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Titanium and its alloys are used as biomaterials because their excellent combination of high corrosion resistance, low modulus of elasticity and biocompatibility. However, titanium and its alloys cannot meet all the clinical requirements. In this sense, in order to improve the electrochemical and bioactive properties, this thesis aims to evaluate the effect of the severe plastic deformation as well as the surface modification treatments on the corrosion resistance and bioactivity of titanium alloys (α' + β) and (β).

The titanium alloys, Ti13Nb13Zr (α' + β) and Ti35Nb7Zr5Ta (β), were deformed by the high-pressure torsion (HPT) method. Afterward, surface modification treatments, such as the anodization and chemical treatments, were carried out both in samples non-deformed and deformed by HPT. Finally, corrosion and bioactivity tests were performed in simulated body fluid (SBF). The tests were performed on samples with treated surfaces compared with non-treated surfaces in the deformed and undeformed conditions.

The samples' microstructures were analyzed by confocal laser microscopy (CLM), scanning electron microscopy (SEM) and X-ray diffraction (XRD). Hardness tests were also performed after the HPT process. On the other hand, surface modification treatments, and the formation of apatite in bioactivity assays were evaluated by scanning electron microscopy (SEM), with chemical analyzes carried out by dispersive energy spectroscopy (EDS) and phase identification by X-ray diffraction (XRD).

In general, the corrosion resistance of the titanium alloys improved with the anodization treatment. Apatite deposits were observed on Ti13Nb13Zr alloy samples, in the conditions non-deformed and deformed by HPT. The Ti35Nb7Zr5Ta appears to have a lower apatite-formation ability compared to Ti13Nb13Zr.
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Résumé

Le titane et ses alliages sont utilisés comme biomatériaux en raison de leur excellente combinaison de résistance élevée à la corrosion, de faibles modules d'élasticité et de biocompatibilité. Cependant, le titane et ses alliages ne peuvent pas répondre à toutes les exigences cliniques. En ce sens, afin d'améliorer les propriétés électrochimiques et bioactives, cette thèse vise à évaluer l'effet de la déformation plastique sévère ainsi que des traitements de modification de surface sur la résistance à la corrosion et la bioactivité des alliages de titane (α '+ β) et (β).

Les alliages Ti13Nb13Zr (α' + β) et Ti35Nb7Zr5Ta (β) ont été déformés par la méthode de torsion à haute pression (HPT-High Pressure torsion). Ensuite, des traitements de modification de surface, tels que l'anodisation et les traitements 
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Mots-clés : Alliage de titane, Alliage Ti13Nb13Zr, Alliage Ti35Nb7Zr5Ta, Déformation plastique sévère, Nanotubes de TiO2, Apatite, Résistance à la corrosion, Bioactivité.

Resumo v

Resumo Titânio e suas ligas são utilizados como biomateriais devido à sua excelente combinação de alta resistência à corrosão, baixo módulo de elasticidade e biocompatibilidade. No entanto, o titânio e suas ligas não podem atender a todos os requisitos clínicos. Neste sentido, a fim de melhorar as propriedades eletroquímicas e bioativas, esta tese tem como objetivo avaliar o efeito da deformação plástica severa e os tratamentos de modificação de superfície na resistência à corrosão e bioatividade de ligas de titânio (α '+ β) e (β).

As ligas de titânio, (α' + β) Ti13Nb13Zr e a liga (β) Ti35Nb7Zr5Ta foram deformadas pelo método de deformação plástica severa de torção sob alta pressão (HPT, High Pressure Torsion). Além disso, tratamentos de modificação de superfície são propostos, como anodização e tratamentos químicos em amostras deformadas por HPT e em amostras não deformadas. Finalmente, os testes de corrosão e bioatividade foram realizados em fluido corporal simulado (SBF). Os testes foram realizados em amostras de superfícies tratadas em comparação com superfícies não tratadas de condições deformadas e não deformadas.

A microestrutura das amostras foi analisada por microscopia confocal laser (MCL), microscopia eletrônica de varredura (MEV) e difração de raios X (DRX).

Testes de dureza também são realizados após o processo HPT. Por outro lado, tratamentos de modificação de superfície e a formação de apatita em ensaios de bioatividade são avaliados por MEV, análises químicas por espectroscopia de energia dispersiva (EDS) e DRX.

Em geral, a resistência à corrosão das ligas de titânio avaliadas melhorou com o tratamento de anodização. Depósitos de apatita foram observados em amostras da liga Ti13Nb13Zr, não deformadas e deformadas por HPT, para todos os tratamentos de modificação de superfície propostos A liga Ti35Nb7Zr5Ta parece ter uma menor capacidade de formação de apatita que a liga de Ti13Nb13Zr. 
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INTRODUCTION

The application of materials in the substitution of human tissues to restore bodily functions is not a new fact. Scientists of materials science and implantology have been looking for advances in device designs that can be valuable for the replacement of body parts. It is not surprising that from the Roman period, there are reports of the use of metals for dental prostheses [1]. With the development at the scientific level of biomedical devices at the beginning of the 20th century, the increase of the prosthetic market was favored. The biomedical devices currently in use (prostheses, implants) have satisfactory performance in many cases.

However, sometimes the body reacts to the insertion of a device, which can lead to the rapid replacement of this device.

In this context, titanium (Ti) and its alloys are today the most relevant and sought materials for several designed implants in orthopedics and dentistry due to their excellent biocompatibility and corrosion resistance [2]. Some of the most common uses for titanium implants are in hip and knee replacement surgeries [3].

They are also used to replace shoulder and elbow joints and to protect the vertebrae following complicated and invasive back surgery. Titanium pegs are used to attach false eyes and ears, and titanium heart valves are even competing with conventional tissue valves [4].

On the other hand, the mechanical properties of titanium and its alloys must be near the bone tissue as a prerequisite for the success of orthopedic implants [5]. α + β and β type are the most appropriate titanium alloys for orthopedic implants because their mechanical properties are similar to the bone tissue [6]. α + β titanium alloys are the easiest found and have already been used as a biomaterial for at least three decades [7]. For example, the Ti6Al4V alloy (α + β type) was initially developed to be applied in the aerospace industry. However, due to its high availability is widely used in orthopedic implants [8]. Nevertheless, biocompatibility studies have indicated that the release of Al and V ions can cause harm to patients [9]. The formation of unstable oxides of V is associated with
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disorders of the respiratory system, while Al is associated with Alzheimer's disease [10].

On the other hand, β alloys have attracted considerable interest as they can be obtained from metal elements considered biocompatible such as Nb, Ta, Zr, Mo, and Sn [11]. Moreover, the most interesting biomechanical characteristic is the low modulus of elasticity, which results in better interaction between the implant and the bone [12].

The recent interest in reducing the modulus of elasticity has resulted in the development of a new generation of titanium alloys for orthopedic applications, such as Ti29Nb13Ta4.6Zr [13], Ti12Mo6Zr2Fe (TMZF) [14], Ti35Nb7Zr5Ta (TNZT) [15] and Ti13Nb13Zr [16].

As well as the modulus of elasticity, other mechanical properties of titanium alloys such as hardness, strength, and ductility can be significantly improved using severe plastic deformation (SPD) [17]. It is due to ultrafine-grained (UFG) microstructure obtained by this process [18]. The most commonly applied SPD techniques are Equal-channel Angular Pressing (ECAP) and High-Pressure Torsion (HPT) [19].

In a previous work [20], we have confirmed the above mentioned. In this work, it was observed that the processing by high-pressure torsion technique leads to an increase of microhardness of the Ti13Nb13Zr alloy. The microhardness value increased significantly from 220 HV to 402 HV for the applied pressure of 4.5 GPa.

Moreover, grain size refining was also observed (from 200 µm at the initial state to 130 nm) [20].

On the other hand, previous works concerning titanium and titanium alloys processed by SPD have been focused on evaluating the relationship between the microstructure obtained by SPD and the mechanical properties [21][22][23]. However, few studies relate the microstructure obtained by SPD and the corrosion resistance of titanium alloys [24]. Corrosion resistance (prevention of ion release) and mechanical resistance (prevention of debris formation) are key factors that could affect the biocompatibility of titanium alloys [25].

Corrosion is a major problem for the implantation of metallic materials because it can cause loss of both the structural integrity and surface properties of the implants. Moreover, it can also alter the mechanical properties of the implant and accelerate its fatigue and wear, which will further intensify corrosion itself.

Corrosion process of a metallic material can also alter the physiological environment (pH change) or release of the debris that can cause allergic reactions [25].

The corrosion behavior of titanium alloy is mainly dependent on the passive film that it forms on its surface and its properties (composition and thickness) and the microstructure of the substrate (grain size and dislocation density) [26]. The passivation phenomenon contributes to improving the corrosion resistance and makes titanium alloys suitable for use as implants, for instance, dental and orthopedic implants without promoting adverse reactions locally or systemically [27].

The low rate of dissolution and chemical inertness of titanium oxide passive layer (TiO2) dissolution products allow the bone to thrive and osseointegrate with titanium alloy [28]. Moreover, it has been reported that TiO2 with high dielectric constants, inhibits the movement of cells to implant surfaces and might play an essential role in facilitating osseointegration [29].

The osseointegration refers to the adjacent neighborhood between the implant and bone tissue [30]. Brhnemark (1985) suggested the following definition of osseointegration: "A direct structural and functional connection between ordered, living bone and the surface of a load-carrying implant" [31]. In this way, the biological response of an implant depends on the physicochemical properties of the surface [32]. Recently, surface modification methods for titanium implant materials such as calcium phosphate (Ca3(PO4)2) coatings [33], the alkali-and heat-treatments [34], plasma coatings [35] and TiO2 nanotubes [36] have been
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studied as a means of improving implant integration. These methods of surface preparation can be based on clean and well-characterized surfaces for general biological evaluation as well as for understanding the role of specific surface contaminants [28].

Therefore, aiming to advance the understanding of the mechanical and corrosion properties of titanium alloys for biomedical applications, in this work two titanium alloys, (α'+ β) Ti13Nb13Zr and β Ti35Nb7Zr5Ta alloys deformed by the HPT method at conditions already defined in previous work [20], were studied.

Also, two different surface modification treatments, the anodization and chemical treatments in the samples deformed by HPT as well as in samples non-deformed were carried out. Finally, the effects of severe plastic deformation and surface modification treatments were established through corrosion and bioactivity assays.

OBJECTIVES

This doctoral project aims to evaluate the effect of the severe plastic deformation as well as the surface modification treatments on the corrosion 

Titanium: Physical Metallurgy

The physical metallurgy of titanium is both complex and exciting. Table 1 presents the physical properties of pure titanium [37]. Pure titanium exhibits the phenomenon of allotropy. At low temperatures, it exists as a hexagonal close-packed (HCP) crystalline structure, designated as alpha phase (α), as shown in Figure 1. At high temperatures, above 882.5 °C, its stable crystalline structure is the body-centered cubic (BCC) [37], designated as beta phase (β), as also shown in Figure 1. For pure titanium, the temperature which the transformation from alpha (HCP) to beta (BCC) occurs is called the beta transus temperature. The addition of alloying elements changes this temperature.
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Figure 1: Crystal structure of titanium. Adapted from Froes (2015) [37].

Titanium alloys are classified into three main groups: α alloys, β alloys, α + β alloys, and two other secondary ones: near-α and near-β, referring to alloys with compositions which place them near to α/(α + β) or β/(α + β) phase boundaries, respectively [38]. These groups are characterized by the phases that exist in the alloy near ambient temperature. The temperatures at which the alpha and beta phases may exist are altered with alloying elements which are added to pure titanium. Based on their influence on the proportions of the alpha and beta phases below the beta transus, the alloying elements are divided into three groups: α stabilizers, β stabilizers, and neutral elements. The beta stabilizers are subdivided into two groups: β isomorphic and β eutectoid. The β isomorphic group contains alloying elements whose titanium solubility is unlimited, such as vanadium, molybdenum, and niobium. The elements of the eutectoid β group, which have eutectoid reactions with titanium, include magnesium, iron, chromium, and copper.

Figure 2 shows the influence of the elements on the phase diagrams in titanium alloys [39]. The α structure mainly composes α and near α titanium alloys. Depending on processing conditions, such alloys may have different grain morphologies, ranging from equiaxial to acicular (martensitic). These kinds of titanium alloys are preferred for high-temperature applications. β titanium alloys contain a balance of beta stabilizers to α-stabilizers which is enough to ensure that a fully β-phase microstructure can be maintained in fast cooling conditions (slow cooling in the furnace, for example, causes β phase decomposition). In this condition, the metastable β alloys are generally thermodynamically unstable. Such behavior can be used as an advantage (for cold deformation before aging, for example), by allowing some decomposition reaction (α-precipitation) during an aging treatment in order to provide secondary strengthening. As a result, the metastable β-titanium alloys generally have higher strength and improved formability at room temperature as compared to the α and α + β titanium alloys [START_REF] Sha | Titanium alloys: modelling of microstructure, properties and applications[END_REF].
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Ti13Nb13Zr alloy

The Ti13Nb13Zr alloy (in some articles named as TNZ) was developed in 1990 [START_REF] Urba | Electrochemical modi fi cation of Ti-13Nb-13Zr alloy surface in phosphate based solutions[END_REF] by Davidson and Kovacs. Nowadays, it is part of a new class of biomedical alloys used in medical implants [START_REF] Niemeyer | Corrosion behavior of Ti-13Nb-13Zr alloy used as a biomaterial[END_REF].

It is an (α'+ β) alloy in water-quenched condition [START_REF] Pérez | Surface anodization of the biphasic Ti13Nb13Zr biocompatible alloy: Influence of phases on the formation of TiO2 nanostructures[END_REF]. With subsequent aging, the alloy consists of HCP martensite (α') and a retained BCC β phase. The dispersed beta phase strengthens and hardens the material. Aging treatment usually results in the conversion of the martensite into an α+ β mixture [START_REF] Florêncio | Effect of different annealing on the anelastic relaxation in Ti -13Nb -13[END_REF]. In the water-quenched condition, this alloy has an elasticity modulus around 65 GPa [START_REF] Mishra | Mechanical and tribological properties and biocompatibility of diffusion hardenen Ti-13Nb-13Zr A new Titanium alloy for surgical implants[END_REF].

As the modulus of this alloy is much closer to that of bone (30 GPa), it is considered to be a better alternative when compared to the conventional alloys like AISI Type 316L Stainless Steel with a modulus of 220 GPa and Co-Cr-Ni alloy with a modulus of 240 GPa [START_REF] Geetha | Influence of microstructure and alloying elements on corrosion behavior of Ti-13Nb-13Zr alloy[END_REF]. Khan et al., (1999) [START_REF] Khan | The corrosion behaviour of Ti-6Al-4V, Ti-6Al-7Nb and Ti-13Nb-13Zr in protein solutions[END_REF] called the attention to the fact that the Ti13Nb13Zr alloy, made of non-toxic elements, had been proposed as more favorable for orthopedic implants than the Ti6Al4V alloy because of its superior corrosion resistance and biocompatibility. Reasons for this superiority have included the fact that less metal ion release is likely to occur during spontaneous passivation of Ti13Nb13Zr alloy because the corrosion products of the minor alloying elements, niobium, and zirconium, are less soluble than those of aluminum and vanadium [START_REF] Oliveira | Corrosion resistance of anodic oxides on the Ti -50Zr and Ti -13Nb -13[END_REF]. Also, the passive oxide layer on the surface of the alloy is more inert consisting of a dense rutile structure providing more excellent protection to the underlying alloy.

Furthermore, the corrosion resistance of Ti13Nb13Zr in phosphate-buffered saline (PBS) solution has also been evaluated, concluding that this alloy had better corrosion resistance properties than pure titanium and Ti15Mo alloy, due to formation of a very dense and stable passive layer [START_REF] Khan | Conjoint corrosion and wear in titanium alloys[END_REF].

On the other hand, this alloy exhibits good mechanical [27,[START_REF] Pérez | Surface anodization of the biphasic Ti13Nb13Zr biocompatible alloy: Influence of phases on the formation of TiO2 nanostructures[END_REF][START_REF] Suresh | Effect of equal channel angular pressing on grain refinement and texture evolution in a biomedical alloy Ti13Nb13Zr[END_REF][START_REF] Stróż | Production, structure and biocompatible properties of oxide nanotubes on Ti13Nb13Zr alloy for medical applications[END_REF] and excellent tissue compatibility properties [START_REF] Niemeyer | Corrosion behavior of Ti-13Nb-13Zr alloy used as a biomaterial[END_REF][START_REF] Cáceres | Nanomechanical properties of surface-modified titanium alloys for biomedical applications[END_REF][START_REF] Khan | The corrosion behaviour of Ti-6Al-4V, Ti-6Al-7Nb and Ti-13Nb-13[END_REF][START_REF] Baker | Nanocomposite hydroxyapatite formation on a Ti -13Nb -13Zr alloy exposed in a MEM cell culture medium and the effect of H 2 O 2 addition[END_REF], which make it well suited for biomedical applications where a bone anchorage is required, particularly for implant applications. Standard specification for wrought Ti13Nb13Zr alloy for medical implant application was settled in the ASTMF 1713-96 [START_REF] Okazaki | Surface analysis of Ti-15Zr-4Nb-4Ta alloy after implantation in rat tibia[END_REF].

Ti35Nb7Zr5Ta alloy

The β type titanium alloy, Ti35Nb7Zr5Ta, (in some articles named as TNZT)

was developed by Dr. Henry Rack at Clemson University [START_REF] Nag | Influence of beta instabilities on the early stages of nucleation and growth of alpha in beta titanium alloys[END_REF]. This alloy also is a new metallic biomaterial that was designed to have outstanding osseointegration ability, good mechanical strength, improved ductility, very low elastic modulus, and excellent hot and cold workability [START_REF] Jablokov | Influence of oxygen content on the mechanical properties of Titanium-35Niobium-7Zirconium-Influence of surface treatments on corrosion resistance properties of ultrafine grained Titanium alloys for implant applications 194 5Tantalum beta titanium alloy[END_REF].

The Ti35Nb7Zr5Ta alloy stood out as a prospective alloy mainly because it had one of the lowest moduli to date (55 GPa) [START_REF] Nag | Influence of beta instabilities on the early stages of nucleation and growth of alpha in beta titanium alloys[END_REF][START_REF] Ozan | Development of Ti-Nb-Zr alloys with high elastic admissible strain for temporary orthopedic devices[END_REF], almost 20-25% lower than other available alloys [START_REF] Long | Titanium alloys in total joint replacement-a materials science perspective[END_REF], which is very close to the modulus of the bone [15]. [START_REF] Atapour | Corrosion behavior of β titanium alloys for biomedical applications[END_REF] [START_REF] Atapour | Corrosion behavior of β titanium alloys for biomedical applications[END_REF] reported that the corrosion resistance of Ti35Nb7Zr5Ta alloy in 0.9 wt.% NaCl solution at 37 °C, is higher than for Ti6Al4V and Ti13Mo7Zr3Fe alloys in these conditions. This observation reveals an improvement in the corrosion protection characteristics of the alloys rich in niobium [START_REF] Bai | Comparative study on the corrosion behavior of Ti-Nb and TMA alloys for dental application in various artificial solutions[END_REF].

On the other hand, Sonia et al., (2010) [START_REF] Samuel | Corrosion resistance and in vitro response of laser-deposited Ti-Nb-Zr-Ta alloys for orthopedic implant applications[END_REF] reported that the Ti35Nb7Zr5Ta alloy deposited with laser exhibits excellent corrosion resistance in both 0.1 N HCl as well as in Ringer's solution, comparable to, and in some cases even better than, currently used Ti6Al4V ELI and CP Ti (Grade 2) alloys. Also, in-vitro studies conducted on laser-deposited Ti35Nb7Zr5Ta alloy is encouraging and indicate that these alloys are biocompatible aiding in both cell proliferation as well as in cell differentiation [START_REF] Samuel | Corrosion resistance and in vitro response of laser-deposited Ti-Nb-Zr-Ta alloys for orthopedic implant applications[END_REF].

Concerning the standard specification for Ti35Nb7Zr5Ta alloy for medical implant application was settled in the Task Force F-04.12.23 [START_REF] Niinomi | Mechanical biocompatibilities of titanium alloys for biomedical applications[END_REF].
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Severe Plastic Deformation (SPD)

The severe plastic deformation (SPD) is defined as a process in which ultralarge plastic strains are introduced into a bulk material in order to achieve significant grain refinement. The metallic materials obtained by SPD are ultrafinegrained (UFG) (grain size in the range of 100-1000 nm) or nanostructured (NS) (grain size below 100 nm) [START_REF] Dimić | Microstructure and metallic ion release of pure titanium and Ti-13Nb-13Zr alloy processed by high pressure torsion[END_REF]. A large number of different SPD methods, such as high-pressure torsion (HPT), equal channel angular pressing (ECAP) and accumulative roll-bonding (ARB), have been developed [START_REF] Valiev | Bulk nanostructured materials from severe plastic deformation[END_REF]. The SPD by HPT has

shown a greater refinement of microstructure [18]. The principle of current HPT process is described schematically in Figure 3 [START_REF] Zhilyaev | Using high-pressure torsion for metal processing: Fundamentals and applications[END_REF]. The sample in a disk form is located between two anvils under compressive pressure, P, of several GPa at room or elevated temperature and simultaneously it is subjected to a torsional strain which is imposed through rotation of the lower Theoretical background 13 anvil. Surface frictional forces, therefore, deform the disk by shear so that deformation proceeds under a quasi-hydrostatic pressure.

