochemical corrosion behavior of a Ti-35Nb alloy for medical prostheses[END_REF][START_REF] Verissimo | In situ characterization of the effects of Nb and Sn on the anatase-rutile transition in TiO 2 nanotubes using high-temperature X-ray diffraction[END_REF][START_REF] Awad | A review of TiO2 NTs on Ti metal: Electrochemical synthesis, functionalization and potential use as bone implants[END_REF].

It is known that nanostructures' morphology favors surface wettability and consequently the surface energy, making it possible to observe a smaller contact angle and higher surface energy with the surface without the presence of nanostructures [START_REF] Liu | Surface wettability of TiO 2 nanotube arrays prepared by electrochemical anodization[END_REF]. As the wettability's surface is a property directly linked to the rate of bone cell adhesion, it can also influence the osseointegration of the implant [START_REF] Luz | Characterization of the morphology, structure and wettability of phase dependent lamellar and nanotube oxides on anodized Ti-10Nb alloy[END_REF][START_REF] Shin | Wettability changes of TiO2 nanotube surfaces[END_REF]. Hydrophilic surfaces, which shows smaller contact angles and consequently better wettability, promote a more propitious environment to accelerate osseointegration [START_REF] Li | Elastin Blends for Tissue Engineering Scaffolds[END_REF][START_REF] Liu | Surface wettability of TiO 2 nanotube arrays prepared by electrochemical anodization[END_REF][START_REF] Shin | Wettability changes of TiO2 nanotube surfaces[END_REF][START_REF] Gittens | The roles of titanium surface micro/nanotopography and wettability on the differential response of human osteoblast lineage cells[END_REF]. In general, contact angles and surface energy in wettability tests may depend on the surface roughness, crystalline structure, and surface morphology of the anodized film [START_REF] Chaves | Characterization of the structure, thermal stability and wettability of the TiO 2 nanotubes growth on the Ti-7.5Mo alloy surface[END_REF][START_REF] Luz | Characterization of the morphology, structure and wettability of phase dependent lamellar and nanotube oxides on anodized Ti-10Nb alloy[END_REF][START_REF] Rosales-Leal | Effect of roughness, wettability and morphology of engineered titanium surfaces on osteoblast-like cell adhesion, Colloids Surfaces A Physicochem[END_REF][START_REF] Rodriguez-Contreras | Surface nanoporosity has a greater influence on osteogenic and bacterial cell adhesion than crystallinity and wettability[END_REF][START_REF] Kujawa | The influence of surface modification on the physicochemical properties of ceramic membranes, Colloids Surfaces A Physicochem[END_REF].

Based on the limitations inherent in the information available to date, the present investigation's objective was to study the effect of different anodized TiO2 nanostructures' morphologies and annealing on the Ti40Nb alloy's Young's modulus, alloy's surface wettability, and surface energy, hence, obtaining information on the more suitable combination of surface treatment and heattreatment temperature for future biomedical applications.

Experimental procedure

Ti40Nb preparation

From pure elements, Ti40Nb alloy ingot was obtained via Electron Beam Melting model EMO 80, under a protective atmosphere of Ar(g). The ingot was cooled in a copper mold. The rolling swaging process was carried out in alternated steps of heating at 900 o C followed by straining. These cycles were repeated until a cylindrical shaped bar reached approximately 11.5 mm in diameter. The swaging process was performed using a rotary forging machine FENN 5F. After the swaging process, discs of 11.5 mm in diameter and 1 mm thick were machined out from the bars. Metallographic preparation was performed by grinding samples with SiC sandpaper down to 1500 mesh, followed by polishing with 3 μm alumina. Samples were chemically etched using a modified Kroll solution (40 % H2O + 40 % HF + 20 % HNO3) for one minute.

Table 1 show the semi-quantitative energy dispersive spectroscopy (EDS) analysis though scanning electronic microscopy (SEM) of the Ti40Nb alloy.