Pure Ti displays the highest biocompatibility with living organisms.

Nonetheless, it has limited use in medicine due to its low strength [START_REF] Sabirov | Bulk Nanostructured Materials with Multifunctional Properties[END_REF]. Recently it has been shown that high-strength nanostructured pure Ti processed via SPD can provide a new and promising alternative in medical device technology [23]. This approach has the advantages of improved biocompatibility and reduces the size of the implants significantly, decreasing the level of surgical intervention in 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] Florêncio | Effect of different annealing on the anelastic relaxation in Ti -13Nb -13[END_REF].

The mechanical properties of the nanostructured Ti are even higher compared to those of conventional high-strength Ti alloys (such as Ti6Al4V) used in biomedical engineering [START_REF] Mishnaevsky | Nanostructured titanium-based materials for medical implants: modeling and development[END_REF]. Nanostructuring of Ti also positively affects its (c)). The patient left the dental office with two nano implants and with two temporary crowns made on the same day as implants were inserted. After six weeks, final metal-ceramic crowns were fixed on the implants. 
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Surface modification treatments.

Titanium and titanium alloys are widely used in biomedical devices and components, especially as hard tissue replacements as well as in cardiac and cardiovascular applications, because of their desirable properties, such as relatively low elastic modulus, good fatigue strength, formability, machinability, corrosion resistance, and biocompatibility. However, titanium and its alloys cannot meet all of the clinical requirements because of its poor tribological properties [START_REF] Liu | Surface modification of titanium , titanium alloys , and related materials for biomedical applications[END_REF].

Therefore, in order to improve the biological, chemical, and mechanical properties of titanium and titanium alloys, surface modification treatments are often performed. Two surface modification treatments related to titanium and titanium alloys will be reviewed hereafter.

The growth of TiO2 nanostructures by electrochemical anodization

The discovery of carbon nanotubes reported by Iijima in 1991 opened a new area of research in materials science [START_REF] Ferreira | Unveiling the structure and composition of titanium oxide nanotubes through ion exchange chemical reactions and thermal decomposition processes[END_REF]. The one-dimensional (1D) nanostructures provide unique electronic properties such as electron mobility and a very high specific surface area [START_REF] Roy | TiO2nanotubes: Synthesis and applications[END_REF]. Although carbon is still the most explored nanotube material, a considerable range of other materials have been studied, which are mainly transition metal oxides and sulfides, which have also shown fascinating new properties and features [START_REF] Roy | TiO2nanotubes: Synthesis and applications[END_REF].

Among the transition metal oxides, the titanium dioxide (TiO2) is one of the most studied because of its exceptional properties: non-toxicity, high electrical conduction, corrosion resistance, and biocompatibility (use in medicine) [START_REF] Roy | TiO2nanotubes: Synthesis and applications[END_REF]. The TiO2 is frequently used in paint, white pigments, sun-blockers, solar panels, for photocatalytic reactions and biomedical coatings [START_REF] Allen | Photocatalytic Coatings for Environmental Applications, Photochem. Influence of surface treatments on corrosion resistance properties of ultrafine grained Titanium alloys for implant applications 196[END_REF][START_REF] Cheng | Progress in TiO 2 nanotube coatings for biomedical applications: a review[END_REF]. For most of these applications, it is necessary to increase the specific surface area of the material to achieve maximum overall efficiency and therefore nanoparticulated forms of TiO2 are widely used [START_REF] Ola | Review of material design and reactor engineering on TiO2 photocatalysis for CO2 reduction[END_REF].

As mentioned previously, titanium is widely used in the replacement of hard tissue and cardiovascular tissue. Since the surface of the implant is responsible for the osseointegration process, it is essential to modify this surface to obtain better biocompatibility. The adhesion of a nanostructured surface increases the biocompatibility when compared usual metal surfaces, showing that nanotubes improve osseointegration. Surfaces that contain TiO2 nanotubes increase cell growth and increase hydroxyapatite (HAp) deposition [START_REF] Tsuchiya | Hydroxyapatite growth on anodic TiO2 nanotubes[END_REF]. The HAp (Ca10(PO4)6(OH)2) presents chemical and structural similarities with the inorganic component of the bone matrix. It adapts to the rate of resorption and growth of bone, turning the nanostructured material the right choice for use in prostheses.
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TiO2 nanotubes are obtained by electrochemical anodization in aqueous or organic electrolytes with fluoride ions (e.g., aqueous electrolyte either with acids-H2SO4, or H3PO4 [9], or salts (NH4)2SO4, or Na2SO4 or glycerol or ethylene glycol, and so forth) [22].

The critical processes involved in TiO2 nanotubes formation are (1) the oxide growth at the metal surface due to the interaction of the metal with O 2-or OH -ions [START_REF] Parkhutik | Theoretical modelling of porous oxide growth on aluminium[END_REF]. After the formation of a first oxide layer, these anions migrate through the oxide layer reaching the metal/oxide interface where they react with the metal. (2) Metal ion (Ti 4+ ) migration from the metal at the metal/oxide interface;

Ti 4+ cations will be ejected from the metal/oxide interface under application of an electric field that move toward the oxide/electrolyte interface [START_REF] Grimes | TiO2 nanotube arrays: synthesis, properties, and applications[END_REF]. (3) Field-assisted dissolution of the oxide at the oxide/electrolyte interface. Due to the applied electric field, the Ti-O bond undergoes polarization and is weakened, promoting dissolution of the metal cations. Ti 4+ cations dissolve into the electrolyte, and the free O 2-anions migrate toward the metal/oxide interface, process (1), to interact with the metal [START_REF] Grimes | TiO2 nanotube arrays: synthesis, properties, and applications[END_REF]. Finally, (4) chemical dissolution of the metal, or oxide, by the acidic electrolyte. Chemical dissolution of TiO2 in the HF electrolyte plays a crucial role in the formation of nanotubes rather than simple nanoporous structures [START_REF] Grimes | TiO2 nanotube arrays: synthesis, properties, and applications[END_REF].

Chemistry of the process

The process of formation of anodic oxide appears rather complicated, yet a general and simplified model of the chemistry involved is required to understand the process. The outer anodic layer (partly exposed to the electrolyte) has an excess of hydroxyl ions compared to the inner layer and is considered to be Ti(OH)4 [START_REF] Jaroenworaluck | Macro, micro and nanostructure of TiO 2 anodised films prepared in a fluorinecontaining electrolyte[END_REF]. The inner layer, where the dehydroxylation of the film (water releasing) has occurred, is represented as TiO2. In reality, there is likely to be a concentration gradient across the film, which can be written as TiO2.xH2O, to represent the inner (dry) and outer (hydrated) anodic oxide.

The reactions which occur at the anode are (i) oxidation of the metal which releases Ti 4+ ions and electrons, see Eq. ( 1) [START_REF] Jaroenworaluck | Macro, micro and nanostructure of TiO 2 anodised films prepared in a fluorinecontaining electrolyte[END_REF]:

2Ti → 2Ti 4+ + 8e - (1) 
(ii) combination of Ti 4+ ions with OH -and O 2-species provided by the water.

The following equations ( 2) and (3) explain the hydrated anodic layer and the oxide layer. The further oxide is produced when the hydrated anodic layer releases water by a condensation reaction, Eq. ( 4) [START_REF] Jaroenworaluck | Macro, micro and nanostructure of TiO 2 anodised films prepared in a fluorinecontaining electrolyte[END_REF]:

Ti 4+ + 4OH -→ Ti(OH) 4 (2) 
Ti 4+ + 2O 2-→ TiO 2 (3) 
Ti(OH) 4 → TiO 2 + 2H 2 O (4) 
At the cathode, hydrogen evolution occurs, according to Eq. ( 5):

2H + + 2e -→ H 2 (5) 
The overall process of oxide formation is given by Eq. ( 6):

Ti + 2H 2 O → TiO 2 + 4H + + 4e - (6) 
Fluorine ions can attack the oxide and hydrated layer; or, the ions being mobile in the anodic layer under the applied electric field as described by Eq. ( 7)

[80]:

TiO 2 + 6F -→ TiF 6 2-+ 2O 2- (7) 
In the initial stages of the anodization process, field-assisted dissolution dominates chemical dissolution due to the relatively large electric field across the thin oxide layer [START_REF] Hwang | Kinetic model of anodic oxidation of titanium in sulphuric acid[END_REF]. Small pits formed due to the localized dissolution of the oxide;

represented by the (Eq 7), act as pore-forming centers, after which these pits

Influence of surface treatments on corrosion resistance properties of ultrafine grained Titanium alloys for implant applications 18

convert into pores with increasing pore density, uniformly, over the surface. The pore growth occurs due to the inward movement of the oxide layer at the pore bottom (barrier layer) [START_REF] Grimes | TiO2 nanotube arrays: synthesis, properties, and applications[END_REF]. The Ti 4+ ions migrating from the metal to the oxide/electrolyte interface dissolve in the HF electrolyte. The rate of oxide growth at the metal/oxide interface and the rate of oxide dissolution at the porebottom/electrolyte interface ultimately become equal, after that the thickness of the barrier layer remains unchanged although it moves further into the metal increasing the pore depth [START_REF] Grimes | TiO2 nanotube arrays: synthesis, properties, and applications[END_REF].

Usually, anodization experiments are carried out in a two-electrode or threeelectrode electrochemical cell with titanium or a titanium alloy as the anode, platinum foil as the cathode and in the case of a three-electrode cell with an Ag/AgCl electrode as the reference electrode [22]. A constant potential is applied using a DC power supply, as shown in Figure 5. 

Structure and properties of TiO2 nanotubes

TiO2 is a semiconductor present in different crystalline forms. The most stable is the rutile and anatase structures. The brookite is much rarer than the first two. Figure 6 shows the crystal structures of TiO2 The anatase has a tetragonal structure of theoretical density of 3.893 g.cm -3 .

Beyond 700°C, this structure turns into rutile. Furthermore, anatase has many technological applications due to its high refractive index and its non-absorbance in the visible light. On the other hand, the rutile phase is a quadratic (or tetragonal) mineral with a density of 4.230 g.cm -3 . The Ti 4+ cations are surrounded by six O 2- anions in octahedral coordination. The length of the Ti-O bond is 1.955 Å on average.

Thus, heat treatments are necessary for the formation of these two phases from the amorphous phase obtained after electrochemical anodization. For the anatase phase, heat treatment should be carried out around 450 °C and to form a mixed phase (80% anatase-20% rutile) the heat treatment should be performed at 550 °C. Above 600 °C, the rutile phase is obtained in the vast majority [START_REF] Huo | Fabrication, modification, and biomedical applications of anodized TiO2 nanotube arrays[END_REF].
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Nanotube arrays on titanium alloys

Nanotubes had been synthesized using Ti alloys as substrate material. For example, [START_REF] Macak | TiO2 nanotubes: Self-organized electrochemical formation, properties and applications[END_REF] reported the synthesis of oxide nanotube layers grown on Ti6Al7Nb alloy and TiNb alloy, as is shown in Figure 7 [84]. Most of the Ti alloys used in engineering/biomedical applications show a dual-phase that is α + β microstructure [START_REF] Indira | A Review on TiO2 Nanotubes: Influence of Anodization Parameters[END_REF]. Therefore, the formation of a uniform nanotubular oxide layer on these Ti alloys cannot be achieved due to the difference in chemistries of these phases [START_REF] Indira | A Review on TiO2 Nanotubes: Influence of Anodization Parameters[END_REF].

Chemical treatment by acid etching and alkali activation

Acid etching

Acid treatment is often used to remove oxide and contamination to obtain clean and uniform surface finishes. Takeuchi et al., 2003 investigated the decontamination efficiency of three acids, Na2S2O8, H2SO4, and HCl, on the titanium surface and found that HCl was the best decontamination agent because it could easily dissolve the titanium salts and not weaken Ti surface [28].

Theoretical background 21

Acid-etching has been shown to enhance osseointegration greatly [START_REF] Le Guéhennec | Surface treatments of titanium dental implants for rapid osseointegration[END_REF]. For example, the immersion of titanium implants for several minutes in a mixture of concentrated HCl and H2SO4 heated above 100°C (dual acid-etching) was employed to produce a micro-rough surface (see Figure 8). This type of surface promoted rapid osseointegration and maintained long-term success over three years [START_REF] Cho | The removal torque of titanium screw inserted in rabbit tibia treated by dual acid etching[END_REF]. Similarly, it has been found that dual acid-etched surfaces enhance the osteoconductive process through the attachment of fibrin and osteogenic cells, resulting in bone formation directly on the surface of the implant [START_REF] Park | Red blood cell and platelet interactions with titanium implant surfaces[END_REF]. 

Alkali activation

A simple chemical method was established to induce bioactivity of titanium and its alloys. When Ti alloys were treated with NaOH solution (10 M) and subsequently heat-treated at 60 °C, a thin sodium titanate layer was formed on their surfaces [START_REF] Kim | Influence of surface treatments on corrosion resistance properties of ultrafine grained Titanium alloys for implant applications 198[END_REF]. Thus, the treated samples, immersed in simulated body fluid (SBF), formed a dense and uniform bonelike apatite layer on their surfaces with ion concentrations nearly equal to those of human blood plasma [START_REF] Kim | Influence of surface treatments on corrosion resistance properties of ultrafine grained Titanium alloys for implant applications 198[END_REF].

The structural change on the titanium surface during alkali and heat treatments and the mechanism of apatite formation on the treated surface, of samples immersed in SBF, are described as follows [START_REF] Liu | Surface modification of titanium , titanium alloys , and related materials for biomedical applications[END_REF].
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TiO 2 + NaOH → HTiO 3 -+ Na + (8)

During the alkali treatment, the TiO2 layer partially dissolves in the alkaline solution because of the attack by hydroxyl groups. This reaction is assumed to proceed simultaneously with the hydration of titanium [START_REF] Liu | Surface modification of titanium , titanium alloys , and related materials for biomedical applications[END_REF].

Ti + 3OH -→ HTiO 3 -+ 4e - (9) 
Ti(OH) 

A further hydroxyl attack on the hydrated TiO2 produces negatively charged hydrates on the surfaces of the substrates as follows [START_REF] Liu | Surface modification of titanium , titanium alloys , and related materials for biomedical applications[END_REF]:

TiO 2 . H 2 O + OH -↔ HTiO 3 -. nH 2 O (12) 
These negatively charged species combine with the alkali ions in the aqueous solution to produce an alkaline titanate hydrogel layer. During the heat treatment, the hydrogel layer is dehydrated and densified to form a stable amorphous or crystalline alkali titanate layer [START_REF] Liu | Surface modification of titanium , titanium alloys , and related materials for biomedical applications[END_REF].

The process of apatite formation can be interpreted regarding the electrostatic interaction between the functional groups and ions in the fluid. The Ti-OH groups formed on the surface of sodium titanate, after soaking in SBF, are negatively charged and hence, selectively combine with the positively charged Ca 2+ ions in the fluid to form calcium titanate, as shown in Figure 9 [90]. As the calcium ions accumulate on the surface, it gradually gains an overall positive charge. Then, the positively charged surface combined with negatively charged phosphate ions forms amorphous calcium phosphate which spontaneously is transformed into apatite. The apatite is a stable phase in the body environment [START_REF] Kokubo | Novel bioactive materials with different mechanical properties[END_REF].

Electrochemical characterization

Electrochemical characterization is a powerful technique used to understand the relevant reaction mechanisms involved in charge transfer, mass transport, electrolyte transport, electron transport, and so on [91].
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Several methods of electrochemical characterization are used in this study:

open circuit potential measurement, polarization curve graph (and Tafel extrapolation) and electrochemical impedance spectroscopy (EIS). Therefore, they will be explained below.

Measurements of open circuit potential (OCP)

Measurements of the electrochemical potential are one of the most basic measurements in electrochemistry. The potential of a metal in an aqueous solution is a function of the inherent reactivity of the metal and the oxidizing power of the solution [START_REF] Duret-Thual | Understanding corrosion: basic principles[END_REF]. The goal of potential measurements is to measure the potential of the specimen without affecting, in any way, electrochemistry reactions on the specimen surface. It is necessary to make the potential measurements relative to a stable reference electrode so that any changes in the measured potential can be attributed to changes at the specimen/solution interface [START_REF] Jiménez | Interpretation of open circuit potential of two titanium alloys for a long time immersion in physiological fluid[END_REF]. A reference electrode requires that its potential is reproducible and stable. When a suitable reference electrode is used, the potential of the specimen or working electrode can be controlled reproducibly, and any changes in the measured potential during the test can be related with confidence to changes in working electrode potential [START_REF] Jiménez | Interpretation of open circuit potential of two titanium alloys for a long time immersion in physiological fluid[END_REF]. An unstable or contaminated reference electrode is unacceptable and will result in incorrect results.

The principle of potentiodynamic polarization and extrapolation of Tafel

Potentiodynamic polarization is a destructive technique where the potential of the electrode is varied at a selected rate, and the resulting current is measured.

In this test, the potential is varied from slightly cathodic (or anodic) to anodic (or cathodic) region to know the reactivity of the system close to its corrosion potential or OCP. Also to other potential values which the interface could take during modification of the medium (for example, the conditions of use of the material or the formation of corrosion zones).

The plot of the current vs. voltage curve of a system is called the polarization curve. The representation usually used in the context of the study of corrosion consists in plotting the absolute value of the current density (i) in logarithmic scale (obtained by dividing the current measured by the exposed surface) as a function of the applied voltage. This type of curve gives us information as the passive and active region of the system, as well as the corrosion potential (Ecorr), and corrosion current density (icorr).

When recording a polarization curve, the corrosion potential is marked by a sharp drop in current on both anodic (right part) and cathodic (left part) branches, thus forming a "peak" directed down.

Moreover, it is possible to plot Tafel lines (linearity zone of current or current density in a defined range of potentials) as presented in Figure 10. This method is strictly applicable only if the linear part covers at least one decade of current. In this case, the intersection of these lines at the corrosion potential gives the value of the corrosion current density, which is directly proportional to the corrosion ratethe lower the icorr, the better corrosion resistance of the material in the medium under study.

The most basic procedure for experimentally evaluating corrosion current (Icorr) is by Tafel extrapolation [START_REF] Tafel | Über die Polarisation bei kathodischer Wasserstoffentwicklung[END_REF]. It is possible to plot Tafel lines, as presented in Figure 10. The intersection of these lines at the corrosion potential gives the value of the corrosion current density, which is directly proportional to the corrosion rate the lower the icorr, the better corrosion resistance of the material in the medium under study.

This method requires the presence of a linear or Tafel section in the polarization curve (Figure 10). A potential scan of approximately ±30 mV around corrosion voltage (Ecorr) is required to determine if a linear region of at least one decade of current is present, such that a reasonably accurate extrapolation can be made to the Ecorr [95]. In many cases, a linear region may not be observed even in the cathodic branch. This behavior can be a result of corrosion under diffusion control or, on decreasing the potential, entering into the diffusion control region, or even that the nature of the interface changes with changing potential.
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Electrochemical Impedance Spectroscopy (EIS)

While potentiodynamic polarization provides a very informative approach for the corrosion behavior of metals, it is nevertheless, destructive and only informs about the global electrochemical processes taking place at the interface, the weight of the slowest processes is preponderant.

On the other hand, the EIS is a technique non-destructive, and it is based on the excitation of the working electrode by a low amplitude alternating current (AC)

voltage (typically 10 -20 mVrms) at several discrete frequencies logarithmically distributed along several decades. This principle is illustrated in Figure 11. The alternating current (AC) voltage, applied to an electrochemical cell, and the current response are shown by equations 13 and 14.

E(t) = E 0 sin(ωt) (13) 
I(t) = I 0 sin(ωt + ϕ) (14) 
Where E0 is the signal amplitude, ω is the radial frequency such as ω= 2πf, f the frequency (in Hz), ϕ is the phase shift relative to the potential input and, I0 is the amplitude of the current.

Following this and using Ohm's law, the impedance is determined according to equation 15. Thus, the impedance can be defined as the measure of an electrochemical system's tendency to resist (or impede) the flow of the alternating electrical current [START_REF] Cardoso | Batch-Injection Amperometric Determination of Pyrogallol in Biodiesel Using a Multi-Walled Carbon Nanotube Modified Electrode[END_REF].

Z(ω) = E 0 I 0 exp(jΦ) = |Z|exp(jΦ) ( 15 
)
Where |Z| is the impedance modulus of a complex number and can be represented as a sum of real and imaginary parts of the impedance.
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Z(ω) = |Z|(cosΦ + jsinΦ) = Z r (ω) + jZ i (ω) (16) 
As the various elementary processes evolve at different speeds, the response of the system dissects the overall electrochemical process. Thus, as a general appreciation of the method, high frequencies most often correspond to capacitive phenomena (non-faradic), medium frequencies to charge transfers or Zim) versus the real part of the impedance (Z ´ or Zre) and where the frequency never explicitly appears; it must be obtained from the raw data point [START_REF] Lasia | Electrochemical impedance spectroscopy and its applications[END_REF]. Both plots show precisely the same data but plotted in a different format.

The Bode plot shows the frequency directly, and the whole frequency range is identifiable. However, impedances at low frequencies may be difficult to identify from the Nyquist plot [START_REF] Loveday | Evaluation of organic coatings with electrochemical impedance spectroscopy[END_REF].

As electrochemical systems often behave like simple electrical circuits, it is possible to identify them by the EIS data analysis. For example, in a simple resistor, the current sine wave is exactly in phase with the voltage sine wave. Thus, the phase angle of a resistor's impedance is 0°. For an ideal resistor, this is true at all frequencies. Therefore, the Bode magnitude plot is just a horizontal straight line, and the Bode phase angle is always zero [START_REF] Loveday | Evaluation of organic coatings with electrochemical impedance spectroscopy[END_REF]. In the Nyquist plot, the imaginary part of the impedance will also be zero, and the resistor's impedance lies on the real axis.

The capacitor is another simple electrical circuit element. For a pure capacitor, the current is 90° out of phase with the voltage. The Bode magnitude
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plot for a capacitor is a straight line with a slope of -1 with high impedance at low frequency. Because the phase shift of a capacitor is always 90°, the Bode phase plot is a horizontal line at -90° throughout the entire frequency range [START_REF] Instruments | Basics of electrochemical impedance spectroscopy[END_REF]. The Nyquist plot for an ideal capacitor lacks essential information. The intercept on the real axis at high frequencies is the resistance of the electrolyte between the working electrode and the reference electrode, which is indistinguishable on this plot. As well, the real component of the impedance is zero, and the total impedance is equal to the imaginary impedance.

In electrochemical systems, examples of the resistor are the resistance of the electrolyte in the electrochemical cell, the resistance of a porous layer and the polarization resistance. On the other hand, examples of a capacitor are a metal coated with a passive film, immersed in an electrolyte and the metal-electrolyte interface knows as the "double layer". The interpretation of the impedance results requires an appropriate model and knowledge about chemical-physical processes that occur in the metal/electrolyte interface [START_REF] Orazem | An integrated approach to electrochemical impedance spectroscopy[END_REF]. The typical circuit elements, the equation for their current versus voltage relationship, and their impedance are listed in Table 2. 

Component Current vs. Voltage Impedance

Resistor E = IR Z = R Inductor E = L di / dt Z = jωL Capacitor I = C dE / dt Z = 1 / jωC
When modeling an electrochemical system as an electrochemical circuit, a potential waveform is applied across the circuit, and a current response to the frequency signal generates impedance data. Thus, the impedance data is related to a phase shift angle and a variation in potential and current amplitudes. This technique is a straightforward approach for analyzing the corrosion behavior of a metal [101].

For instance, Figure 13 shows two schematic electrical circuit models can be used to represent electrochemical systems. For a bare, corroding metal in an electrolyte solution (Fig. 13(a)), only the solution resistance (Rs), polarization resistance (Rp) and the capacitor (C), associated with the double layer capacitance (Cdl) of the metal/electrolyte interface, are needed in a simple circuit [101].

On the other hand, if the electrochemical system is diffusion control (Fig.

13(b)), a diffusion impedance (ZD) is incorporated in the circuit [101]. When the electrochemical responses are not ideal and cannot be represented by a connection of simple R-C-L elements, the Constant Phase Element (CPE) is used. CPE is a parameter usually used in fitting EEC in electrochemical impedance spectroscopy. The impedance of a constant-phase element is defined as [START_REF] Macdonald | Impedence Spectroscopy--Emphasizing Solid Materials and Systems[END_REF]:
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Z = [Q(jω) α ] -1 (17) 
The CPE parameters α and Q are independent of frequency. When the electrode shows a capacitive behavior, α is equal to 1, Q has units of a capacitance (µF/cm 2 ). When α< 1, the system shows behavior that has been attributed to surface heterogeneity [START_REF] Hirschorn | Determination of effective capacitance and film thickness from constantphase-element parameters[END_REF] or to continuously distributed time constants for charge-transfer reactions. When α is 0.5, it indicates an infinite Warburg impedance.

The CPE parameters α and Q can be obtained from graphical methods [START_REF] Torres | Influence of BSA adsorption on the oxide layers developed on 70Cu-30Ni alloy in static artificial seawater[END_REF]. The parameter α is calculated from the slope of the log |Zi | vs. log f curve [START_REF] Torres | Influence of BSA adsorption on the oxide layers developed on 70Cu-30Ni alloy in static artificial seawater[END_REF]:

𝛼(𝑓) = | 𝑑 𝑙𝑜𝑔|𝑍 𝑖 (𝑓)| 𝑑 log 𝑓 | ( 18 
)
and Q is obtained from:

𝑄 = - 1 𝑍 𝑖 (𝑓)𝑥(2𝜋𝑓) 𝛼 𝑥 𝑠𝑖𝑛 ( 𝛼𝜋 2 ) (19) 
The parameters α and Q obtained by graphical evaluation of equations (18) and (19) are the same as would be obtained by regression analysis [START_REF] Torres | Influence of BSA adsorption on the oxide layers developed on 70Cu-30Ni alloy in static artificial seawater[END_REF].

On the other hand, two different equations were developed for estimating effective capacitance from Constant-Phase-Element (CPE) parameters [START_REF] Hirschorn | Determination of effective capacitance and film thickness from constantphase-element parameters[END_REF]. If the CPE behavior is assumed to be associated with surface distributed time constants for charge-transfer reactions (time-constant distribution along the electrode surface), then it is possible to apply the equation derived by Brug et al. to calculate the effective capacitance associated with the CPE [START_REF] Torres | Influence of BSA adsorption on the oxide layers developed on 70Cu-30Ni alloy in static artificial seawater[END_REF]:

𝐶 𝑒𝑓𝑓 (𝐵𝑟𝑢𝑔) = 𝑄 1 𝛼( 𝑅 𝑒 -1 + 𝑅 𝑡 -1 ) 𝛼-1 𝛼 ( 20 
)
where Re is the electrolyte resistance and Rt the charge transfer resistance.

The second equation (normal distribution of time constants) is described by the relation of Hsu-Mansfeld [25,[START_REF] Hirschorn | Determination of effective capacitance and film thickness from constantphase-element parameters[END_REF]:

𝐶 𝑒𝑓𝑓 (𝐻 -𝑀) = 𝑄 1 𝛼( 𝑅 𝑡 ) 1-𝛼 𝛼 (21) 
thus, CPE impedance response can be associated with an effective capacitance, the dielectric constant or the film thickness may be obtained from [START_REF] Orazem | Dielectric properties of materials showing constant-phase-element (CPE) impedance response[END_REF]:

𝐶 𝑒𝑓𝑓 = 𝜖 • 𝜖 0 𝛿 ( 22 
)
where δ is the film thickness, ϵ is the dielectric constant, and ϵ0 is the permittivity of vacuum with a value of ϵ0 = 8.8542 × 10 -14 F/cm [START_REF] Orazem | Dielectric properties of materials showing constant-phase-element (CPE) impedance response[END_REF].

Corrosion of ultrafine-grained materials obtained by severe plastic deformation

Development of corrosion-resistant metallic materials for advanced applications is a current task for modern materials science with attention to both effectiveness and security of the cutting-edge technologies and environmental security taking into consideration risks of global warming and industrial disasters.

The problem of utmost importance is the development of new functional materials with reasonable corrosion resistance to be used in new-generation applications.

Grain refinement by SPD processing accompanies other microstructural changes in a complicated way. These changes include phase transformation [20],

redistribution of impurity and solute elements [START_REF] Sha | Segregation of solute elements at grain boundaries in an ultrafine grained Al-Zn-Mg-Cu alloy[END_REF], the morphology change of
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precipitation by partial dissolution and physical fragmentation [START_REF] Xu | Influence of ECAP on precipitate distributions in a spray-cast aluminum alloy[END_REF], residual dislocation density [108], texture [START_REF] Beyerlein | Modeling texture and microstructural evolution in the equal channel angular extrusion process[END_REF], and so on. Effect of these changes is superimposed on grain size effect on corrosion.

Titanium alloys have high corrosion resistance. Several factors influence the corrosion resistance in titanium alloys processed by SPD. Particularly, basal planes of CP Ti offer higher corrosion resistance independently of grain size. On the other hand, corrosion studies for titanium alloys after severe plastic deformation have been minimal [24].

Deformation processing imparts significant physical and chemical changes to the material in addition to the grain refinement that, in turn, considerably affects the demonstrated functional properties, including corrosion behavior. Thus, systematic investigations of corrosion stability of SPD nanostructured materials and revealing its dependence on nanostructural parameters remain as one of the most challenging tasks in modern materials science [START_REF] Sabirov | Bulk Nanostructured Materials with Multifunctional Properties[END_REF].

Osseointegration

Osseointegration, defined as a direct structural and functional connection between ordered, living bone and the surface of a load-carrying implant, is critical for implant stability and is considered a prerequisite for implant loading and longterm clinical success of endosseous implants [START_REF] Parithimarkalaignan | Osseointegration: an update[END_REF]. Otherwise, the formation of fibrous tissue around the implant could lead to rejection of the prosthesis.

The osseointegration must be linked to bioactivity. A material with proper osseointegration is a bioactive material. When this material is immersed in a physiological fluid, it spontaneously forms on its surface an apatite layer, or specifically hydroxyapatite [START_REF] Liu | Surface modification of titanium , titanium alloys , and related materials for biomedical applications[END_REF].

Hydroxyapatite (HAp) is an inorganic compound made of calcium phosphate and hydroxyl groups, with a stoichiometry of (Ca10(PO4)6(OH)2) and a hexagonal crystal structure. Natural HAp is the primary mineral constituent of hard human tissues such as bones and teeth. It has the same crystal structure, but a stoichiometry slightly different from the synthetic one since some calcium ions can be exchanged by other metallic ions, such as magnesium or sodium [START_REF] Rivera-Muñoz | HAp Nanofibers Grown with Crystalline Preferential Orientation and Its Influence in Mechanical Properties of Organic-Inorganic Composite Materials[END_REF]. The production of synthetic HAp has acquired a great significance in recent years due to its excellent properties of biocompatibility, bioactivity, osteoconductivity, and osteoinductivity [START_REF] Khan | The corrosion behaviour of Ti-6Al-4V, Ti-6Al-7Nb and Ti-13Nb-13Zr in protein solutions[END_REF][START_REF] Oliveira | Corrosion resistance of anodic oxides on the Ti -50Zr and Ti -13Nb -13[END_REF].

In this context, some experiments that will be carried out as part of this project have as a particular objective the study of bioactivity specifically by the growth of HAp.

MATERIALS AND METHODS

Figure 14 shows a schematic representation with the most important experimental methodologies used in this work. These experimental methodologies will be better explained below. 

Preparation of samples

The titanium alloys used in this study, Ti13Nb13Zr (α+β) and Ti35Nb7Zr5Ta (β), were purchased from ERCATA GmbH, Development Co., Ltd., Germany. Bars of the alloys were cut in disks of 10 mm of diameter and 1 mm of thickness. In order to reduce the modulus of elasticity [START_REF] Zhao | Mechanical and electrochemical characterization of Ti-12Mo-5Zr alloy for biomedical application[END_REF] and homogenize microstructure [START_REF] Lütjering | Influence of processing on microstructure and mechanical properties of (α+ β) titanium alloys[END_REF], the specimens were vacuum-sealed in a quartz tube and then heat-treated above the β transus temperature for one hour and then fast cooled in water according to the procedure used by [START_REF] Majumdar | The role of heat treatment on References 201 microstructure and mechanical properties of Ti-13Zr-13Nb alloy for biomedical load bearing applications[END_REF] [START_REF] Majumdar | The role of heat treatment on References 201 microstructure and mechanical properties of Ti-13Zr-13Nb alloy for biomedical load bearing applications[END_REF]. The β transus temperatures for Ti13Nb13Zr and Ti35Nb7Zr5Ta are 735 °C and 750 °C, respectively [START_REF] Grimes | TiO2 nanotube arrays: synthesis, properties, and applications[END_REF][START_REF] Jaroenworaluck | Macro, micro and nanostructure of TiO 2 anodised films prepared in a fluorinecontaining electrolyte[END_REF].
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In this work, all the samples of each alloy were initially thermally treated.

The phases present in the samples after thermal treatment were identified by confocal laser microscopy (CLM), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and X-ray diffraction (XRD). Moreover, the thermally treated samples were also characterized by micro-hardness studies and elastic modulus.

High-Pressure Torsion (HPT) deformation

The deformation by HPT of the samples of Ti13Nb13Zr and Ti35Nb7Zr5Ta was performed at room temperature. The disks were processed under pressures of 1.0 and 4.5 GPa. Three turns were applied using a rotation speed of 3 rpm. Figure 15 shows the Universal Testing Machine (EMIC®) and the HPT accessory used for the HPT assays. The phases present in the samples after deformation by HPT were identified by confocal laser microscopy (CLM), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and X-ray diffraction (XRD). Moreover, the samples deformed were also characterized by micro-hardness studies and elastic modulus.

Surface modification treatments

The surface modification treatments that will be described below were applied to the titanium alloys (Ti13Nb13Zr and Ti35Nb7Zr5Ta) deformed by HPT (see section 3.5) as well as to non-deformed samples (ND). The microstructure of the samples, with surface modifications, was evaluated by SEM, analyzed chemically by energy dispersive spectroscopy (EDS) and by Raman's spectroscopy. Phase identification was performed by XRD.

Electrochemical anodization

The conditions used in the electrochemical anodization were selected according to the best results reported for pure titanium by Hilario et al. (2017) [START_REF] Hilario | Influence of morphology and crystalline structure of TiO2 nanotubes on their electrochemical properties and apatite-forming ability[END_REF].

Surface preparation

Initially, the surface of samples was polished successively with SiC abrasive paper of P320 (grain size 46 μm), P600 (26 μm), P1200 (15 μm) and P2400 (10 μm) grades. Then, the samples were also polished with a colloidal silica suspension of 0.03 μm, dispersed on a polishing cloth tender, and cleaned ultrasonically in distilled water, ethanol, and acetone for 10 minutes in each case.

Finally, the samples were rinsed with distilled water and acetone and dried with compressed air. This surface preparation was carried out just before anodization assays, and in order to ensure orderly growth of the nanotubes on the sample surface [25].

Anodization

The TiO2 nanostructures were obtained by anodization of the polished and cleaned samples. The anodization was then carried out in an electrochemical cell with a conventional two-electrode arrangement. The cell used during this work
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allowed the simultaneous anodization of four samples. The disks of the samples embedded in a Teflon holder were employed as the working electrodes (each sample exposed a superficial area of 0.283 cm 2 to the electrolyte), the counter electrode was a cylindrical platinum grid (placed 3 cm from the working electrodes surface). The samples were connected to the positive terminal (+) of the power supply (TCR -Electronic Measures Inc.), and the counter electrode was connected to an amperemeter which was connected to the negative terminal (-) of the power supply. The diagrammatic representation of the experimental assembly is shown in The anodization experiments were performed at 25 °C for one hour, in an organic electrolyte consisting of glycerol, containing 25 vol% of water and 0.25M of NH4F. A constant voltage of 20 V was applied during the experiments.

After anodization, samples were first rinsed with distilled water, then with acetone, and finally dried with compressed air.

Finally, the samples were annealed in air at 550 ºC for 2 h to crystallize TiO2 nanotubes into a mix of anatase and rutile phases.

Chemical treatment by acid etching and alkali activation

The chemical treatment consisted of an acid etching followed by the alkaline activation. The acid attack was carried out with 37% hydrochloric acid (HCl) or 85% phosphoric acid (H3PO4) in order to define which acid favors more the growth of hydroxyapatite.

Initially, 150 ml of concentrated acid were transferred to a 300 ml beaker.

The solution was then maintained, with the help of a heating plate, at 60 °C or 80 ºC, during the attacks with HCl or H3PO4, respectively. When the temperature stabilized, the samples were immersed in the solution for 30 minutes. Finally, the samples previously attacked with acid were immersed in a NaOH solution (10 M) and then kept at 60 °C into an incubator, Memmert UF55, for 24 h. Finally, the samples were left in a desiccator to dry.

Electrochemical characterization

Samples non-deformed and deformed by HPT in the as-polished condition and those with surface modifications were characterized electrochemically. All experiments were performed in triplicate. Simad® software developed at the Laboratory of Interfaces and Electrochemical Systems (LISE) was used for the analysis of EIS data.

Experimental assembly

An experimental assembly of four electrodes and a potentiostat (GAMRY Instruments, Reference 600 +) were used to perform the electrochemical characterizations. The sample disk embedded in a Teflon holder was employed as the working electrode (a surface of 0.283 cm 2 was exposed to the electrolyte), the reference electrode was a saturated calomel electrode (SCE, 0.242 V vs. SHE at
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of 1 μF. The platinum wire is used in order to avoid capacitive and inductive artifacts, originated in stray capacities that can be present in the impedance measurements [START_REF] Sadkowski | On the Fletcher ' s two-terminal equivalent network of a three-terminal electrochemical cell[END_REF]. The counter electrode was a flat platinum mesh placed about 3 cm from the working electrode surface. A schematic representation of the experimental configuration just described is shown in Figure 17. (2012) [START_REF] Kamalian | Synthesis and characterization of bioactive glass/forsterite nanocomposites for bone implants[END_REF].

Ion SBF (mmol/l)

Na + 142.0

K + 5.0 Mg +2 1.5 Ca +2 2.5 Cl - 147.8 HCO3 - 4.2 HPO4 -2 1.0 SO4 -2 0.5

Protocol and measurement sequence

For each sample, the Open Circuit Potential (OCP) was recorded during 1 h of immersion in the electrolyte. Next, the impedance spectroscopy measurements were recorded on steady-state OCP with a frequency range of 20 kHz to 20 mHz.

The amplitude of the disturbing sinusoidal signal was 10 mVrms (amplitude large enough for the output signal to be easily measured, but also to satisfy the criterion of linearity). Finally, the corrosion resistance was assessed through potentiodynamic polarization curves recorded in a potential range of -30 mV to +1.50 V relative to the OCP, with a scanning speed of 0.20 mV s -1 .

Bioactivity assays

The bioactivity assays were performed on the samples deformed by HPT in the as-polished condition and on those with surface modifications, as well as on samples non-deformed. All experiments were performed in triplicate.

In order to characterize the bioactivity of the titanium alloy used in this work, the amount of hydroxyapatite (HAp) spontaneously deposited on the surface of the
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samples, when they were immersed in SBF, was measured according to the protocol reported by Kokubo et al., 2006 [120]. The in vitro formation of HAp is an indicator of the in vivo bioactivity of a material surface.

The samples were immersed in 30 mL of simulated body fluid (SBF) at 37 °C for different times (1, 7 or 14 days) into an incubator, Memmert UF55. The pH of the solution was adjusted to 7.40. To avoid precipitation problems of Ca/P compounds, the active surface of the sample tested was placed perpendicular to the bottom of the container, as shown in Figure 18. After the immersion time, the samples were removed from the solution, rinsed with distilled water and dried in a desiccator. The apatite formation was then evaluated by Scanning electron microscopy SEM-FEG observations, chemical analysis by energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), Raman spectroscopy and also weighing the samples before and after the immersion.

Methods of characterization of samples

The methods used to the mechanical and microstructural characterization of samples will be mentioned below. Samples polished and those with surface modifications, as well as non-deformed and deformed by HPT, were mechanical and microstructural characterized. 
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Elastic Modulus

The elastic modulus of deformed and not deformed samples (disks of 10 mm of diameter and 1 mm of thickness) was measured according to the Pulse excitation technique (ASTM E1876) [START_REF] Astm | Standard test method for dynamic young's modulus, shear modulus, and poisson's ratio by impulse excitation of vibration[END_REF]. This technique consists of determining the elastic modulus of a material according to the natural frequency of a sample of regular geometry. These frequencies are excited by a short mechanical impulse, followed by the acquisition of the acoustic response using a microphone [START_REF] Otani | Elastic Moduli Influence of surface treatments on corrosion resistance properties of ultrafine grained Titanium alloys for implant applications 202 characterization of composites using the Impulse Excitation[END_REF].

Figure 20 shows the system used in the measurements of elastic modulus. The experiments were performed in triplicate, and the results are expressed as mean of triplicates ± standard deviation.

Confocal laser microscopy

Confocal laser microscopy (CLM), is a powerful technique that allows enhanced optical resolution and the reduction of background information away from the focal plane (that leads to image degradation) [START_REF] Fish | Fluorescent Biomarkers in Neurons[END_REF]. A microscope LEXT OLS4000 by Olympus was used during the experiments in order to characterize polished samples.