Table 1. Results of EDS (X-ray Energy Dispersive Spectroscopy) semiquantitative analysis

Elements Ti Nb

Mass weight (wt %) 58.9 41.1

Electrochemical anodization process

The electrochemical anodization process was accomplished in an organic electrolyte, with a composition of 0.25M NH4F (Ammonium fluoride), 25 % (vol.) H2O, and 75 % (vol.) glycerol. A standard two electrodes system was used for electrochemical anodization, where a platinum grid was the counter electrode, and the Ti40Nb disc sample was the working electrode. The sample exposed area was 0.785 cm². The power supply was a TCR 20S30 (TCR Electronic Measurements inc.). The applied anodizing voltages were 10 V and 20 V. Samples were anodized for 60 min (1 hour).

Annealing process

For the sake of promoting the amorphous-anatase-rutile phase transformations and variation in elastic modulus, anodized samples were annealed at the temperatures of 450 °C, 550 °C, and 800 °C for 1 hour, after which samples were slowly cooled inside the furnace. The atmosphere for the annealing heat treatments was a combination of vacuum and protective atmosphere of argon Ar(g).

Samples characterization

The samples' surface morphologies were characterized by scanning electronic microscopy (SEM) using Philips XL-30 FEG, FEI Magellan 400L, and FEG-SEM Zeiss Ultra 55, coupled with energy dispersive spectroscopy (EDS).

Different sample conditions (disks of 11,5 mm of diameter and 1 mm of thickness) were evaluated by X-ray diffraction (XRD) in a Rigaku Gierflex ME210GF2 equipment, using Cu-Kα radiation (λ=1.54056 Å), and scanning 2θ between 20 ° and 90 °, with a step from 0.02 °. The elastic modulus, E (GPa), of all samples (disks of 11,5 mm of diameter and 1 mm of thickness) was determined from the material's natural resonant frequency, detected after impulse excitation using a Sonelastic® ATCP equipment, according to the standard ASTM-E1876:2001 [START_REF] Specimens | Dynamic Young's Modulus, Shear Modulus, and Poisson's Ratio by Impulse Excitation of Vibration[END_REF] Transmission electron microscopy (TEM) analysis was realized for the (Ti,Nb)O2 nanostructures, using an FEI TECNAI G 2 F20 HRTEM 200 kV, coupled EDS detector EDAX for semi-quantitative chemical analysis.

Wettability measurements and surface energy (γ)

Surface wettability characteristics were evaluated by contact angle measurements using the sessile drop technique (2.5 μl), in a goniometer Krüss DSHAT HTM Reetz GmbH, equipped with a digital camera for capturing video with 15 s recording interval. Additionally, distilled water (polar liquid) and glycerol (apolar liquid) were used as test fluids whose surface energy (γ) is well defined [START_REF] Chaves | Characterization of the structure, thermal stability and wettability of the TiO 2 nanotubes growth on the Ti-7.5Mo alloy surface[END_REF][START_REF] Kujawa | The influence of surface modification on the physicochemical properties of ceramic membranes, Colloids Surfaces A Physicochem[END_REF][START_REF] Iqbal | Surface Tension Measurements of Glycerol with Organic Cosolvents[END_REF]. Based on these different liquids' surface energy parameters, the surface energy (γ) was calculated according to the Owens-Wendt method [START_REF] Owens | Estimation of the surface free energy of polymers[END_REF]. The experiments were performed in ambient conditions (T=25 o C), taking the mean value of 3 measurements.