Samples of Ti13Nb13Zr analyzed by CLM were ground in a multistep process using SiC abrasive paper (320, 400, 600, 800, 1200, and 2000 grit). After grinding, Keller's reagent (or Kroll's reagent for samples of Ti35Nb7Zr5Ta) was used to etch the samples [20,[START_REF] Franco | Fatigue Strength of Ti-35Nb-7Zr-5Ta[END_REF].

Scanning electron microscopy

The microstructural characterization of the samples was examined by scanning electron microscopy (SEM), in a Philips XL30 FEG equipped with energydispersive spectroscopy (EDS) (OXFORD -LINK ISIS 300). The morphology of the anodized TiO2 nanotubes was determined using a FEG-SEM Zeiss Ultra 55, equipped with a Gemini column.

Transmission electron microscopy

Conventional transmission electron microscopy and Orientation-phase mapping were accomplished by transmission electron microscopy (TEM) using an FEI TECNAI G2 operated at 200 kV. This microscope is equipped with an orientation and phase mapping precession unit NanoMEGAS (model ASTAR) and with a Digistar P1000 unit. The recently developed technique based on transmission electron microscopy, called ASTAR, makes use of electron-beam (in precession mode or not) together with spot diffraction pattern recognition, allowing to perform Automated Crystal Orientation Mapping (ACOM) in micro-or nanoprobe mode. ACOM-TEM opens the opportunity of acquiring reliable orientation/phase maps with a spatial resolution that can go down to the nm range. In short, the ACOM-TEM consists in scanning the electron beam (in precession or not) in the nanoprobe mode on a specimen area, thus collecting, by a CCD cam, thousands of electron diffraction spot patterns to be subsequently indexed automatically through a template matching. In fact, and very important, ACOM-TEM closes the gap between EBSD in SEM and bright field (BF)/dark field (DF) in TEM by providing full orientation maps with nanometer resolution and even materials severely plastic deformed (SPD), e.g., by ECAP or HPT, can be reliably analyzed.

When SPD is performed, problems can arise when observations by EBSD are carried out, because of the Kikuchi lines, used by any EBSD system or in the TEM,
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are very sensitive to the crystal orientation, and they rapidly disappear if the diffracting volume suffers distortions induced by high dislocation densities [20].

The samples analyzed by TEM were thinned down to 10 µm by a Gatan Dimple Grinder (model 656) using diamond polishing paste and alumina suspension. The final stage of sample preparation was ion milling using a Gatan Precision Ion Polishing System (model 691) under conditions in which damage is avoided in the structure during thinning (2.5 keV at the initial stage of polishing and 1.6 keV at the final stage) [20].

X-ray diffraction

Within this study, X-ray diffraction (XRD) were used to characterize crystalline phases in the deformed surfaces and the phases in TiO2 nanotubes. Two different diffractometers were used in this investigation. The first X-ray diffractometer is a Rigaku ME210GF2 with a diffracted beam monochromator that uses CuKα radiation (λ = 1.5406 Å) and operates at 40 kV and 30 mA. Diffraction was recorded for angles of 2θ between 30° and 90°, with a step from 0.033° to 0.067°.

The second XRD measurements were made on a PANalytical X'Pert Pro MPD diffractometer/goniometer with Bragg-Brentano geometry, equipped with a diffracted beam monochromator using CuKα radiation (λ = 1.5418 Å) and operating at 45 kV and 40 mA. Diffraction was recorded for angles of 2θ between 10° and 90°, with a step from 0.033° to 0.067°.

Raman Spectroscopy

Raman spectroscopy, a vibrationally spectroscopic technique, it is excellent for chemical analysis on both the macroscopic and microscopic scale. The technique can provide information about concentration, structure, and interaction between chemical components of a material. Raman spectroscopic techniques were used for this study in order to characterize the formation of sodium titanate layer after the chemical treatment. 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.

EXPERIMENTAL RESULTS: Ti13Nb13Zr ALLOY

In this section, the results regarding the Ti13Nb13Zr alloy in the conditions of non-deformed, deformed by HPT, and with different surface conditions will be presented. The results will be presented in the following sequence: microstructural and mechanical characterization, electrochemical characterization, and finally, bioactivity.

Microstructural and mechanical characterizations

In this section, the microstructural and mechanical characterization of samples of Ti13Nb13Zr alloy in the conditions non-deformed and deformed by HPT will be presented. These samples without surface treatment are named "Polished samples". As shown in Figure 23, when samples of Ti13Nb13Zr alloy were deformed by HPT, the hardness significantly increased, from a mean value of 265 HV at the non-deformed condition to values between 359 and 406 HV at 4.5 GPa. This result can be related to the grain refinement shown in Figure 22. Moreover, the deformed samples show a radial increase in hardness, from the center to the edge. This may be because the HPT deformation is a torsional process. On the other hand, since the increase in hardness is related to the decrease in grain size, it is possible to assume that deformed samples display smaller grains in the edge than in the center [20].

Polished samples
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Figure 24 shows the elastic modulus measured for samples of Ti13Nb13Zr alloy at ND, HPT1GPa, and HPT4.5GPa conditions. The elastic modulus of the samples in the non-deformed condition, deformed at 1 GPa, and deformed at 4.5

GPa were 63 GPa, 58 GPa, and 60 GPa, respectively. The values showed in 

Anodized samples

Figure 25 shows the XRD patterns of anodized samples of Ti13Nb13Zr alloy in the conditions ND, HPT1GPa, and HPT4.5GPa. 
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These XRD patterns indicate that TiO2 nanotubes and nanopores obtained during anodization are amorphous. However, when TiO2 nanotubes and nanopores were heat-treated at 550 °C for two hours, an anatase-rutile mixture was obtained (Figure 26). 4. In the same way, the samples deformed by HPT, Figures 27(c) and (e), presented different nanostructures. However, since processing by HPT caused a refinement and spatial redistribution of the α' and β phases, the deformed samples presented a more homogenous distribution of the nanostructures.

❖ ❖ ❖ ❖    • •  ❖ • ❖  Intensity (a.u.) 2 (degree) • Ti  ❖ Ti   TiO 2 Anatase TiO 2 Rutile  • ❖    Ti  

Samples chemically treated by HCl etching and NaOH activation

The surface morphology of samples of Ti13Nb13Zr alloy, chemically treated by HCl etching and NaOH activation, was examined by scanning electron microscopy (SEM). The secondary electron (SE) detection mode with an acceleration voltage of 25 kV was selected for SEM analysis. As shown in the micrographs of Figure 28, the chemically treated by HCl and NaOH, induced the formation of a nano topographic sponge-like morphology on the samples' surface. Also observed in Figure 28 is that the surface is completely cracked. This behavior has previously been described. For example,
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Jonášová et al., (2004) reported, that HCl etching of commercially pure Ti leads to the formation of a micro-roughened surface, which after subsequent alkali treatment in NaOH is maintained [START_REF] Jonášová | Biomimetic apatite formation on chemically treated titanium[END_REF]. [START_REF] Yi | Characterization of a bioactive nanotextured surface created by controlled chemical oxidation of titanium[END_REF] reported, for commercially pure grade 2 Ti treated with H2SO4/H2O2 mixture, a texture characterized by a three-dimensional sponge-like porosity on chemically treated cp Ti surface [START_REF] Yi | Characterization of a bioactive nanotextured surface created by controlled chemical oxidation of titanium[END_REF].

On the other hand, in order to obtain an analysis of the surface composition, EDS analysis was performed. The results are shown in Table 5. [START_REF] Müller | In vitro apatite formation on chemically treated (P/M) Ti-13Nb-13Zr[END_REF]. The authors also reported a micro-roughened surface as well as microcracks. Moreover, Raman results also indicate sodium titanate, anatase, and rutile phases in the samples, see Figure 31. Table 6 presents the quantitative EDS chemical analysis of samples chemically treated by H3PO4 and NaOH. 
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Electrochemistry characterization

Polished samples

Open circuit potential (OCP) measurements

Table 7 summarizes the values of open circuit potential (or corrosion potential, Ecorr) recorded after one hour of immersion in simulated body fluid (SBF)
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for Ti13Nb13Zr alloy, in the conditions ND, HPT1GPa and HPT4.5GPa. The values are the result of a statistical analysis of 3 measurements (mean and standard deviation).

Table 7: OCP measurements after 1-hour immersion in SBF at 37 °C of the polished surfaces of Ti13Nb13Zr alloy in the conditions ND, HPT1GPa, and HPT4.5GPa samples.

Condition OCP or Ecorr (mV vs. SCE)

Non-deformed -530 ± 54

1 GPa -466 ± 56

4.5 GPa -513 ± 62
The OCP is used as a criterion for the corrosion behavior, the higher the potential, the nobler, and the more stable the surface in the medium.

A slight variation of the open circuit potential is observed for deformed conditions. The OCP of Ti13Nb13Zr alloy, at ND condition, was -530 mV vs. SCE, while samples with HPT1Gpa and HPT4.5GPa showed a slight increase, -466 mV vs. SCE and -513 mV vs. SCE, respectively. Therefore, regardless of the crystal structure, it appears that severe plastic deformation causes a slight increase in the corrosion potential compared to the ND samples.

Potentiodynamic polarization curves

Figure 32 shows the anodic polarization curves, recorded in SBF at 37 ºC, for the polished samples at ND, HPT1GPa, and HPT4.5GPa conditions. The polarization curve for each sample represents a single measure, arbitrarily chosen from a series of three measurements carried out under the same conditions.

Experimental results

65

-0,8 -0,4 0,0 0,4 0,8 The current density (i), represented on the ordinate axis of Figure 32, was calculated by dividing the current measured by the geometric area (0.283 cm²). It is considered that the current measured in the anode region is mainly due to the oxidation reaction of the substrates to form TiO2, which contributes to the thickening of the passive layer. This reaction takes place in the metal/oxide interface. Therefore, the area in which it is produced is equal to the geometric area.

On the other hand, the Ecorr values obtained by extrapolation on the polarization curves shown in Figure 32 were comparable with the values measured in the OCP measurements (see Table 7). Moreover, as shown in Figure 32, a current plateau was quickly established due to spontaneously formation of a protective oxide layer on the surface of the sample. Thus, in this passive state, the corrosion current density (icorr) could be considered equivalent to the current density of the passive plateau (ipass).

The passivation current density (ipass) values, for the ND, HPT1GPa, and HPT4.5GPa Ti13Nb13Zr samples were graphically established and summed up in
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Table 8. It shows the mean current density values of three points at the current plateau in the polarization curves and their standard deviations. The passivation current density of the non-deformed Ti13Nb13Zr alloy was 2.00 µA/cm 2 , while samples HPT1GPa and HPT4.5GPa showed a slight increase, 2.95 µA/cm 2, and 2.45 µA/cm 2 , respectively. Therefore, it appears that the increase in the pressure from 1 GPa to 4.5 GPa does not affect the passivation current density in the Ti13Nb13Zr alloy.

Electrochemical impedance measurements (EIS)

To conclude the electrochemical characterization of the samples without surface treatments (polished samples), the samples were subjected to electrochemical impedance spectroscopy measurements. The EIS was also performed in SBF at 37 °C and in the dark. Figure 33 shows the EIS graphs in the Note that the diagrams for each sample present a single measurement, chosen arbitrarily from a series of three experiments carried out under the same conditions. It should also be taken into account that the influence of electrolyte resistance confounds the use of Bode phase angle plots, to estimate the nature of the impedance response [START_REF] Orazem | Enhanced graphical representation of References 203[END_REF]. Therefore, all Bode diagrams in this work were corrected from the electrolyte resistance. A modified Bode representation is possible following
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Φ 𝑎𝑑𝑗 = tan -1 ( 𝑍 ′′ 𝑍 ′ -𝑅 𝑒 ) (23) 
𝑍𝑚𝑜𝑑 𝑎𝑑𝑗 = √(𝑍 ′ -𝑅 𝑒 ) 2 + (𝑍′′) 2 (24) 
The impedance spectra in Nyquist diagrams of Figure 33(a) show the typical shape (arc) for a capacitive-resistive system (associations of capacitive phenomena, accumulation of charges, and resistive phenomena, load transfers or resistance of a layer). Additionally, it can be seen from Figure 33(a) that the spectrum of ND samples has a higher amplitude, which indicates that SPD process displays a slight effect on the formation of the protective layer in Ti13Nb13Zr alloy.

It can be related to the increasing surface energy of the alloy induced by dislocations [START_REF] Huang | Effect of surface energy on dislocationinduced field in half-space with application to thin film-substrate systems[END_REF]. Thus, the tendency to loss of electrons and releasing atoms into electrolyte is accelerated [START_REF] Rafiee | An investigation on dislocation density in cold-rolled copper using electrochemical impedance spectroscopy[END_REF].

On the other hand, the effect of the dislocations caused by SPD was higher for samples deformed at 1GPa (spectrum with the lowest amplitude). This may be explained by the fact that, in the samples deformed at low pressure, the density of dislocations was not enough to initiate the recrystallization of the material [20,[START_REF] Twiss | Theory and applicability of a recrystallized grain size paleopiezometer[END_REF].

Instead of this, in the samples deformed at 4.5GPa, the greater amount of dislocations generated probably induced certain recrystallization of the material [20], which involves nucleation, growth of new dislocation free grains from the deformed structure [START_REF] Zahiri | Recrystallization of cold spray-fabricated CP titanium structures[END_REF], and then decreasing surface energy.

The Bode diagrams, in Figure 33(b), show a capacitive behavior, from medium to low frequencies, with phase angles approaching -90° and straight lines in Bode magnitude plot. It is typical of passive materials [START_REF] De Assis | The effect of polarisation on the electrochemical behavior of Ti-13Nb-13Zr alloy[END_REF]. From the Bode phase angle plot for all samples, two plateaus can be identified, where the phase angle is independent of frequency.

Moreover, high values of Zmod (or |Z|) at low frequencies, above 10 5 Ω•cm 2 , suggest that the passive film formed offers high corrosion resistance. This behavior is consistent with the low passivation current determined in the polarization tests.

Anodized samples

In this section, the effect of the SPD by HPT as well as the presence of TiO2 nanostructures on the electrochemical properties of Ti13Nb13Zr alloy is presented.

The anodized samples were annealed according to section 4.3.1.2.

Open circuit potential measures

Table 9 summarizes the values of Ecorr recorded after 1 hour of immersion in SBF for anodized Ti13Nb13Zr alloy in the conditions ND, HPT 1GPa and HPT4.5GPa. The values are the result of a statistical analysis of 3 measurements (mean and standard deviation).

Table 9: OCP measurements, after 1-hour immersion in SBF at 37° C for the anodized samples of Ti13Nb13Zr alloy in the conditions ND, HPT1GPa, and HPT4.5GPa.

Condition OCP or Ecorr (mV vs. SCE)

Non-deformed -3.9 ± 9.3

1 GPa -49 ± 18 4.5 GPa -71 ± 29

The OCP of anodized Ti13Nb13Zr alloy, at the non-deformed condition, was -3.9 mV vs. SCE, while the anodized samples HPT1GPa and HPT4.5GPa showed a decrease in their corrosion potential, -49 mV vs. SCE and -71 mV vs. SCE, respectively. Therefore, the anodized ND Ti13Nb13Zr alloy showed the noblest corrosion potential (the nobler and more stable surface in SBF).

On the other hand, the Ecorr of the anodized samples showed a drastic increase compared to samples without TiO2 nanostructures (Table 7), meaning
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that electrochemical anodization of the Ti13Nb13Zr alloy in both ND and HPT deformed conditions, ennobled its surface.

Potentiodynamic polarization curves

Figure 34 shows the anodic polarization curves, recorded in SBF at 37 ºC, of anodized samples of Ti13Nb13Zr alloy in the conditions ND, HPT1GPa, and HPT4.5GPa. From Figure 34, it can also be seen a current plateau in a wide range of potentials which is formed faster than in non-anodized samples (see Figure 32).

However, for anodized samples, the passive current density is not absolutely constant but increases slowly between Ecorr and 1 V vs. SCE. This evolution of the current reflects poorer stability of the passive layer when it is subjected to anode potentials.

-0,2 0,0 0,2 0,4 0,6 0,8 1,0 10 The ipass values, of anodized Ti13Nb13Zr alloy samples in the conditions ND, HPT1GPa, and HPT4.5GPa, were graphically established and summed up in Table 10. It shows the mean current density values of three points at the current plateau in the polarization curves and their standard deviations. The passivation current density of anodized ND Ti13Nb13Zr alloy, was 0.012 µA/cm 2 , while the HPT1GPa and HPT4.5GPa samples showed a slight increase, 0.017 µA/cm 2 and 0.033 µA/cm 2 , respectively. Therefore, it appears that severe plastic deformation causes a slight increase in the passivation current of anodized Ti13Nb13Zr alloy. On the other hand, the ipass of the samples anodized also showed a drastic change compared to samples without TiO2 nanostructures (Table 8). This result is also in agreement with earlier observations, which showed that electrochemical anodization of Ti13Nb13Zr alloy, non-deformed or deformed by HPT, ennobled its surface. The impedance spectra in Nyquist diagrams of Figure 35(a) show a pseudocapacitive shape (tilted straight line). This behavior suggests that the electron exchanges, and therefore, the reactions, are minimal or that the oxide layer is very resistive [START_REF] V. Augustyn | Pseudocapacitive oxide materials for highrate electrochemical energy storage[END_REF]. Additionally, it can be seen from Figure 35(a) that the amplitude of spectra is much higher than in non-anodized samples (Figure 33(a)).

Electrochemical impedance measurements

It suggests that the nanostructure arrays on the samples improved the protection of the surface in Ti13Nb13Zr alloy.

On the other hand, deformed samples showed a spectrum with a lower amplitude. Hence, the SPD process also affected the formation of nanostructures on Ti13Nb13Zr alloy.

In contrast, comparing with the result obtained for polished samples, the effect of the dislocations caused by SPD was lower for samples deformed at 1

GPa. This may be explained by the fact that the heat treatment carried out on anodized samples possibly allowed the relief of residual stresses developed during the deformation by HPT [START_REF] Bhargava | 14 Heat-Treating Copper and Nickel Alloys[END_REF].

The Bode diagrams, in Figure 35(b), show a capacitive behavior with the maximum phase angles close to -90° and high values of |Z| above 10 5 Ω•cm 2 in the low frequencies region, suggesting that the formed passive film offers high corrosion resistance. This fact is consistent with the low passivation current determined in polarization tests. From Bode phase angle plots, three plateaus can be identified, which is more noticeable for samples deformed at 4.5 GPa.

Samples chemically treated by HCl etching and NaOH activation

In this section, the effect of the SPD by HPT as well as, surface modification treatment by HCl etching and subsequent NaOH activation, on the electrochemical properties of Ti13Nb13Zr alloy will be studied.

Open circuit potential measures

Table 11 summarizes the values of Ecorr for samples ND and deformed by HPT as well as chemically treated by HCl and NaOH. The values are the result of a statistical analysis of 3 measurements (mean and standard deviation). The OCP of Ti13Nb13Zr alloy chemically treated by HCl and NaOH, nondeformed, was -132 mV vs. SCE, while the corrosion potentials for samples deformed at 1 GPa and 4.5 GPa did not show a significant variation being -144 mV vs. SCE and -147 mV vs. SCE, respectively.
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On the other hand, the Ecorr of chemically treated samples also showed an increase compared to polished samples (Table 7), meaning that the chemically treated by HCl and NaOH turns nobler and more stable the surface of Ti13Nb13Zr alloy. From Figure 36, it can be seen that the behavior of the samples chemically treated by HCl and NaOH, in a physiological environment is characteristic of a passive state. However, these samples show, for potentials higher than Ecorr, a large active region of at least 300 mV. These results suggest that the chemical treatment, by HCl etching and NaOH activation, has a deleterious effect on the passivation of the Ti13Nb13Zr alloy. It may be related to the crack on samples surface (see Figure 28), as well as the degradation of the passive layer by acid etching [START_REF] Sasikumar | Effect of Acid Treatment on the Surface Modification of Ti-6Al-7Nb and Ti-5Al-2Nb-1Ta and Its Electrochemical Investigations in Simulated Body Fluid[END_REF].

Potentiodynamic polarization curves

The ipass values of samples chemically treated by HCl and NaOH were graphically established and summed up in Table 12. It shows the mean current density values of three points at the current plateau in the polarization curves and their standard deviations. Therefore, it appears that severe plastic deformation causes a slight increase in the passivation current of the chemically treated Ti13Nb13Zr samples. The SPD also affected the formation of passive layers on samples chemically treated. In this case, the sample deformed at 4.5 GPa showed a spectrum with the lowest amplitude for the lowest frequency, unlike the polished samples. These results are likely to be related to a more active dissolution of the passive film at the surface near the grain boundaries [140]. Therefore, the resistance of the passive film is more affected in samples with more grain boundaries such as those deformed at 4.5 GPa.
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Electrochemical impedance measurements

On the other hand, the Bode diagrams, in Figure 37 
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Samples chemically treated by H3PO4 etching and NaOH activation

In this section, the effect of the SPD by HPT as well as, surface modification treatment by H3PO4 etching and subsequent NaOH activation, on the electrochemical properties of Ti13Nb13Zr alloy will be studied.