Results and Discussion

3.1 Ti40Nb alloy structural characterization and Young's modulus measurement The formation of nanotubes on pure titanium surfaces was well described elsewhere [START_REF] Macak | TiO2 nanotubes: Self-organized electrochemical formation, properties and applications[END_REF]. Here, it is interesting to analyze the different nanostructure's formation. Fig. 3 (a) presents the graph of anodization current as a function of the anodizing time, and Fig. 3 (b) zooms-in the graph presented in Fig. 3 (a) up to 5 minutes of anodization. The current decreases exponentially as an oxide layer (passivation film [START_REF] Verissimo | In situ characterization of the effects of Nb and Sn on the anatase-rutile transition in TiO 2 nanotubes using high-temperature X-ray diffraction[END_REF][START_REF] Lockman | Influence of anodisation voltage on the dimension of titania nanotubes[END_REF]) thickness to a few tens of nm. The electrolyte contains species capable of dissolving the anodized oxide layer (F -), then the surface begins to be locally dissolved, and pores will grow randomly on the oxide surface. Those pores' initiation leads to an increase in the active surface area and, consequently, an increase in current, forming a peak. Therefore, the pores share the available current equally, which finally leads to the formation of an array of vertically ordered nanostructures that stops growing. Therefore, the current becomes constant (after ~15 min for 10 V and ~25 min for 20 V). More precisely [START_REF] Asri | Corrosion and surface modification on biocompatible metals: A review[END_REF][START_REF] Verissimo | In situ characterization of the effects of Nb and Sn on the anatase-rutile transition in TiO 2 nanotubes using high-temperature X-ray diffraction[END_REF][START_REF] Shibata | A review of improved fixation methods for dental implants. Part I: Surface optimization for rapid osseointegration[END_REF], the steady-state is established when the rate of growth of the oxide (at the metal/oxide interface) equals its rate of dissolution (at the oxide/electrolyte interface) [START_REF] Macak | TiO2 nanotubes: Self-organized electrochemical formation, properties and applications[END_REF]. However, observing Fig. 3 (b), the current peak appeared quickly for samples polarized with 10 V. It was sharper and extinguished faster than for 20 V, which appeared gradually, was broader, and took longer to be extinguished. In the case of 20 V, one may observe that the current gradient before and after the broad peak is lower than for 10 V, indicating that the dissolution at 20 V started earlier and that the dissolution was gradual, leading to larger pore diameters, finally leading to nanostructures with a larger diameter and lengthier than for 10 V (Table 2).

The applied voltage determines the electric field's strength across the oxide and, thus, the ionic species' migration, directly affecting nanostructures' diameter and length [START_REF] Macak | Mechanistic aspects and growth of large diameter self-organized TiO2 nanotubes[END_REF][START_REF] Regonini | A review of growth mechanism, structure and crystallinity of anodized TiO2 nanotubes[END_REF]. Therefore, the higher the voltage, the more strength the electric field, the larger the diameter, and the lengthier's nanostructure. If one observes Table 2, it will be possible to infer that the electric field induced the fastest nanostructure growth.

In pure Ti, traces of the initial porous layer may remain at the top of the tubes. These traces generally take the form of "nanofilaments" and cover the surface of the nanotubes. In the literature, this layer is named nanograss.

Methods have been developed to overcome the nanograss formation in pure titanium [START_REF] Gui | Efficient suppression of nanograss during porous anodic TiO 2 nanotubes growth[END_REF][START_REF] Roy | TiO2 nanotubes in dye-sensitized solar cells: Higher efficiencies by well-defined tube tops[END_REF]. However, this work's results indicate that Nb stabilizes and thickens the nanograss structure. The initial porous layer persists on the top of tubes (insets of Fig. 2(b)) no matter is done to remove or overcome them in the condition of 20 V. Therefore, for this voltage condition, a nanoporous layer is kept on the top of the nanotubes.

Annealing and elastic modulus analysis

Fig. 4 presents the XRD patterns of as-anodized samples compared to annealed anodized ones at different temperatures. As the nanostructured oxide layer initially formed on the surface is amorphous, only diffraction peaks related to the substrate (Ti40Nb alloy) are possible to be identified (α" and β) as also observed in Fig. 1 (d).

The annealing leads to the crystallization of (Ti,Nb)O2 nanostructures and phase transformation in the substrate. At 450 °C, the oxide nanostructure crystallizes into anatase. The α phase is formed due to the dissolution of the α" martensite. There is the precipitation of a small amount of a metastable ω phase (2θ~78 °), which is typical for β-Ti alloys at this temperature.