Open circuit potential measures

Table 13 summarizes the values of Ecorr for samples non-deformed and deformed by HPT as well as chemically treated by H3PO4 etching and NaOH activation. The values are the result of a statistical analysis of 3 measurements (mean and standard deviation). 

Condition Corrosion potential (mV vs SCE)

Non-deformed -724 ± 57

1 GPa -501 ± 60 4.5 GPa -321 ± 49

Significant changes have been observed on the recorded corrosion potential depending on the processing condition. The OCP for the ND Ti13Nb13Zr alloy chemically treated by H3PO4 and NaOH was -724 mV vs. SCE, while the corrosion potentials for samples deformed at 1 GPa and 4.5 GPa were -501 mV vs. SCE and -321 mV vs. SCE, respectively. Therefore, it appears that the corrosion potential is nobler for substrates chemically treated, by H3PO4 etching and NaOH activation, when they were previously deformed (for high pressures).

Potentiodynamic polarization curves

Figure 38 shows the anodic polarization curves for samples non-deformed and deformed as well as chemically treated by H3PO4 and NaOH.

-0,8 -0,6 -0,4 -0,2 0,0 0,2 0,4 0,6 0,8 The polarization curves show, for potentials higher than Ecorr, a large active region of at least 400 mV. These results suggest that the chemical treatment, by H3PO4 and NaOH, has a deleterious effect on the passivation of the Ti13Nb13Zr alloy. This result could be explained by the high formation rate of an oxide layer which could lead to an increase of structural defects within the resultant oxide film that increases its dissolution rate [START_REF] Heakal | Kinetic studies on the dissolution of the anodic oxide film on titanium in phosphoric acid solutions[END_REF].

The ipass values of samples chemically treated by H3PO4 and NaOH were graphically established and summed up in Table 14. It shows the mean current density values of three points at the current plateau in the polarization curves and their standard deviations. Therefore, it appears that severe plastic deformation causes a slight increase in the passivation current of the chemically treated by H3PO4 and NaOH Ti13Nb13Zr samples.
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On the other hand, the ipass of the samples chemically treated by H3PO4 and NaOH showed an increase of ipass compared with samples without chemical treatment (Table 8). 

Electrochemical impedance measurements

Modeling of impedance spectra for samples of Ti13Nb13Zr alloy

This section is focused on modeling the electrochemical impedance spectrums by equivalent electrical circuits (EEC). Different equivalent circuits
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proposed in the literature will be reviewed. On the other hand, a transmission line model was proposed for modeling EIS data of samples with TiO2 nanotubes.

The surface of the samples polished, chemically treated and with TiO2 nanostructures are complex, and the interpretation of their impedance response is not trivial.

EEC proposed for polished samples

The results of EIS tests for polished samples of Ti13Nb13Zr alloy immersed in SBF were presented through Nyquist and Bode diagrams in section 5.2.1.3, Therefore, the EIS data were simulated using the physical model and equivalent electrical circuit shown in Figure 40. where Rs is the electrolyte resistance, Ra is the resistance of the porous outer layer, Qa is the constant-phase element for the porous layer, Rct represents the resistance of charge-transfer and Qdl is the constant-phase element for the double layer at the dense inner layer-electrolyte interface. The model and EEC illustrated in Figure 40 have been proposed by several authors to describe the bi-layer oxide film formed on Ti and its alloys [START_REF] Lavos-Valereto | Electrochemical impedance spectroscopy characterization of passive film formed on implant Ti-6Al-7Nb alloy in Hank's solution[END_REF][START_REF] Milošev | XPS and EIS study of the passive film formed on orthopaedic Ti-6Al-7Nb alloy in Hank's physiological solution[END_REF][START_REF] Milošev | Passive film on orthopaedic TiAlV alloy formed in physiological solution investigated by X-ray photoelectron spectroscopy[END_REF][START_REF] Aziz-Kerrzo | Electrochemical studies on the stability and corrosion resistance of titaniumbased implant materials[END_REF][START_REF] De Assis | Corrosion characterization of titanium alloys by electrochemical techniques[END_REF].

In this work, the analysis of EIS data by regression of EEC was performed using Simad® software. Figure 41 shows the fitting of EIS data as Nyquist representations.

The errors measured for the experimental and simulated data were 0.32% for the non-deformed sample and 0.62 % for the 4.5 GPa deformed sample, indicating that the data adjusted well to the proposed EEC.

The equivalent electrical circuit parameters obtained when fitting EIS data 15.

It can be seen from the data in Table 15, high Rct values, as well as low Qa and Qdl values. These results indicate that a highly stable film was formed on the surface of the polished samples of Ti13Nb13Zr alloy. The Rct is much higher than Ra, which suggests that the protection provided by the passive layer is predominantly due to the dense inner layer. Moreover, the α values were close to 0.9, which suggest that the passive film formed displays a near capacitive behavior.

On the other hand, the Rct of ND samples is higher than that of deformed samples. These results confirm that the dislocation induced by the SPD process affected the formation of the protective layer on Ti13Nb13Zr alloy.
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0,0 4,0x10 On the other hand, the capacitance values for the double layer (Ceff(dl)) were between 17 to 20 μF•cm -2 (see Table 15). These values are in the typical range, 10-40 µF/cm 2 [START_REF] Vittorio | Nanotechnology and neuroscience: nano-electronic, photonic and mechanical neuronal interfacing[END_REF]. The capacitance values for the porous layer (Ceff(a)) were lower than Ceff(dl).

Considering the layer as a planar capacitor, the thickness of the protective film δ (in nm) can be obtained from Equation 22(see section 3.6.3.1):

𝛿 = 𝜖 • 𝜖 0 𝐶 𝑒𝑓𝑓
where ϵ0 is the vacuum permittivity (8.8542 × 10 -14 F/cm) and ϵ the dielectric constant of the material. The value of the dielectric constant of TiO2 is in the range of 18.2 to 173 [START_REF] Hilario | Application of the transmission line model for porous electrodes to analyse the impedance response of TiO 2 nanotubes in physiological environment[END_REF] and an average value of the dielectric constant, ϵ = 100, has been selected by other authors [START_REF] Yahia | Effect of anodizing potential on the formation and EIS characteristics of TiO2 nanotube arrays[END_REF][START_REF] Hamadou | Electrochemical impedance spectroscopy study of thermally grown oxides exhibiting constant phase element behaviour[END_REF][START_REF] Pu | Electrochemical impedance spectroscopy to study photo-induced effects on self-organized TiO2 nanotube arrays[END_REF], Then, Eq. ( 22) gives the protective film thickness of 3.75, 4.53 and 3.80 nm for Ti13Nb13Zr alloy, at ND, HPT1GPa and HPT4.5GPa conditions, respectively. These results show that the deformation by HPT of Ti13Nb13Zr alloy contributes to increasing the tendency to loss of electrons and releasing atoms into electrolyte is accelerated [START_REF] Rafiee | An investigation on dislocation density in cold-rolled copper using electrochemical impedance spectroscopy[END_REF].

The results obtained by fitting EIS data indicate that the Ti13Nb13Zr alloy, non-deformed, and deformed by HPT, behaved in a very similar way. The differences are rather small, and this can be explained by the fact that the passive film formed on these conditions are basically of the same nature.

EEC proposed for anodized samples

It is common in the literature to analyze impedance results for TiO2

nanotubes by a physical model [27,[START_REF] Pu | Electrochemical impedance spectroscopy to study photo-induced effects on self-organized TiO2 nanotube arrays[END_REF][START_REF] Munoz | Semiconducting properties of self-organized TiO2 nanotubes[END_REF], this model is expressed by a mathematical equation and by a "classical equivalent circuit". Table 15 shows EEC most frequently proposed in the literature to model EIS data of TiO2 nanotubes.

Sometimes the experimental impedance is not a semicircle, and a certain dispersion in the frequency is usually found. Therefore, it does not seem relevant to model the impedance results of the anodized samples in this work with "classical equivalent circuits" mentioned above. However, the EEC 1, 4, and 5 shown in Table 15 were tested to fitting EIS data of the anodized samples (data not shown).

The results were not satisfactory due to high fitting errors, and the values of the obtained parameters were outliers.

De Levie [START_REF] Levie | On porous electrodes in electrolyte solutions: I. Capacitance effects[END_REF][START_REF] Levie | On porous electrodes in electrolyte solutions-IV[END_REF][START_REF] Levie | The influence of surface roughness of solid electrodes on electrochemical measurements[END_REF] proposed a model to describe the behavior of porous electrodes that can be conveniently described using a transmission line model (TL). On the other hand, Bisquert et al. developed a complete series of TL models for organic [START_REF] Bisquert | Application of a distributed impedance model in the analysis of conducting polymer films[END_REF] and inorganic nanostructured systems [START_REF] Fabregat-Santiago | Influence of surface treatments on corrosion resistance properties of ultrafine grained Titanium alloys for implant applications 208[END_REF][START_REF] Han | Three dimensional-TiO2 nanotube array photoanode architectures assembled on a thin hollow nanofibrous backbone and their performance in quantum dot-sensitized solar cells[END_REF]. These models will be presented below.

The remainder of this section will be dedicated to the study of the porous electrode model, and more precisely of the transmission line model.

Model of De Levie for the characterization of porous electrodes

De Levie considered that the impedance of a porous electrode could be described by a parallel schema of identical cylindrical pores of length L, as is shown in Figure 42 [START_REF] Lasia | Modeling of impedance of porous electrodes[END_REF], ideally filled by the electrolyte and along which the resistivity of the solution is independent of the position x [START_REF] Barcia | Application of the impedance model of de Levie for the characterization of porous electrodes[END_REF]. The conductivity of the solid phase is assumed to be infinite (metallic electrode behavior), and the local impedance is independent of x (thus no axial concentration gradient is considered, and the ohmic drop is neglected) [START_REF] Barcia | Application of the impedance model of de Levie for the characterization of porous electrodes[END_REF]. The analytical expression of the impedance of a pore "ZDe Levie" is given by Eq 18 [START_REF] Barcia | Application of the impedance model of de Levie for the characterization of porous electrodes[END_REF]:
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Z De Levie = (R 0 Z 0 ) 1/2 coth (L√ R 0 Z 0 ) (25) 
Where R0 (Ω•cm -1 ) and Z0 (Ω•cm -1 ) are, respectively, the resistance of the electrolyte in the pore and the interfacial impedance, for a unit of pore length.

Transmission lines model

To explain the impedance behavior of non-ideal porous electrodes, Bisquert et al., (2000) [START_REF] Bisquert | Application of a distributed impedance model in the analysis of conducting polymer films[END_REF] developed an improved and generalized model involving the concept of the transmission line. The starting point is the same as for the De Levie model, i.e., the pores are considered cylindrical, of finite length L, deposited on a conductive substrate, and immersed in an electrolyte [25]. This structure is represented in Figure 43. It is assumed that the ionic species in the pores flooded with electrolyte can be exchanged freely with the bulk solution at the pore ´s mouth (x = 0 in the Figure 43) , and also that the electronic charge carrier in the solid phase can be withdrawn or injected freely at the contact with the substrate (x = L in Figure 43) [START_REF] Bisquert | Influence of the boundaries in the impedance of porous film electrodes[END_REF]. The subscripts 1 and 2 denote the liquid (channel 1) and solid phase (channel 2), respectively. χ1 is the impedance of the electrolyte within the pore, and χ2 is the impedance of the porous electrode's solid phase; these also describe a local ohmic drop at each point of the transport channels. The element ξ represents the interfacial impedance and describes an exchange of electrical charge at the interface (solution/porous solid) owing to faradaic currents and polarization at the pore surface. ZA is an impedance describing the specific conditions of polarization of electronic carriers at the film/electrolyte boundary, and similarly for ZB ionic and/or electronic polarization at the bottom of the pore.

The complete analytic expression of such a transmission line is the following expression: In this manner, the general transmission line shown in Figure 43 gives rise to several models of transmission lines [START_REF] Hilario | Application of the transmission line model for porous electrodes to analyse the impedance response of TiO 2 nanotubes in physiological environment[END_REF][START_REF] Bisquert | Influence of the boundaries in the impedance of porous film electrodes[END_REF][START_REF] Bisquert | Theory of the electrochemical impedance of anomalous diffusion[END_REF] depending on the different types of assumptions concerning the geometry and microstructure leading to the TL model.

Transmission line model applied to EIS data of anodized samples.

To obtain quantitative and meaningful numerical results when a transmission line model is applied, the choice of appropriate physical models and boundary conditions with the corresponding, accurately determined, kinetic, and transport parameters are key issues.

The first hypothesis proposed in this study is for channel 1 (the liquid) and consist of admitting that a Warburg impedance is observed, which may be due to the diffusion of oxygen into channel 1. Oxygen transport takes place in the electrolyte towards pore surfaces [START_REF] Garche | Encyclopedia of electrochemical power sources[END_REF]. Therefore, channel 1 can be represented by χ1 = r1+ZW.

For traditional electrodes with large particle sizes, the Warburg-type diffusion impedance, which draws a 45° line in the complex plane representation (Nyquist plot), has been widely reported at low frequencies [START_REF] Landesfeind | Tortuosity determination of battery electrodes and separators by impedance spectroscopy[END_REF][START_REF] Song | Effects of nanoparticle geometry and size distribution References 209 on diffusion impedance of battery electrodes[END_REF][START_REF] Riabokin | Estimation of the primary batteries state of charge and state of art by frequency characteristics of electrochemical impedance spectra, Перспективні Матеріали Та Процеси в[END_REF]. However, impedance spectra of modern thin film and nanoparticle battery electrodes show deviations in the spectra away from the conventional Warburg model [START_REF] Song | Effects of nanoparticle geometry and size distribution References 209 on diffusion impedance of battery electrodes[END_REF][START_REF] Cooper | Simulated impedance of diffusion in porous media[END_REF].

On the other hand, the second hypothesis assumes that channel 2 is a resistive channel and is modeled by a distributed resistance.

χ2 = r2

Thus, the total resistance (Ω) distributed in the resistive channel is given by

R2 = L• r2
The third hypothesis assumes that the effect of an interfacial reaction in the pore surface can be modeled by a dispersive capacitance given by a CPE with a parallel charge transfer resistance to the interfacial impedance. That is:

ξ = r 3 1 + r 3 q 3 (jω) β
Where q3 is a constant and β is 0 < β < 1.

The total pseudo-capacitance describing the interface is defined by

Q3 = L•q3 (in F s β-1 )
Where L is the length of the pores (in cm).

The fourth hypothesis is concerning the boundary impedances. The electrolyte | top of the pores is modeled by an impedance consisting of a resistance (RA). The electrolyte | substrate interface is modeled by an impedance

consisting of a CPE element (Q B (jω) n ) -1 .
To strictly justify these assumptions, preliminary fittings have been made, in a first approach, considering the expression of the impedance of such a transmission line as: The equivalent circuit parameters obtained when fitting EIS data of anodized samples of Ti13Nb13Zr alloy (see section 5.2.2.3, Figure 35) at the ND, HPT1GPA, and HPT4.5GPa conditions, are shown in Table 16. Additionally, CPE behavior corresponding to systems for which a variation of properties is expected in the direction normal to the electrode, then it is possible to apply the equation
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derived by Hsu-Mansfeld et al. Eq. ( 21) to calculate the effective capacitance associated with the CPE. These capacitance values are also shown in Table 16. It can be seen from the data in Table 16, high RA values, as well as low Q3

and QB values. These results indicate that a highly stable film was formed on the surface of the anodized samples of Ti13Nb13Zr alloy, non-deformed and deformed by HPT, immersed in SBF. Moreover, the n values were close to 0.95, which suggest that the TiO2 nanostructures formed displays a near capacitive behavior.

On the other hand, it can be seen that internal resistance (R2) of the solid channel is higher for the samples non-deformed and deformed by HPT at 1 GPa.

This result may be explained by the fact that the nanotubular layer is thicker in these samples than in sample deformed at 4.5 GPa (see Table 4). Therefore, it seems that there is a proportional relationship between TiO2 nanotube length and corrosion resistance.

Regarding the effective interfacial capacitance (Cβ) associated to the ξ element, for all conditions, they are of the order of several tens of μF•cm -2 (Table 16), which are typical values for double layer capacitances. Further, the effective capacitance associated with the boundary CPE were 3, 2 and 5 μF•cm -2 for Ti13Nb13Zr alloy, at ND, HPT1GPa and HPT4.5GPa conditions, respectively.

These values are of the order of magnitude of a passive film capacitance. The passive film thickness was calculated from the effective capacitance (Eq (22)). The thickness values were of 25.5, 39.6 and 17.6 nm for Ti13Nb13Zr alloy at ND, HPT1GPa and HPT4.5GPa conditions, respectively. These results

show that the anodization of Ti13Nb13Zr alloy contributes to increasing the passive film thickness. The passive film thicknesses, as well as the length of the nanostructures, are affected by the deformation by HPT.

Finally, the experimental EIS data obtained for the anodized Ti13Nb13Zr alloy were satisfactorily fitting by the model proposed in Figure 44. Therefore, the physical behavior of the system was well described by this transmission line model.

EEC proposed to samples chemically treatment by HCl etching and NaOH activation

Several reports have shown that during acid etching, the thin passive titanium oxide layer dissolves to form TiH2 [START_REF] Ban | Surface modification of titanium by etching in concentrated sulfuric acid[END_REF]. In contact with air moisture, a new titanium oxide layer is formed. This layer is thinner than the original one. In alkali solution, however, even this thin passive layer dissolves to form a layer containing Na + ions, as is shown in Figure 46 [START_REF] Jonášová | Biomimetic apatite formation on chemically treated titanium[END_REF][START_REF] Sasikumar | Effect of Acid Treatment on the Surface Modification of Ti-6Al-7Nb and Ti-5Al-2Nb-1Ta and Its Electrochemical Investigations in Simulated Body Fluid[END_REF][START_REF] Jonášová | Hydroxyapatite formation on alkali-treated titanium with different content of Na+ in the surface layer[END_REF][START_REF] Kim | Apatite-forming ability of alkali-treated Ti metal in body environment[END_REF]. However, the microstructural characterization, of the chemically treated samples, indicated the presence of anatase, rutile, and sodium titanate, as was mentioned in section 5.1.3. The presence of anatase and rutile could be explained because TiH2 is very easy to dissolve in alkaline solution, and a porous layer of
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TiO2 can be obtained [START_REF] Tanaka | The preparation of porous TiO2 by immersing Ti in NaOH solution[END_REF]. On the other hand, the impedance spectrum of the samples with chemical treatment showed three-time constants that could be associated with three different layers (see Figure 37). Therefore, in this work, it is proposed an EEC for an electrode with three different layers: a compact inner layer of titanium dioxide (TiO2), an intermediate TiO2 layer and an outer layer of sodium titanate (Na2Ti5O11).

The proposed EEC for chemically treated samples is shown in Figure 47. 
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The equivalent circuit parameters obtained when fitting EIS data of samples of Ti13Nb13Zr alloy chemically treated by HCl and NaOH are shown in Table 17.

Further, the effective capacitance associated with the CPE was calculated with the equation derived by Brug et al. (Eq.20). These capacitance values are given in Table 17. It can be seen from the data in Table 17, high Rct values, which implies high corrosion resistance. The exponent of the CPE, αb in the case of Qb equals a value in between 0.70 and 0.76, while αa equals a value in between 0.70 and 0.75 in the case of Qa. These exponent values indicate a highly porous interfacial range between the outer layer and the substrate [START_REF] Tiwari | Intelligent coatings for corrosion control[END_REF]. The exponent of the CPE related to the double layer was between 0.90 and 0.98, which suggest that the dense inner layer of samples chemically treated by HCl and NaOH displays a near capacitive behavior.

On the other hand, the capacitance values for the double layer (Ceff(dl)) were between 14 to 19 μF•cm -2 (see Table 17). These values are in the typical range, The thickness of the protective film δ (in nm) can be obtained from equation 22. Then, Eq. ( 22) gives the inner protective film thickness of 4.05, 4.30 and 5.41 nm for chemically treated Ti13Nb13Zr alloy, at ND, HPT1GPa and HPT4.5GPa conditions, respectively. These results show that the chemical treatment, by HCl etching and NaOH activation, contributes to increasing the inner layer thickness comparing with polished samples. Also, the deformation by HPT of Ti13Nb13Zr alloy contributes to increasing the thickness of this inner layer.

The results obtained by fitting EIS data indicate that the deformed and nondeformed Ti13Nb13Zr alloy chemically treated by HCl and NaOH, behaved in a very similar way. The differences are rather small, and this can be explained by the fact that the passive film formed on these alloys is mostly of the same nature.

EEC proposed to samples chemically treatment by H3PO4 etching and NaOH activation

The equivalent circuit is shown in Figure 47 18. It can be seen from the data in Table 18, high Rct values. These results indicate that a highly stable film was formed on the surface of samples chemically treated by H3PO4 and NaOH immersed in SBF. Moreover, the αdl values were close to 0.95, which suggest that the samples chemically treated displays a near capacitive behavior. The same behavior was observed as the samples with acidetched with HCl, where the values of αb and αa were between 0.72 and 0.82, which was a consequence of frequency dispersion of the outer layer [START_REF] Tamilselvi | Corrosion behaviour of Ti-6Al-7Nb Influence of surface treatments on corrosion resistance properties of ultrafine grained Titanium alloys for implant applications 210 and Ti-6Al-4V ELI alloys in the simulated body fluid solution by electrochemical impedance spectroscopy[END_REF].

On the other hand, the capacitance values for the double layer (Ceff(dl)) were between 10 to 15 μF•cm -2 (see Table 17). These values are in the typical range, 10-40 μF•cm -2 . The capacitance values for the porous outer layer (Ceff(b)) and intermediate porous layer (Ceff(a)) were lower than Ceff(dl).

Influence of surface treatments on corrosion resistance properties of ultrafine grained Titanium alloys for implant applications 102

The thickness of the protective film δ (in nm) can be obtained from equation 22. The thickness values were of 7.62, 7.43, and 5.03 nm for Ti13Nb13Zr alloy at ND, HPT1GPa and HPT4.5GPa conditions, respectively. These results show that the chemical treatment contributes to increasing the inner layer.

The results obtained by fitting EIS data indicate that the deformed and nondeformed Ti13Nb13Zr alloy chemically treated by H3PO4 and NaOH behaved in a very similar way.

Bioactivity of Ti13Nb13Zr alloy

In order to characterize the bioactivity of the Ti13Nb13Zr alloy, the amount of hydroxyapatite (HAp) spontaneously deposited on the surface of the samples was measured. The samples were immersed in SBF for 1, 7, and 14 days. From Figure 50, one can see that even after 14 days of immersion in the physiological solution, no apatite was detected on any surfaces of the polished samples of Ti13Nb13Zr alloy.

Bioactivity of polished samples

Table 19 shows the EDS analysis performed for each condition. The results confirm that there was no apatite formation on the surface of the samples. The Ca/P ratio in the HAp, Ca10(PO4)6(OH)2, concerning stoichiometric value is 1.67 [START_REF] Nishikawa | Relationship between the Ca/P ratio of hydroxyapatite thin films and the spatial energy distribution of the ablation laser in pulsed laser deposition[END_REF]. From the data in Table 19, it can be seen that neither calcium nor phosphorus were identified. Therefore, there was no formation of a film based on calcium and phosphorus on the surface of samples without surface treatments (polished samples). Furthermore, the polished samples were also weighed in order to verify the mass gain due to the formation of a HAp film. There was no change in the mass after 14 days of immersion in SBF.
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Bioactivity of anodized samples

Figure 51 shows SEM-FEG observations of anodized samples, subjected to the bioactivity tests, after 1, 7 and 14 days immersed in SBF.s From Figure 51(c), it can be seen that only in the samples deformed at 4.5

GPa, there was the formation of apatite deposits from 24 hours of immersion in SBF. Homogeneous deposits of apatite were observed in all the conditions at 7 and 14 days of immersion in SBF.

Table 20 shows the EDS analysis performed for each condition and confirms that there is apatite formation from the first day for the deformed condition at 4.5

GPa and then for the 7 and 14 days for all the other conditions. The molar ratio of Ca / P was calculated in Table 20. This molar ratio of Ca / P was approximately 1.80, which is higher than the stoichiometric ratio of 1.67, which indicates that the newly formed calcium phosphate is a type B carbonate apatite, in which PO4 3-substitutes for CO3 2- [START_REF] Vallet-Regí | Nanoceramics in clinical use: from materials to applications[END_REF]. A more detailed explanation will be shown in the result's discussion section. On the other hand, to verify the mass gain by the formation of a hydroxyapatite film, the samples were weighed, and their results are shown in Figure 52. It was observed that from the first-day apatite is formed in the sample with 4.5 GPa deformation. From the seventh day, all samples show a mass gain due to the formation of an apatite film. At 14 days, the samples have an increase in mass, which shows that there is an increase in the growth of this film.

Apatite
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Bioactivity of samples chemically treatment by HCl etching and

NaOH activation

Figure 53 shows SEM-FEG observations of samples chemically treatment by HCl etching and NaOH activation, subjected to the bioactivity tests, after 1, 7, and 14 days immersed in SBF. From Figure 53, it is observed that after 7 days of immersion in the physiological solution, apatite was detected on all surfaces of samples chemically treatment by HCl and NaOH.
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Table 21 shows the EDS analysis performed for each condition and confirms that there is apatite formation from 7 and 14 days for all conditions. The molar ratio of Ca / P was calculated in Table 21. This molar ratio of Ca / P was approximately 1.74, which indicates that the newly formed calcium phosphate is a type B carbonate apatite, in which PO4 3-substitutes for CO3 2-. On the other hand, to verify the mass gain by the formation of a hydroxyapatite film, the samples were weighed, and their results are shown in Figure 54. It was observed that from the seventh day, all samples show a mass gain due to the formation of an apatite film. At 14 days, the samples increase their mass, which shows that there is an increase in the growth of this film.

Influence of surface treatments on corrosion resistance properties of ultrafine grained Titanium alloys for implant applications 110

Bioactivity of samples chemically treatment by H3PO4 etching and NaOH activation

Figure 55 shows SEM-FEG observations of samples chemically treated by H3PO4 and NaOH, subjected to the bioactivity tests, after 1, 7, and 14 days immersed in SBF. Figure 55 shows that after 7 days of immersion in the physiological solution, apatite was detected on all surfaces of samples chemically treatment by H3PO4 and NaOH.

Table 22 shows the ESD analysis performed for each condition and confirms that there is apatite formation from 7 and 14 days for all conditions. The molar ratio of Ca / P was calculated in Table 22. This molar ratio of Ca / P was approximately 1.58. If the Ca/P is lower than 1.67, β-tricalcium phosphate (TCP) and other phases, such as Tetracalcium phosphate (TTCP), will be present with HA. On the other hand, to verify the mass gain by the formation of a hydroxyapatite film, the samples were weighed, and their results are shown in Figure 56. It was observed that from the seventh day, all samples show a mass gain due to the formation of an apatite film. At 14 days, the samples increase their mass, which shows that there is an increase in the growth of this film.
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EXPERIMENTAL RESULTS: Ti35Nb7Zr5Ta ALLOY

In this section, the results of Ti35Nb7Zr5Ta alloy in the conditions nondeformed, deformed by HPT, and with different surface conditions will be presented. The results about their microstructural characterization will be presented first, then their electrochemical characterization and finally, the results about bioactivity.

Microstructural and mechanical characterizations

In this section, the microstructural and mechanical characterization of samples of Ti35Nb7Zr5Ta alloy non-deformed and deformed by HPT will be presented.

Polished samples

Figure 57 shows XRD patterns of Ti35Nb7Zr5Ta alloy at the non-deformed condition (ND) and deformed by HPT, conditions HPT1GPa, and HPT4.5GPa. The indexation of XRD patterns reveals that, before deformation, the Ti35Nb7Zr5Ta alloy is mostly composed by the BCC β (ISCD # 645545) phase with the presence some residual HCP α (ICSD # 43416) phase, which practically vanishes after mechanical processing, also probably due to solute redistribution during HPT. The peak broadening observed after deformation, at both pressure conditions, points to very high grain refinement in the Ti35Nb7Zr5Ta alloy.
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Influence of surface treatments on corrosion resistance properties of ultrafine grained Titanium alloys for implant applications 118

increase from the center to the edge. Consequently, it can be inferred that the HPT process produces materials with smaller grains at the edge than at the center [20].

On the other hand, the mean hardness value obtained for the Ti35Nb7Zr5Ta alloy at the ND condition was a mean value of 183 HV. When the samples were deformed by HPT at 1 GPa, the hardness value increased between 232 and 282

HV. In the same way, after processing by HPT at 4.5 GPa, the hardness value increased between 295 and 331 HV, which represents an increase in the hardness of approximately 75%.

Figure 60 shows the elastic modulus measured for Ti35Nb7Zr5Ta alloy at the conditions of ND, HPT1 GPa, and HPT4.5GPa. All the elastic modulus values are very close to the values reported for human bones (10-30 GPa [190]). The values showed in Figure 60 are the result of a statistical analysis of 3 measurements (mean and standard deviation). 23. In the same way, the samples deformed by HPT, shown in Figures 63(c)
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and (e), presented nanoporous. However, since processing by HPT caused a refinement of the β phase, the nanoporous presented in these samples are not so organized and are deformed in their longitudinal direction, suggesting that their growth follow the spatial distortion of the β phase.

Samples chemically treated by HCl etching and NaOH activation

The surface morphology of samples of Ti35Nb7Zr5Ta alloy, chemically treated by HCl and NaOH, was examined by scanning electron microscopy (SEM).

The secondary electron (SE) detection mode with an acceleration voltage of 25 kV was selected for SEM analysis. As one may observe in Figure 64, the chemical treatment (HCl etching and NaOH activation) induced the formation of a nano topographic sponge-like morphology on the samples' surface, and, as observed before, surfaces are whole cracked. In order to obtain an analysis of the surface compositions of the samples, EDS analysis was performed. The results are shown in Table 24. In the same way, as samples treated with HCl, the treatment by H3PO4
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etching and NaOH activation induced the formation of a nano topographic spongelike morphology on the samples' surface, with the presence of cracks on the surface. Moreover, Raman results also indicate sodium titanate, anatase, and rutile phases in the samples, see Figure 67. Table 25 presents the quantitative EDS chemical analysis of samples chemically treated with H3PO4 followed by NaOH. A variation of open circuit potential is observed for deformed conditions. The OCP of Ti13Nb13Zr alloy, at ND condition, was -503 mV vs. SCE, while samples with severe plastic deformation at 1 GPa and 4.5 GPa showed a slight increase, -379 mV vs. SCE and -465 mV vs. SCE, respectively. Therefore, regardless of the crystal structure, it appears that severe plastic deformation causes an increase in the corrosion potential compared to the samples non-deformed
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Potentiodynamic polarization curves

Figure 68 shows the anodic polarization curves, recorded in SBF at 37 ºC, for the polished samples of ND, HPT1GPa, and HPT4.5GPa samples. The polarization curve for each sample represents a single measure, arbitrarily chosen from a series of three measurements carried out under the same conditions.

Experimental results
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-0,8 -0,4 0,0 0,4 0,8 Current densities were calculated by dividing the current measured by the geometric area (0.283 cm²). The current measured in the anode region is mainly due to the oxidation reaction of the substrates to TiO2, which contributes to the thickening of the passive layer. In this reaction, which takes place in the metal/ oxide interface, the area in which it happens is then equal to the geometric area.

The passivation current density (ipass) values, of Ti35Nb7Zr5Ta alloy nondeformed and deformed by HPT at 1 GPa and 4.5 GPa, were graphically established and summed up in Table 27. It shows the mean current density values of three points at the current plateau in the polarization curves and their standard deviations.
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Table 27: Passivation current density of the polished samples of Ti35Nb7Zr5Ta alloy in the conditions ND, HPT1GPa, and HPT4.5GPa.

Conditions ipass (µA/cm 2 )

Non-deformed 3.52 ± 0.11 1 GPa 5.18 ± 0.31 4.5 GPa 6.03 ± 0.28

The passivation current density of the non-deformed Ti35Nb7Zr5Ta alloy was 3.52 µA/cm 2 , while samples HPT1GPa and HPT4.5GPa showed a slight increase, 5.18 µA/cm 2, and 6.03 µA/cm 2 , respectively. Therefore, it appears that the increase in the pressure from 1 GPa to 4.5 GPa causes an increase in the passivation current Ti35Nb7Zr5Ta alloy.

Electrochemical impedance measurements (EIS)

Figure 69 shows the EIS graphs in the (a) Nyquist and (b) Bode representation of the Ti35Nb7Zr5Ta alloy in the conditions ND, HPT1GPa, and HPT4.5GPa.

The impedance spectra in Nyquist diagrams of Figure 69(a) show the typical shape (arc) for a capacitive-resistive system (associations of capacitive phenomena, accumulation of charges, and resistive phenomena, load transfers or resistance of a layer). Moreover, it can be seen from Figure 69(a) that the spectrum of ND samples has a higher amplitude, which indicates that SPD process displays a slight effect on the formation of the protective layer in Ti35Nb7Zr5Ta alloy. It can be explained by the inhomogeneous strain distribution induced by the HPT [START_REF] Guo | Effect of deformation on corrosion behavior of Ti-23Nb-0.7 Ta-2Zr-O alloy[END_REF], as well as by the increase in the dislocation density in deformed samples. Therefore, inhomogeneous strain distribution can cause a selective dissolution of specimens in zones of high strain, which tends to shift the corrosion potential of the alloy to a more active value [START_REF] Guo | Effect of deformation on corrosion behavior of Ti-23Nb-0.7 Ta-2Zr-O alloy[END_REF]. Additionally, increasing dislocation density accelerates the release of atoms into electrolyte [START_REF] Rafiee | An investigation on dislocation density in cold-rolled copper using electrochemical impedance spectroscopy[END_REF]. On the other hand, the effect of the SPD was more significant for samples deformed at 4.5 GPa (spectrum with the lowest amplitude). This can be explained by the fact that in this alloy deformed at 4.5 GPa, it could have more zones of high strain, which are favorable to the dissolution of the passive layer.

The Bode diagrams, in Figure 69(b), show a capacitive behavior from medium to low frequencies with phase angles approaching -80°. It is typical of passive materials [START_REF] De Assis | The effect of polarisation on the electrochemical behavior of Ti-13Nb-13Zr alloy[END_REF]. Moreover, high values of |Z| at low frequencies, above 10 4 Ω•cm 2 , suggesting that the passive film formed offers high corrosion resistance.
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This behavior is consistent with the low passivation current determined in polarization tests. On the other hand, from the Bode phase angle plot for all samples, two plateaus can be identified.

In general, the results obtained from impedance measurement indicate that all tested substrates behaved in a very similar way. The differences are rather small, and this can be ascribed to the fact that the passive film formed on these alloys is basically of the same nature.

Anodized samples

In this section, the effect of the SPD by HPT as well as TiO2 nanostructures on the electrochemical properties of Ti35Nb7Zr5Ta alloy will be studied. The samples anodized were annealed according to section 4.3.1.2.

Open circuit potential measures

Table 28 summarizes the values of Ecorr recorded after 1 hour of immersion in SBF for anodized Ti35Nb7Zr5Ta alloy in the conditions ND, HPT 1GPa and HPT4.5GPa. The values are the result of a statistical analysis of 3 measurements (mean and standard deviation). The OCP of anodized Ti35Nb7Zr5Ta alloy, at the ND condition, was -125 mV vs. SCE, while anodized samples deformed by HPT at 1 GPa and 4.5 GPa showed an increase in their corrosion potential, -88 mV vs. SCE and -82 mV vs. SCE, respectively. Therefore, samples of Ti35Nb7Zr5Ta alloy deformed and anodized showed the noblest corrosion potential (the nobler and more stable surface in SBF).

On the other hand, the Ecorr of the samples anodized showed a drastic increase compared to samples without TiO2 nanostructures (Table 26), meaning that electrochemical anodization of Ti35Nb7Zr5Ta alloy, non-deformed or deformed by HPT, ennobled its surface.

Potentiodynamic polarization curves

Figure 70 shows the anodic polarization curves, recorded in SBF at 37 ºC, of anodized samples of Ti35Nb7Zr5Ta alloy in the conditions ND, HPT1GPa, and HPT4.5GPa.

-0,2 0,0 0,2 0,4 0,6 0,8 1,0 From Figure 70, it can be seen a current plateau in a wide range of potentials, which corresponds to a limitation of the current by mass transport through the oxide layer [25]. In fact, this behavior is characteristic of passive materials. The ipass values, of anodized samples of Ti35Nb7Zr5Ta alloy non-
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deformed and deformed by HPT at 1 GPa and 4.5 GPa, were graphically established and summed up in Table 29. It shows the mean current density values of three points at the current plateau in the polarization curves and their standard deviations. The passivation current density of anodized Ti35Nb7Zr5Ta alloy, nondeformed, was 0.16 µA/cm 2 , while samples deformed by HPT at 1 GPa and 4.5

GPa showed a slight increase, 0.19 µA/cm 2 and 0.52 µA/cm 2 , respectively.

Therefore, it appears that severe plastic deformation causes a slight increase in the passivation current of anodized Ti35Nb7Zr5Ta alloy.

Electrochemical impedance measurements (EIS)

Figure 71 shows the EIS graphs in the (a) Nyquist and (b) Bode representation of anodized samples of Ti35Nb7Zr5Ta alloy non-deformed and deformed by HPT at 1 GPa and 4.5 GPa.

The impedance spectra in Nyquist diagrams of Figure 71(a) show a pseudocapacitive shape (inclined straight). This behavior suggests that the electron exchanges, and therefore, the reactions, are minimal or that the oxide layer is very resistive [START_REF] V. Augustyn | Pseudocapacitive oxide materials for highrate electrochemical energy storage[END_REF]. Additionally, it can be seen from Figure 71(a) that the amplitude of spectra is much higher than in non-anodized samples (Figure 69(a)).

It suggests that the nanoporous arrays on the samples improved the protection of the surface in Ti35Nb7Zr5Ta alloy. On the other hand, the Nyquist spectra indicate that the amplitude of the spectra of ND is higher than that of the deformed samples, this can be explained by the lower dislocation density in samples without deformation.

The Bode diagrams, in Figure 71(b), show a capacitive behavior with the maximum phase angles close to -80° and high values of |Z| above 10 5 Ω•cm 2 in the low frequencies region, suggesting that the passive film formed offers high
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corrosion resistance, which is consistent with the low passivation current determined in polarization tests. On the other hand, from the Bode phase angle plot for all samples, three plateaus can be identified.

Samples chemically treated by HCl etching and NaOH activation

In this section, the effect of the SPD by HPT as well as, surface modification treatment by HCl etching and subsequent NaOH activation, on the electrochemical properties of Ti35Nb7Zr5Ta alloy will be studied. The OCP of Ti35Nb7Zr5Ta alloy chemically treated by HCl and NaOH, ND, was -388 mV vs. SCE, while anodized samples deformed by HPT at 1 GPa and 4.5 GPa showed an increase in their corrosion potential, -232 mV vs. SCE and -137 mV vs. SCE, respectively. Therefore, samples of Ti35Nb7Zr5Ta alloy deformed and anodized showed the noblest corrosion potential.

Open circuit potential measures

On the other hand, the Ecorr of chemically treated samples also showed an increase compared to polished samples (Table 26), indicating that the chemical treatment by HCl etching and NaOH activation turns nobler and more stable the surface of Ti35Nb7Zr5Ta alloy.

Potentiodynamic polarization curves

Figure 72 shows the anodic polarization curves for samples non-deformed and deformed as well as chemically treated by HCl and NaOH.

-0,6 -0,4 -0,2 0,0 0,2 0,4 0,6 0,8 The passivation current of samples chemically treated by HCl etching and NaOH activation, non-deformed, was 4.58 µA/cm 2 , while samples deformed by HPT at 1 GPa and 4.5 GPa showed a slight increase, 7.20 µA/cm 2 and 5.21 µA/cm 2 , respectively. Therefore, it appears that severe plastic deformation causes a slight increase in the passivation current of the chemically treated Ti35Nb7Zr5Ta samples. 
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Electrochemical impedance measurements (EIS)
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Samples chemically treated by H3PO4 etching and NaOH activation

In this section, the effect of the SPD by HPT as well as, surface modification treatment by H3PO4 etching and subsequent NaOH activation, on the electrochemical properties of Ti35Nb7Zr5Ta alloy will be studied. 

Open circuit potential measures

Condition Corrosion potential (mV vs SCE)

Non-deformed -421 ± 51

1 GPa -406 ± 49

GPa -211± 35

The OCP of Ti35Nb7Zr5Ta alloy chemically treated by H3PO4 and NaOH, non-deformed, was -421 mV vs. SCE, while the corrosion potentials for samples deformed at 1 GPa and 4.5 GPa were -406 mV vs. SCE and -211 mV vs. SCE, respectively. Therefore, it appears that the corrosion potential is nobler for substrates chemically treated, by H3PO4 etching and NaOH activation, when they were previously deformed (for high pressures).

Potentiodynamic polarization curves

Figure 74 shows the anodic polarization curves for samples non-deformed and deformed as well as chemically treated by H3PO4 and NaOH.

Experimental results
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-0,6 -0,4 -0,2 0,0 0,2 0,4 0,6 0,8 The polarization curves show, for potentials higher than Ecorr, a wide active region of at least 400 mV. These results suggest that the chemical treatment, by H3PO4 etching and NaOH activation impairs the passivation of the Ti35Nb7Zr5Ta alloy.