When the temperature is increased to 550 °C, the anodized layer adopts a mixed structure where the nanotubes retain the anatase structure. In contrast, the barrier layer at the metal/NTs interface is transformed into the rutile phase [START_REF] Zhao | In situ templated synthesis of anatase single-crystal nanotube arrays[END_REF][START_REF] Roguska | Improvement of the bio-functional properties of TiO 2 nanotubes[END_REF]. Such an observation was confirmed by electron energy loss spectroscopy (EELS) in [START_REF] Roguska | Improvement of the bio-functional properties of TiO 2 nanotubes[END_REF]. The rutile phase's appearance is mainly due to the Ti substrate's thermal oxidation, which leads, within this temperature range, to the formation of (Ti,Nb)O2 in rutile form [START_REF] Lee | One-dimensional titanium dioxide nanomaterials: Nanotubes[END_REF]. As the annealing temperature increases, the rutile barrier layer thickens by "consuming" the nanotubes' bottom [START_REF] Yang | Crystallization and phase transition of titanium oxide nanotube arrays[END_REF]. Previous studies [START_REF] Verissimo | In situ characterization of the effects of Nb and Sn on the anatase-rutile transition in TiO 2 nanotubes using high-temperature X-ray diffraction[END_REF] indicate that Nb stabilizes the anatase phase, leading to increased anatase to the rutile transition temperature. At this temperature, only the β phase is present in the Ti40Nb substrate, indicating that α and ω phases were dissolved.

At 800 °C, anatase transforms totally in rutile, and there is the formation of Nb2O5, whose structure is reported to improve the wear resistance of Tibased alloys [START_REF] Minagar | A review of the application of anodization for the fabrication of nanotubes on metal implant surfaces[END_REF][START_REF] Ghicov | TiO2-Nb2O5 nanotubes with electrochemically tunable morphologies[END_REF]. It is also observed that only the β-Ti phase is present in the Ti40Nb substrate, indicating its stability at temperatures higher than 550 °C, indicating that the β-transus temperature was surpassed and β is now stable.

According to the binary TiNb phase diagram, the β-transus temperature is ~540 ºC for Ti40Nb [START_REF] Murray | Ti (Titanium) binary alloy phase diagrams[END_REF]. After annealing at 800 °C, the modulus of elasticity increased again, reaching the value of E=75 GPa, which can be explained by the formation of the ω phase at this temperature [START_REF] Wang | Role of omega phase evolution in plastic deformation of twinning-induced plasticity β Ti-12V-2Fe-1Al alloy[END_REF]. Even with the annealing taking place at a temperature higher than β-transus, it may be that during cooling there was enough time for the formation of a certain fraction of the ω phase, as indicated in the XRD pattern in Fig. 4, where the w phase peak (2θ = 22.5 °) is superimposed on the Nb2O5 peak. As the elastic modulus is a fundamental physical property in an implant application's choice and success, it is necessary to study the influence of phases formed after annealing on the modulus. Table 3 are summarized the results of the elastic modulus and the phases present in the Ti40Nb substrate, and (Ti,Nb)O2 nanostructures, according to the annealing temperature.

The elastic modulus of Ti40Nb substrate+amorphous (Ti,Nb)O2 nanostructures is the same as for the original substrate, i.e., E = 69 GPa, which has β and α" as phases present [START_REF] Helth | Effect of thermomechanical processing on the mechanical biofunctionality of a low modulus Ti-40Nb alloy[END_REF].

The precipitation of α and ω phases at 450 °C leads to an increase of the modulus to 88 GPa. When the sample is heat-treated at 550 °C, α and ω phases are dissolved, and only the β-Ti phase is present. Hence, the modulus is decreased to 65 GPa, which is smaller than the one for the original substrate with martensite as a second phase.

After annealing at 800 °C, the modulus increased a bit, reaching the value of 75 GPa, which may be explained by the formation of ω phase at this temperature [START_REF] Wang | Role of omega phase evolution in plastic deformation of twinning-induced plasticity β Ti-12V-2Fe-1Al alloy[END_REF]. To obtain detailed information about the microstructural changes in the anodized nanostructures, TEM images and analysis using selected area electron diffraction (SAD) were realized as a function of annealing temperature.

The TEM image in Fig. 6 (a) shows the nanostructures in the as-anodized condition, as well as the corresponding SAD pattern, in the upper right corner confirming the amorphous state of (Ti,Nb)O2. Fig. 6 (b) shows the TEM micrograph of (Ti,Nb)O2 nanotubes annealed at 800 °C (NT-800), with the presence of Nb2O5 oxide nanocrystals (dark spots) dispersed trough the matrix of (Ti,Nb)O2 nanostructure.