The ipass values of samples chemically treated, by H3PO4 etching and NaOH activation, were graphically established and summed up in Table 33. It shows the mean current density values of three points at the current plateau in the polarization curves and their standard deviations. Therefore, it appears that severe plastic deformation causes a slight increase in the passivation current compared to Ti35Nb7Zr5Ta alloy non-deformed.

Influence of surface treatments on corrosion resistance properties of ultrafine grained Titanium alloys for implant applications 142

On the other hand, the ipass of the samples chemically treated by H3PO4 etching and NaOH activation showed an increase of ipass compared with samples without chemical treatment (Table 27).

Electrochemical impedance measurements (EIS)

Figure 
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Modeling of impedance spectra for samples of Ti35Nb7Zr5Ta alloy

This section is focused on modeling the electrochemical impedance spectrums by equivalent electrical circuits (EEC) and by transmission line model.

EEC proposed for polished samples

The physical and equivalent circuit model, previously used for polished samples of Ti13Nb13Zr shown in Figure 40, were also chosen to describe the electrochemical behavior of polished samples of Ti35Nb7Zr5Ta alloy immersed in SBF.

This physical model represents a two-layer structure composed of a dense inner layer and a porous outer layer on the surface Ti35Nb7Zr5Ta alloy. It can be represented by the following EEC [START_REF] Lavos-Valereto | Electrochemical impedance spectroscopy characterization of passive film formed on implant Ti-6Al-7Nb alloy in Hank's solution[END_REF],

Rs + Qa / (Ra+ (Qdl / Rct)

where Rs is the electrolyte resistance, Ra is the resistance of the porous outer layer, Qa is the constant-phase element for the porous layer, Rct represents the resistance of charge-transfer and Qdl is the constant-phase element for the double layer at the dense inner layer-electrolyte interface.

The fitting of EIS data as Nyquist representations is shown in Figure 76. The error between experimental and simulated data was around 0.27%, indicating that data adjusted well to the proposed equivalent circuit. The equivalent circuit parameters obtained when fitting EIS data of polished samples of Ti35Nb7Zr5Ta alloy (see section 6.2.1.3, Figure 69) at the ND, HPT1GPA, and HPT4.5GPa conditions, are shown in Table 34. Additionally, the equation derived by Brug et al. Eq. ( 20) was used to calculate the effective capacitance associated with each CPE (Ceff(a) and Ceff(dl)). These capacitance values are also shown in Table 34. Moreover, the α values were close to 0.9, which suggest that the passive film formed displays a near capacitive behavior.
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On the other hand, the capacitance values for the double layer (Ceff(dl)) were between 40 to 49 μF•cm -2 (see Table 34). These values are in the typical range, 10-40 μF•cm -2 . The capacitance values for the porous layer (Ceff(a)) were lower than (Ceff(dl)), between 12 to 17 μF•cm -2 .

The film thickness, δ (in nm), were obtained from the dense inner layer capacitance. The thickness values were of 1.52, 1.90 and 1.70 nm for Ti35Nb7Zr5Ta alloy, at ND, HPT1GPa and HPT4.5GPa conditions, respectively.

These results show that the passive films the deformation by HPT of Ti35Nb7Zr5Ta alloy contributes to increasing the passive film thickness.

The results obtained by fitting EIS data indicate that Ti35Nb7Zr5Ta alloy, non-deformed, and deformed by HPT, behaved in a very similar way. The differences are rather small, and this can be ascribed to the fact that the passive film formed on these alloys is primarily of the same nature.

EEC proposed for anodized samples

The transmission lines model used for the anodized samples of the Ti13Nb13Zr alloy was also chosen to describe the electrochemical behavior of anodized samples of Ti35Nb7Zr5Ta alloy, soaked in SBF. The model used is the following: The equivalent circuit parameters obtained when fitting EIS data of anodized samples of Ti35Nb7Zr5Ta alloy (see section 6.2.2.3, Figure 71), at ND, HPT1GPa and HPT4.5GPa conditions, are shown in Table 35. Further, the effective capacitance was calculated by the equation derived from Hsu-Mansfeld et al. The capacitance values are also given in Table 35. On the other hand, as the anodized samples of Ti13Nb13Zr alloy, it can be seen that internal resistance (R2) of the solid channel was lower to the sample deformed at 4.5GPa. This result may be explained by the fact that the nanopores layer is thicker in the samples deformed at 1 GPa and ND (see Table 23).

𝑍 = 𝑅 𝑠 + 1 𝑥 1 +
Therefore, it seems that there is a proportional relationship between TiO2 nanoporous length and corrosion resistance.

The effective interfacial capacitance (Cβ) associated with the ξ element, for all conditions, are between 33 and 66 μF•cm -2 (Table 35), which are typical values for double layer capacitances. Moreover, these values are higher than the effective capacitance (Cn) associated with the boundary CPE, between 2 and 4 μF•cm -2 .

These values are in the order of magnitude of a passive film capacitance.

Concerning the passive film thickness, they were obtained from passive film capacitance (Cn). The thickness values were of 47. 
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Ti35Nb7Zr5Ta alloy, at ND, HPT1GPa and HPT4.5GPa conditions, respectively.

These results show that the anodization of Ti35Nb7Zr5Ta alloy contributes to increasing the passive film thickness. The passive film thickness, as well as the length of the nanostructures, are affected by the deformation by HPT.

Finally, the experimental EIS data obtained for the anodized Ti35Nb7Zr5Ta alloy were satisfactory fitting by the model proposed in Figure 44. Therefore, the physical behavior of the system was well described by this transmission line model.

EEC proposed for samples chemically treated by HCl etching and NaOH activation

The electrochemical behavior of samples of Ti35Nb7Zr5Ta alloy, chemically treated, by HCl etching and NaOH activation, was also described by the EEC show in Figure 47, for samples with three different layers, consisting of a compact inner layer of titanium dioxide (TiO2), an intermediate TiO2 layer and an outer layer of sodium titanate (Na2Ti5O11).

The EIS data were fitted using the following EEC: The equivalent circuit parameters obtained when fitting EIS data of samples of Ti35Nb7Zr5Ta alloy chemically treated by HCl and NaOH, are shown in Table 36. Further, the effective capacitance associated with the CPE was calculated with the equation derived by Brug et al. (Eq.20). These capacitance values are given in Table 36. It can be seen from data in Table 36 that the αdl value was higher than 0.92, which suggest that the samples chemically treated displays a near capacitive behavior. Also, as samples chemically treated of the Ti35Nb7Zr5Ta alloy, the values of αb and αa were between 0.70 and 0.80, which was caused by interfacial heterogeneity.
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On the other hand, the capacitance values for (Ceff(dl)) were between 10 to 18 μF•cm -2 (see Table 36). These values are in the typical range 10-40 μF•cm -2 .

The capacitance values for the porous outer layer (Ceff(b)) and intermediate porous layer (Ceff(a)) were lower than Ceff(dl).

The passive film thickness, δ (in nm), were also obtained from passive film capacitance. The values of the thickness were of 4.07, 7.87 and 7.43 nm for chemically treated Ti35Nb7Zr5Ta alloy, at ND, HPT1GPa and HPT4.5GPa conditions, respectively. These results show that the chemical treatment and the deformation by HPT contribute to increasing the passive films thickness.

EEC proposed for samples chemically treated by H3PO4 etching and NaOH activation

The equivalent circuit shown in Figure 47 was also used to fitting the EIS data of samples of Ti35Nb7Zr5Ta alloy chemically treated by H3PO4 and NaOH.

The fitting of EIS data as Nyquist representations is shown in Figure 79. The errors measured for the experimental and simulated data were 2.14% for the nondeformed sample and 3.88% for the 4.5 GPa deformed sample, indicating that data adjusted well to the proposed equivalent circuit. 
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The equivalent circuit parameters and effective capacitance (calculated by an equation derived by Brug et al.) associated with the CPEs obtained are shown in Table 37. It can be seen from the data in Table 37 that the αdl values were between 0.80 and 0.88, which suggest that the samples chemically treated displays a near capacitive behavior. The same behavior was observed as all the samples with chemical treatment, where the values of αb and αa were between 0.70 and 0.84, which was a consequence of an interfacial heterogeneity of the outer layer.

On the other hand, the capacitance values for the double layer Ceff(dl) were between 10 to 19 μF•cm -2 (see Table 37). These values are in the typical range The passive film thickness, δ (in nm), were obtained from dense inner layer capacitance. The thickness values were of 3.98, 7.62 and 7.69 nm for Ti35Nb7Zr5Ta alloy, at ND, HPT1GPa and HPT4.5GPa conditions, respectively.

The results obtained by fitting EIS data indicate that Ti35Nb7Zr5Ta alloy chemically treated by H3PO4 and NaOH behaved in a very similar way.

Bioactivity of Ti35Nb7Zr5Ta alloy

In order to characterize the bioactivity of Ti35Nb7Zr5Ta alloy, the amount of hydroxyapatite (HAp) spontaneously deposited on the surface of the samples was measured. The samples were immersed in SBF for 1, 7, and 14 days.

Bioactivity of polished samples

Figure 80 shown SEM-FEG observations of polished samples, subjected to the bioactivity tests, after 1, 7, and 14 days immersed in SBF. From Figure 80, one may observe that even after 14 days of immersion in the physiological solution, no apatite was detected on any surfaces of the polished samples of Ti35Nb7Zr5Ta alloy.
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Table 38 shows the EDS analysis performed for each condition. The results confirm that there was no apatite formation on the surface of the samples. The Ca/P ratio in the HAp, Ca10(PO4)6(OH)2, concerning stoichiometric value is 1.67 [START_REF] Nishikawa | Relationship between the Ca/P ratio of hydroxyapatite thin films and the spatial energy distribution of the ablation laser in pulsed laser deposition[END_REF]. From the data in Table 19, it can be seen that very low levels of calcium and phosphorus were measured. Therefore, there was no formation of a film based on calcium and phosphorus on the surface of samples without surface treatments (polished samples). On the other hand, the polished samples were weighed in order to verify the mass gain due to the formation of a HAp film. There was no change in the mass after 14 days of immersion in SBF.

Bioactivity of samples anodized

Figure 81 shown SEM-FEG observations of anodized samples, subjected to the bioactivity tests, after 1, 7, and 14 days immersed in SBF. Figures 81((g) and (i)) show that only apatite deposits were formed from the fourteenth day of immersion in SBF.
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Table 39 shows the EDS analysis performed for each condition and confirms that there is apatite formation from the fourteenth day on immersion in SBF for the deformed condition at 4.5 GPa and non-deformed samples. The molar ratio of Ca / P was calculated in Table 39. This molar ratio of Ca / P was approximately 1.80, which is higher than the stoichiometric ratio of 1.67, indicating that the newly formed calcium phosphate is a type B carbonate apatite, in which PO4 3-substitutes for CO3 2-. On the other hand, to verify the mass gain by the formation of a hydroxyapatite film, the samples were weighed, and their results are presented in Figure 82, which shows that from the fourteenth-day apatite is formed in the sample non-deformed, and the sample deformed at 4.5 GPa. Figures 83((g) and (i)) confirm that only apatite deposits were formed from the fourteenth day of immersion in SBF.
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Table 40 shows the EDS analysis performed for each condition and confirms that there is apatite formation from the fourteenth day on immersion in SBF for the deformed condition at 4.5 GPa and non-deformed samples. The molar ratio of Ca / P was calculated in Table 40. This molar ratio of Ca / P was approximately 1.77, which indicates that the newly formed calcium phosphate is a type B carbonate apatite, in which PO4 3-substitutes for CO3 2-. On the other hand, to verify the mass gain by the formation of a hydroxyapatite film, the samples were weighed, and their results are introduced in Figure 84, showing that from the fourteenth-day apatite is formed in the non-deformed samples and the samples deformed at 4.5 GPa. Table 41 shows the EDS analysis performed for each condition. The results confirm that there was no apatite formation on the surface of the samples. From the data in Table 41, it can be seen the same behavior as in the polished samples with very low levels of calcium and phosphorus being observed.
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Therefore, there was no formation of a film based on calcium and phosphorus on the surface of Ti35Nb7Zr5Ta alloy chemically treated. On the other hand, the chemically treated samples were weighed in order to verify the mass gain due to the formation of a HAp film. There was no change in the mass after 14 days of immersion in SBF.

DISCUSSION

The grain size was measured before and after the deformations by HPT for the different samples of the alloys Ti13Nb13Zr (α'+β) and Ti35Nb7Zr5Ta (β).

Initially, the Ti13Nb13Zr had an average grain size of 250 µm, after being deformed with 1 GPa the size is reduced to 89 µm and finally to 203 nm for the pressure of 4.5 GPa. For the (β) alloy the same behavior is observed where initially an average size of 240 µm is observed, and when deformed with 1 GPa it is reduced to 89 µm, and, finally, grain sizes of 112 nm are observed after deformation of 4.5 GPa. The HPT process produces ultrafine grain size (UFG) in nanometric ranges for high pressures and also generates a high amount of dislocation density [START_REF] Wang | Dislocation density evolution during high pressure torsion of a nanocrystalline NiFe alloy[END_REF]. Grain refinement is formed by subdividing the original grains into subgrains into the early stages of deformation as illustrated in Figure 86, and recovering and migrating from these subgrains to form high-angle contours in the following stages of plastic deformation. 2017) [START_REF] Borodachenkova | High-Pressure Torsion: Experiments and Modeling[END_REF].
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The hardness in the processed state by HPT was reported for alloys of Ti13Nb13Zr and Ti35Nb7Zr5Ta. The hardness in the processed HPT state becomes higher for high pressures, which is related to the decrease in grain size.

Initially, microhardness value was 265 HV in the non-deformed state and 390 HV in the HPT-processed state at 4.5 GPa for the alloy Ti13Nb13Zr and values of 183

HV in the non-deformed state and 320 HV in the HPT-processed state at 4.5 GPa for the alloy of Ti35Nb7Zr5Ta. The microhardness measurements for all the samples have confirmed that the hardness increases with the distance from the center of the disk to the edge because, as the processing is torsional, the deformation decreases from the edge towards the center, leading to smaller grains on the edge that in the center [20]. This analysis is per the study of Wang and Langdon [START_REF] Wang | Effect of heat treatment on microstructure and microhardness evolution in a Ti-6Al-4V alloy processed by high-pressure torsion[END_REF], in which the same behavior is observed for the alloy Ti6Al4V deformed by HPT.

The effect of HPT on Young's modulus was investigated. Young's modulus is a measure of interatomic bonds force and depends only slightly on the microstructure morphology of materials [START_REF] Zherebtsov | Chapter 6 -Advanced mechanical properties[END_REF]. In fact, in the alloys The distinct nanostructures obtained in the Ti13Nb13Zr alloy is a result of competition between electrochemical oxide formation and chemical dissolution of oxide by fluoride ions. The oxidation reaction at the interface of the Ti13Nb13Zr alloy surface and electrolyte at a constant applied potential is given by [START_REF] Minagar | Surface nanoengineering of titanium alloys for biomedical applications[END_REF]:

𝑀 ↔ 𝑀 𝑛+ + 𝑛𝑒 -(𝑀 = 𝑇𝑖, 𝑁𝑏 𝑎𝑛𝑑 𝑍𝑟)
Followed by:

𝑥𝐻 2 𝑂 ↔ 𝑥𝑂 2-+ 2𝑥𝐻 +
Then,

2𝑀 𝑛+ + 𝑛𝑂 2-↔ 𝑀 𝑛 𝑂 𝑛
In the presence of a fluorine anion, chemical dissolution occurs:

𝑇𝑖 4+ + 6𝐹 -↔ [𝑇𝑖𝐹 6 ] 2- 𝑁𝑏 5+ + 7𝐹 -↔ [𝑁𝑏𝐹 7 ] 2- 𝑍𝑟 4+ + 6𝐹 -↔ [𝑍𝑟𝐹 6 ] 2-
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Consequently, 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).

On the other hand, the anodization of the monophasic alloy (β) Ti35Nb7Zr5Ta forms arrays of TiO2 nanopores with a well-defined circular geometry. After anodization, formed self-organized arrays of nanotubes were obtained with the following average dimensions in the range: diameter of 66-75 nm, a length of 1.7-2.4 mm and a thickness of 22-32 nm. As a result, the nanoporous grown on the Ti35Nb7Zr5Ta alloy after severe plastic deformation by HPT had a smaller diameter and larger wall thickness. The formation of the nanoporous not so organized was observed in substrates deformed by HPT, suggesting that their growth follow the spatial distortion of the β phase. As it was observed for the Ti13Nb13Zr, the spatial distortion also affects the length of the nanostructures leading to a greater length of nanoporous in the non-deformed state (uniform arrays) and a shorter length for larger deformations (arrays with spatial distortion).

Chemical treatment by acid etching and NaOH activation were carried out in Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys with different degrees of deformations. Two different etching procedures were performed: (i) samples were etched in HCl, (ii) samples were etched in H3PO4. Subsequently, all specimens were soaked in NaOH. The acid plus alkali treatment induced the formation of a nano topographic sponge-like morphology on all samples' surfaces. Such surfaces were full of cracks. However, it is noticeable that sponges' tentacles have quite different sizes, depending on the sample composition and mechanical processing condition. In other words, they decrease from Ti13Nb13Zr to Ti35Nb7Zr5Ta and after processing by HPT.

The quantity of Na + incorporated into the Ti13Nb13Zr surface after NaOH activation was comparable for the two different acid etching procedures and the amounts to 2,81±0,62 at% for HCl treated and 1,24±0,11 at% for H3PO4 treated samples. The amount of Na + ions is related to the formation of sodium titanate (Na2Ti5O11) on the surface of the substrates. Similarly, the results of Na + incorporated into the Ti35Nb7Zr5Ta surface after NaOH activation was comparable for the two different acid etching procedures and the amounts to 2,02±0,03 at% for HCl treated and 1,23±0,09 at% for H3PO4 treated samples. Therefore, the samples with acid etching with HCl of both alloys have a more considerable amount of Na + ions, and the alloy Ti13Nb13Zr is the one that has more Na + ions.

The evaluation of the corrosion resistance was carried out for both alloys Ti13Nb13Zrin the undeformed and Ti35Nb7Zr5Ta deformed conditions, on polished, anodized, and chemically treated surfaces. Figure 88 shows the current passivation (ipass) for the (α'+β) and (β) alloys.

The conditions non-deformed and deformed by HPT were plotted and also the different surface modification treatments. The passivation currents for the samples with polished surface and the samples with chemical treatment (HCl, H3PO4 + NaOH) are of the same order of magnitude (10 -6 A •cm -2 ). On the other hand, no significant differences were observed for passivation currents between nondeformed and deformed samples (except anodized samples), suggesting that cracks formed on the surface of chemically treated samples exposed the surfaces, which dominated the passivation phenomenon. Thus, the passive oxide film formed on the samples' surface is responsible for providing high resistance to corrosion. Regarding the anodized samples, two results are observed: (i) Treatment of modification of surface with lower value of the passivation current, Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys exhibited average values: 10 -8 and 10 -7 A •cm -2 , respectively and (ii) There is a tendency to increment the passivation current by increasing the pressure applied in the HPT process. Such a current increase may be related to the thickness of the nanostructured TiO2 layer formed on the surfaces of (α'+β) and
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(β) alloys. Such thicknesses showed to be dependent on the degree of deformation, being smaller for samples with more considerable straining. In other words, the larger the film thickness, the better the resistance to corrosion. 

|𝑍| = √((𝑍 , 𝑥 𝑆 𝑠 -𝑅 𝑒 ) 2 + (𝑍 ,, 𝑥𝑆 𝑠 ) 2 )
Where Z 'and Z' '(in Ω) are respectively the real and imaginary parts of the impedance at 20 mHz, SS is the specific area exposed to the solution in cm².

The presence of TiO2 nanostructures causes an increase of |Z| relative to the substrate, meaning better properties of the protective oxide layer. This increase is better observed in the Ti13Nb13Zr alloy, where the maximum values of |Z| were
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present. There is a tendency to decrease the value of |Z| when increasing the deformation pressure. This reduced corrosion resistance may be attributed to the non-equilibrium nanostructures formed during the processing by HPT. On the other hand, chemical treatments tend to decrease more the value of |Z|. Such behavior may be attributed to crack formation on the surface and to the increase of the pressure during HPT processing, leading to non-equilibrium microstructures. The preceding mentioned causes the outer layer of the oxide film to be more susceptible to dissolution than the inner layer, indicating a more defective structure of the outer layer. Implants should allow to osseointegration to supply bone-bonding ability.

Such capability is ascribed to 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 the material is usually tested in vitro using simulated body fluid (SBF) [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 

(OH)2-2x(O)x(h)x Ca10-x(HPO4)x(PO4)6-x(OH)2-x (0 < x < 1)
CDHA or Ca-def HA 1.5-1.67

In general, two different ranges of Ca / P ratio are observed: (i) Samples with Ca / P higher than 1.67, (ii) Samples with Ca / P less than 1.67. Samples with a ratio of Ca / P higher than 1.67 are the following: (i) Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys non-deformed and deformed by HPT with the anodized surface and (ii) Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys non-deformed and deformed by HPT with the surface etched with HCl and activated with NaOH.