In addition, a semi-quantitative compositional analyzes using EDS (Table 4) confirms mixed composition based on (Ti,Nb)O2 nanostructure, with a greater amount of Ti (28at.%), comparing to the Nb (11at.%). As indicated by Ghicov et.

al [START_REF] Ghicov | TiO2-Nb2O5 nanotubes with electrochemically tunable morphologies[END_REF] the dissolution of Nb in electrolytes containing F -is lower when compared to Ti. In Table 4 it is also possible to observe, after annealing the NT-800 27.9 ± 0.9 11.5 ± 1.6 60.5 ± 2.3

Wettability

According to the above results, the annealing temperature of 550 ºC led to only β-phase in the substrate, leading the alloy to the lowest elastic modulus (65 GPa). Therefore, the wettability analysis was performed in as-anodized samples and samples annealed at 550 ºC (substrate and anodized). The results in Fig. 7, regarding the surface energy (γ), are in agreement with the results for contact angles. In other words, surface energy varies inversely with the contact angle. Therefore, the higher the surface energy, the smaller the contact angle. After analyzing Fig. 7, one may observe that the smallest energy value of 46 mJ/m² was measured for the substrate, which presented the highest contact angle. Such an energy value increases and reaches the highest value of 138 mJ/m² for the anodized condition of 10 V and annealed at 550 °C, which presented the smallest contact angle.

The reduction of contact angles and the consequent increase in surface energy, either in nanotubes or nanopores, is induced by liquid penetration, favored by capillarity forces [START_REF] Munirathinam | Influence of crystallite size and surface morphology on electrochemical properties of annealed TiO 2 nanotubes[END_REF][START_REF] Jin | Fabrication and characterization of anodic oxide nanotubes on TiNb alloys[END_REF]. The resulting smaller contact angles in samples annealed at 550 °C, was probably induced by the mixture of oxide phases (anatase and rutile) formed in the (Ti,Nb)O2 NTs/NPs that show hydrophilic properties [START_REF] Munirathinam | Influence of crystallite size and surface morphology on electrochemical properties of annealed TiO 2 nanotubes[END_REF][START_REF] Kulkarni | Interaction of nanostructured TiO2 biointerfaces with stem cells and biofilm-forming bacteria[END_REF]. Surface energy and contact angle are directly linked to protein adsorption in cell culture media and body fluids. Hence, the higher the surface energy (γ) and the smaller the contact angle, the greater the adhesion and the higher the osseointegration rate [START_REF] Luz | Characterization of the morphology, structure and wettability of phase dependent lamellar and nanotube oxides on anodized Ti-10Nb alloy[END_REF][START_REF] Rosales-Leal | Effect of roughness, wettability and morphology of engineered titanium surfaces on osteoblast-like cell adhesion, Colloids Surfaces A Physicochem[END_REF][START_REF] Gittens | A review on the wettability of dental implant surfaces II: Biological and clinical aspects[END_REF].

Table 5 are summarized results from the wettability test (contact angle)

and the results of surface energy (γ).

In PhD thesis of Ricci, V.P. [START_REF] Ricci | Influência de modificações superficiais na resistência à corrosão e na bioatividade da liga beta ti-40nb para aplicações biomédicas[END_REF] are available the results regarding the bioactivity tests, carried out in SBF medium. As the surface and mechanical characteristics are directly linked with biological responses in biomaterials, the results obtained in this work indicated that the more suitable condition was the anodization followed by annealing at 550 °C that provided an adequate nanostructure on the Ti40Nb surface that decreased the contact angle, increased the surface energy, and led to the lowest elastic modulus.

5.

Fig. 1 (

 1 Fig.1 (a)shows the SEM image in BSE (backscattered electrons) mode taken from the Ti40Nb sample. Where one may observe that the microstructure mainly consists of α" martensite (needles) dispersed trough the β-Ti matrix, which can be confirmed by the XRD pattern (Fig.1 (d)). Fig.1 (b-c) present the elemental mapping obtained by SEM-EDS, showing the alloying elements' uniform distribution (Ti and Nb).

Figure 1 .

 1 Figure 1. (a) SEM micrograph in BSE mode of Ti40Nb showing α" martensite (needles) dispersed trough β-Ti matrix ; (b)-(c) EDS X-ray elemental mapping Ti (Red) and Nb (Green), respectively; (d) XRD pattern Ti40Nb Sample.

Figure 2 .

 2 Figure 2. SEM micrographs showing the top view of anodized nanostructures (a) at 10 V (NTs) and (b) at 20 V (NPs). Insets present cross-sectional views of the (Ti,Nb)O2 nanostructures.

Figure 3 .

 3 Figure 3. (a) Graph of anodization current as a function of the anodizing time. (b) zoom-in of the graph presented in Figure 3 (a), up to 5 minutes of anodization.

Figure 4 .

 4 Figure 4. XRD patterns of the as-anodized sample and nanostructures annealed at 450 ºC, 550 ºC, and 800 ºC, A -Anatase; R -Rutile.

Fig. 5 (

 5 Fig. 5 (a) and (b) presents the anodized nanostructures of samples annealed at 550 °C for nanotubes (anodized at 10V) and nanopores (anodized at 20V), respectively. As one may observe, the morphology of the (Ti,Nb)O2 nanostructures was not modified. Both diameter and length were kept for both nanostructures. The information about the (Ti,Nb)O2 nanotubes length is possible to be observed visualizing the insets on the Fig. 5 (a) and (b).

Figure 5 .

 5 Figure 5. SEM micrographs of top views of samples annealed at 550 °C (a) nanotubes (anodized at 10V) and (b) nanopores (anodized at 20V).

  fractions of Ti, Nb and O suffer a small variation. The observation of nanostructure oxide based on mixed elements (Ti, Nb) through the TEM technique coupled to EDS was also observed by Chaves et al. [69].

Figure 6 .

 6 Figure 6. Representative TEM bright field (BF) images of a) (Ti,Nb)O2 nanostructures in Ti40Nb substrate alloy in the as-anodized condition, showing the amorphous state in the corresponding selected area diffraction (SAD) pattern in the right upper corner. b) TEM image in detail of heat treated (NT-800) nanostructures showing nanocrystals of Nb2O5 (darker) dispersed through (Ti,Nb)O2 nanotubes matrix.

Fig. 7

 7 Fig.7shows the results related to wettability tests (bars) and surface energy (scatters). All analyzed samples, including the substrate, presented a hydrophilic behavior. However, as expected, the substrate presented the highest contact angle, 76 ° for water polar liquid, and 85 ° for glycerol apolar liquid. Considering errors, whatever the applied voltage, or the morphology (nanotubes or nanopores), anodization reduced the contact angle to around 33 ° for water and 45 ° for glycerol. The annealing at 550 °C diminished it to about 27 ° for water polar liquid and 31 ° for glycerol apolar liquid.

Figure 7 .Table 5 .

 75 Figure 7. Contact angle (bars) and surface energy (γ) of the analyzed conditions.

Table 2 .

 2 Values of nanostructures' diameter and length after anodization at

	different voltages.		
	Voltage (Volts)	Diameter (nm)	Length (nm)
	10	46±7	419±61
	20	76±5	1110±83

Table 3 .

 3 Annealed temperatures, elastic modulus, and phases formed (Ti40Nb substrate; as-anodized and for annealing temperatures).

	(Ti,Nb)O2 NT	Elastic modulus	Bulk phases	Nanostructures
	Conditions	(GPa)	(XRD)	phases
	Ti40Nb substrate	69±1	β+α"	-
	as-anodized	69±1	β+α"	Amorphous
	450 °C	88±2	β+α+ω	Anatase
	550 °C	65±2	β	Anatase+Rutile
	800 °C	75±3	β+ω	Rutile+Nb2O5

Table 4 .

 4 Composition of (Ti,Nb)O2 nanostructures in Ti40Nb substrate alloy in the as-anodized and heat treated conditions measured in EDS semi-quantitative analysis through TEM microscope, confirming (Ti,Nb)O2 oxide composition.

	Conditions	Ti	Elements (at. %) Nb	O
	As-anodized	28.0 ± 1.2	10.8 ± 1.5	61.3 ± 1.9
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