Samples with a ratio of Ca / P lower than 1.67 are the following:(i) Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys non-deformed and deformed by HPT with the surface etched with H3PO4 and activated with NaOH. For instance, the Ca / P molar ratios 1.75-1.79 are commonly calculated for biomimetic CaP precipitated onto calcium deficient hydroxyapatite [START_REF] Vallet-Regí | Nanoceramics in clinical use: from materials to applications[END_REF]. In this case, the Ca/P ratio is higher than 1.67, which indicates the formation of a calcium phosphate that is a B-type carbonate apatite. This type of apatite replaces the PO4 3-for CO3 2-and commonly occurs during biological mineralization processes [START_REF] Vallet-Regí | Nanoceramics in clinical use: from materials to applications[END_REF].
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The general formula for calcium deficient hydroxyapatite can be written as [START_REF] Tampieri | Bio-Inspired Regenerative Medicine: Materials, Processes, and Clinical Applications[END_REF]:

𝐶𝑎 10-𝑥 (𝐻𝑃𝑂 4 ) 𝑋 (𝑃𝑂 4 ) 6-𝑋 (𝑂𝐻) 2-𝑋 With 0 ≤ x ≤ 1. For stoichiometric HA (x = 0) the molar Ca/P ratio is 1.67. If HPO4 2-is incorporated into the structure, the Ca/P ratio decreases to a minimum of 1.5 at x= 1. CO3 2-can easily substitute HPO4 2-due to the same charge [START_REF] Tampieri | Bio-Inspired Regenerative Medicine: Materials, Processes, and Clinical Applications[END_REF]. This results in:

𝐶𝑎 8 (𝐶𝑂 3 ) 2 (𝑃𝑂 4 ) 4 ; Ca/P ratio = 2.
Therefore, other phases, such as B-type carbonate apatite, will be present with hydroxyapatite.

Samples with an acid attack with H3PO4 and activation with NaOH have a Ca / P ratio of less than 1.67. As expected, these samples form calcium deficient hydroxyapatite with HPO4 2-incorporated into its structure. This results in:

𝐶𝑎 9 (𝐻𝑃𝑂 4 )(𝑃𝑂 4 ) 5 (𝑂𝐻); Ca/P ratio = 1.5

Therefore, other phases, such as calcium-deficient hydroxyapatite, will be present with hydroxyapatite.

In addition to the previous qualitative analysis performed by SEM-EDS, apatite disposition was quantitatively estimated by weighing of samples before and after SBF soaking. Such an evaluation is summarized in Figure 90, which presents the means value of three weighings. Error bars display the standard deviation.

As it can be observed, the quantitative analysis of Figure 90 endorses the above qualitative one, regarding apatite deposition or not, on polished or treated surfaces, deformed or nondeformed, inside the periods afore-discussed.

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, unfortunately, even with these two kinds of surface treatment, its bioactivity in the deformed and non-deformed conditions is unsatisfactory. One reason for such behavior is probably the contamination of the surfaces by other oxides. Surface layers of the alloys enriched with niobium, tantalum, and zirconium oxides could decrease surface potential under physiological conditions [START_REF] Yamaguchi | Impact of Surface Potential on Apatite Formation in Ti Alloys Subjected to Acid and Heat Treatments[END_REF]. This surface potential decrease could be the reason why the treated alloys did not form apatite as a result of suppression of the sequence adsorption of phosphate and calcium ions. 
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Concerning the behavior of the Ti13Nb13Zr alloy after anodization, as can be seen, there was no precipitation of apatite on the surface of undeformed Ti13Nb13Zr alloy during the first day of soaking, while, on deformed samples at 4.5

GPa, the apatite mass gain raised with the immersion time from the early 24 hours.

This behavior leads one inferring that the smaller the grain size, the more significant the mass gain, which also proves the consequence of the kind of surface for bioactivity, and, in this case, the redistribution and refinement of α' and β phases on the sample surface caused by HPT.

In this study, it was shown that the TiO2 nanostructures formed on samples deformed grew longitudinally following the texture induced by the HPT process.

Thus, the refinement presented in samples deformed at 4.5 GPa probably caused the formation of TiO2 nanostructures more distorted. This behavior could favor higher wettability of samples deformed when in contact with the SBF, and then speed up the formation of apatite.

Regarding the behavior of the chemically treated surfaces of the Ti13Nb13Zr alloy, one may observe that such a treatment is not as useful for activating the surface of undeformed samples, being the bioactivation much better for deformed ones. This behavior was already observed in the samples with anodized ultrafine granulation. Therefore, it can be inferred that for the biphasic sample of Ti13Nb13Zr, the grain refinement improves bioactivity due to a greater apatite mass gain.

On the other hand, the amount of Na + observed on the surface of the chemically modified samples affects the formation of apatite. These sodium ions come from the sodium titanate layer formed by the chemical treatment. As mentioned, chemical treatment of etching by HCl and activation with NaOH forms a higher quantity of Na + ions. This condition was the one that most formed apatite on samples' surface, indicating that the apatite formation on chemically treated titanium alloys seems to be similar to that bioactive glasses [START_REF] Jonášová | Biomimetic apatite formation on chemically treated titanium[END_REF]. The exchange of Na + from glass by H + or H3O + from the fluid leads to the formation of a Si-OH layer that was described to induce apatite nucleation via incorporation of Ca2+. The consumption of H3O+ causes an increase in pH, and apatite will be precipitated [START_REF] Kokubo | Novel bioactive titanate layers formed on Ti metal and its alloys by chemical treatments[END_REF].

Finally, to discuss the results of surface modification treatments in a similar way for both alloys, HPT deformation will not be considered in this analysis.

Regarding electrochemical characterization, one may observe that the anodizing treatment clearly showed an improvement in electrochemical properties, which can be observed in Figures 87, 88 The surface modification treatments activated the surface of the sample to form apatite, which was not observed in samples in the polished condition. The surface modification treatments that formed apatite in both alloys were anodization and HCl etching followed by NaOH activation. The treatment with H3PO4 followed by NaOH activation formed lower amount of apatite in the Ti13Nb13Zr alloy and did not form apatite in the Ti35Nb7Zr5Ta alloy. These results were positive and showed high potential for the surface modification treatments in biomedical applications.

SUMMARY AND CONCLUSIONS:

Two commercial Ti alloys, Ti13Nb13Zr and Ti35Nb7Zr5Ta, were heat treated and rapidly quenched. Part of the samples was severely deformed by HPT, using 3 rpm and 3 turns, with loads of 1GPa and 4.5 GPa. The samples had their surface modified using different methods (anodization, chemical etching (HCl and H3PO4) and activation with NaOH). The specimens, in all conditions, were structurally, microstructurally, mechanically, and electrochemically characterized using several different methods as a function of the microstructural refinement, phases present and the kind of surface modification. Finally, bioactivity tests were also accomplished for all sample conditions. After analyzing and discussing the results, the following conclusions can be drawn:

Heat-treatment

✓ After heat treatment, the Ti13Nb13Zr alloy acquired 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 α.

Processing by HPT

✓ HPT processing significantly reduced grain sizes, resulting in ultra-fine microstructures in both alloys. The initial grain sizes of the two alloys were about 250 μm, which were reduced to ~ to 89 µm, ~203 nm and ~112 nm for the Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys, respectively.

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

✓ Grain refinement led to increased hardness in both samples, changing from ~265 HV and ~183 HV to ~390 HV and ~320 HV, respectively.

✓ In the same sample sense as for hardness and outstanding (low) values of the elastic modulus were obtained, they were reduced a bit. However, considering
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error bars, they stayed in the range of 60 GPa and 44 GPa before and after deformation, respectively for the Ti13Nb13Zr and Ti35Nb7Zr5Ta specimens.

Surface treatments

✓ The anodization of the Ti13Nb13Zr alloy indicates that there is the formation of two different nanostructures, where nanotubes for the α'-phase and nanopores for the β-phase are observed, irrespective to the spatial distribution of both phases or their refinement. In the case of the Ti35Nb7Zr5Ta alloy, only nanopores were observed.

✓ As-anodized surfaces were amorphous. After annealing at 550°C, they crystallize into a mixture of anatase and rutile, without significant morphological changes in the nanostructures produced on the surfaces.

✓ Surfaces of the samples were modified using acid etching followed by alkaline treatment, resulting in a sodium titanate sponge-like layer. Sponges' tentacles sizes depended on the grain size, surface chemistry, and structure. In general, tentacles were thicker for undeformed samples and much thinner for samples processed by HPT.

Corrosion Behavior

✓ The anodized samples of both alloys have a higher open circuit potential, meaning that they have a more stable and protective oxide film on the surface.

Apparently, there is a tendency to increase the OCP in the samples of both alloys with acid etching plus alkali treatment when severe plastic deformation is applied leading to the conclusion that SPD can accelerate the formation of the passivation film.

✓ Anodized samples presented very small passivation currents (between one to two orders of magnitude lower than polished surfaces). Even being inside of the same order of magnitude, passivation currents tend to increase with the HPT pressure. Such a current increase may be related to the thickness of the nanostructured TiO2, which was smaller for samples with higher loads.

✓ The passivation currents for the samples with polished surface and the samples with chemical treatment (HCl, H3PO4 + NaOH) are of the same order of magnitude (10 -6 A cm -2 ). Such behavior was associated to cracks formed on the surface that exposed it, suggesting that the only responsible for the passivation is the oxide film formed on the samples' surface and not the titanate layer formed after chemical treatment. Thus, natural TiO2 is the only responsible for providing high resistance to corrosion.

EIS Analysis

✓ |Z| increases compared to the substrate when samples are anodized, which means better properties of the protective oxide layer.

✓ |Z| tends to decrease with the increase of the deformation pressure. Such behavior was attributed to the non-equilibrium nanostructures formed during the processing by HPT.

✓ |Z| is more decreased after any surface chemical treatment. Such a decrease is emphasized with the increase of the HPT pressure. Both behaviors were linked with crack formation on the surface and, as it was for TiO2 nanostructures, also to non-equilibrium microstructures.

Bioactivity

✓ Samples with polished surfaces did not form apatite, i.e., they are not bioactive.

✓ In general, results of bioactivity tests indicated that TiO2 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 TiO2 nanostructures and samples deformed by HPT.

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

INFLUENCE DE TRAITEMENTS DE SURFACE SUR LES PROPRIETES DE RESISTANCE A LA CORROSION D'ALLIAGES DE TITANE A GRAINS

ULTRAFINS POUR DES APPLICATIONS BIOMEDICALES.

RÉSUMÉ DÉTAILLÉ EN FRANÇAIS

INTRODUCTION

Les dispositifs biomédicaux utilisés (prothèses, implants) fonctionnent de manière satisfaisante dans de nombreux cas. Cependant, parfois, le corps réagit à la présence de l'implant ce qui peut entraîner son remplaçant rapide. Dans ce contexte, le titane (Ti) et ses alliages sont les matériaux les plus utilisés pour les implants orthopédiques et dentaires en raison de leur excellente biocompatibilité et résistance à la corrosion [1].

Cependant, les propriétés mécaniques du titane et de ses alliages devraient être proches du tissu osseux, condition préalable au succès des implants orthopédiques. Dans ce contexte, les alliages (α+β) et β ont suscité un intérêt considérable, car ils présentent un faible module d'élasticité, ce qui permet une meilleure interaction entre l'implant et l'os [2]. De plus, les alliages (α+β) et β peuvent être obtenus à partir d'éléments métalliques considérés comme biocompatibles comme Nb, Ta, Zr, Mo et Sn [3].

Les investigations récentes menées sur le module d'élasticité ont permis le développement d'une nouvelle génération d'alliages de titane pour les applications orthopédiques, notamment le Ti29Nb13Ta4.6Zr [4], Ti12Mo6Zr2Fe (TMZF) [5], Ti35Nb7Zr5Ta (TNZT) [6] et Ti13Nb13Zr [7].

En plus du module d'élasticité, d'autres propriétés mécaniques des alliages de titane, tels que la dureté, la résistance et la ductilité, peuvent être considérablement améliorées grâce à l'utilisation de techniques de déformations mécaniques telles que les déformations plastiques sévères (SPD-Severe Plastic Deformation) [8]. Ce procédé permet d'obtenir une microstructure avec des grains
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ultrafins [9]. Les techniques de SPD les plus couramment appliquées sont l'extrusion de canaux angulaires ((ECAP-Equal Channel Angular Pressing) et la torsion sous haute pression (HPT-High Pressure Torsion) [10].

Notre équipe a étudié l'article intitulé "Ultrafine-Grained Ti13Nb13Zr Alloy produced by Severe Plastic Deformation" [11]. Dans ce travail, l'effet de la technique de torsion sous haute pression sur l'augmentation de la micro-dureté de l'alliage Ti13Nb13Zr a été observé. La valeur de micro-dureté a augmenté de manière significative de 220 HV à 402 HV avec une pression appliquée de 4,5 GPa. De plus, un affinement de la taille de grains (200 µm à l'état initial à 130 nm) a également été observé.

D'autre part, des travaux antérieurs sur le titane et les alliages de titane traités par SPD se sont concentrés sur l'étude de la relation entre la microstructure obtenue et les propriétés mécaniques [12][13][14]. Cependant, peu d'études concernent la microstructure obtenue par le SPD et la résistance à la corrosion des alliages de titane [15].

Le comportement en corrosion des alliages de titane dépend principalement des propriétés du film passif (composition et épaisseur) et de la microstructure du substrat (taille du grain et densité de déplacement) [16]. La faible vitesse de dissolution et l'inertie chimique des produits de dissolution de la couche passive d'oxyde de titane (TiO2) permettent à l'os de se développer et de se solidifier avec la surface de l'alliage de titane [17].

Ainsi, la réponse biologique d'un implant dépend des propriétés physicochimiques de la surface [18]. Récemment, des méthodes de modification de la surface des implants en titane ont été étudiées, telles que des revêtements au phosphate de calcium (Ca3(PO4)2) [19], des traitements alcalins et thermiques [20],

des revêtements au plasma [21] et des nanotubes de TiO2 [22] pour améliorer l'intégration des implants. Par conséquent, afin de progresser quant à la compréhension des propriétés mécaniques et de la corrosion des matériaux à base de titane pour les applications biomédicales, deux alliages de titane, l'alliage Ti13Nb13Zr (α'+β) et l'alliage β Ti35Nb7Zr5Ta déformé par la méthode HPT seront étudiés dans des conditions déjà définies dans un travail précédent [11]. En outre, deux traitements de modification de surface différents sont proposés : la croissance de nanotubes de titane (TiO2) et les traitements chimiques sur des échantillons déformés HPT et des échantillons sans déformation. Enfin, les effets des traitements de déformation plastique sévère et de modification de surface seront évalués par des tests de corrosion et de bioactivité.

Déformation plastique sévère

Une stratégie pour améliorer les propriétés mécaniques du titane et de ses alliages consiste à affiner la granulométrie par une déformation plastique sévère (SPD-Severe Plastic Deformation). Les techniques de SPD les plus développées sont l'extrusion en canal angulaire (ECAP-Equal Channel Angular Pressing), torsion sous haute pression (HPT-High Pressure Torsion) et le laminage cumulatif (ARB-Accumulative Roll Bonding) [9,10].

D'après les méthodes de déformation plastique sévère mentionnées cidessus, le traitement HPT a montré un raffinement accru de la microstructure [9].

Les principes du traitement HPT moderne sont décrits schématiquement sur la figure 1 [23].

. 
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L'échantillon en forme de disque est positionné entre deux actionneurs, où il est soumis à la pression appliquée, P, de quelques GPa à température ambiante ou à chaud. Pendant que la pression est appliquée, une déformation par rotation est réalisée sur l'éprouvette. Les forces de frottement sur la surface déforment le disque par cisaillement. Le processus se déroule alors sous une pression presque hydrostatique [23]. migrent vers l'interface métal / oxyde, processus (1), pour interagir avec le métal [27]. (4) Dissolution chimique du métal, ou de l'oxyde, par l'électrolyte acide. La dissolution chimique du TiO2 dans l'électrolyte HF joue un rôle crucial dans la formation de nanotubes, plutôt que de simples structures nanoporeuses [27].

Dans ce projet, les alliages

Dans le présent travail, la formation de nanotubes de TiO2 par anodisation électrochimique des alliages Ti13Nb13Zr et Ti35Nb7Zr5Ta a été réalisée à l'aide de solutions organiques contenant des fluorures.

Structure cristalline de nanotubes de TiO2 et traitements thermiques.
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Après l'anodisation, les nanotubes de TiO2 sont généralement amorphes. [28,29]. Après le traitement thermique (généralement sous air ou oxygène), les nanotubes de TiO2 peuvent cristalliser sous forme anatase ou rutile ; la conversion en structure cristallisée peut avoir un impact significatif sur les propriétés mécaniques, optiques, électroniques, chimiques et biomédicales [30].

Pour ce projet, un traitement thermique a été réalisé sur des surfaces avec des nanotubes de TiO2, à une température de 550 ° C pendant deux heures pour former un mélange de phases anatase et rutile.

Traitement acide.

Le traitement à l'acide est souvent utilisé pour éliminer l'oxyde et la contamination afin d'obtenir des finitions de surface propres et uniformes, générant également une microrugosité de surface. Takeuchi et al. (2003) ont étudié l'efficacité de décontamination de trois acides, Na2S2O8, H2SO4 et HCl, pour la surface de titane et ont découvert que HCl était un excellent agent de décontamination, car il pouvait facilement dissoudre les sels de titane et ne fragilisait pas la surface de Ti [17]. Il a été démontré que l'attaque acide améliore grandement l'ostéointégration, car elle favorise la formation de tissu osseux entre l'implant et l'interface osseuse [31]. Pour ce travail, les acides chlorhydriques et phosphorique ont été testés afin de déterminer quel acide favorise la formation d'hydroxyapatite.

Traitement alcalin.

Une méthode chimique simple a été établie pour induire la bioactivité du titane et de ses alliages. Lorsque des substrats en alliage de titane ont été traités avec une solution aqueuse de NaOH 10 M et ensuite traités thermiquement à 60°C, une mince couche de titanate de sodium s'est formée sur ses surfaces [32].

Ainsi, les substrats traités formaient une couche d'apatite dense et uniforme sur leurs surfaces dans un fluide corporel simulé (SBF-Simulated Body Fluid) avec des concentrations ioniques presque égales à celles du plasma sanguin humain [32].

Caractérisation initiale d'échantillons d'alliage Ti13Nb13Zr.

Différentes surface sont étudiées dans ce travail et le tableau 1 résume toutes les surfaces modifiées avec et sans déformation plastique sévère utilisées dans les tests de corrosion et de bioactivité. • Afin de reproduire au mieux les conditions physiologiques, toutes les mesures se font à l'obscurité.

• Pour des raisons de reproductibilité, les mesures sont répétées trois fois (sur un échantillon différent à chaque fois, mais avec la même morphologie et la même structure cristalline).

• Les courbes de polarisation sont enregistrées dans une plage de potentiel de -30 mV à +1,20 V par rapport au potentiel de circuit ouvert (OCP), avec une vitesse de balayage de 0,50 mV s-1.

• Les mesures de spectroscopie d'impédance sont enregistrées pour une gamme de fréquences de 20 kHz à 20 mHz. L'amplitude du signal de perturbation sinusoïdale est de 10 mVrms.

• Les simulations des spectres EIS de tous les échantillons ont été réalisées à l'aide du logiciel Simad (développé parle laboratoire LISE).

Échantillons polis.

Les figures 2((a) et (b)) présentent les courbes de polarisation anodiques et les diagrammes de Nyquist, respectivement, dans SBF à 37°C des échantillons de surface poli de l'alliage Ti13Nb13Zr non déformés et déformés par HPT.

-0,8 -0,4 0,0 0,4 0,8 10 Les densités de courant, représentées sur l'axe des ordonnées de la figure 2(a), ont été calculées en divisant le courant mesuré par la surface géométrique (0,283 cm²). On considère que le courant mesuré dans la région anodique est principalement dû à la réaction d'oxydation des substrats en TiO2, ce qui contribue à l'épaississement de la couche passive. Cette réaction se produit à l'interface métal / oxyde [30].

Les courants de passivation sont similaires pour les conditions non déformées eet déformées par HPT. Initialement pour un échantillon sans a) b)
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déformation, le courant de passivation a une valeur approximative : 2,00 µA / cm 2 .

Pour les échantillons présentant une déformation plastique sévère, les courants de passivation sont les suivants: 2,95 µA / cm 2 pour l'échantillon présentant une Si l'on associe le film passif à un condensateur plan, l'épaisseur de film passif δ (en nm) peut être estimée par la relation suivante :

𝛿 = 𝜖 • 𝜖 0 𝐶 𝑒𝑓𝑓
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Où ϵ0 est la permittivité du vide (8,8542 × 10 -14 F/cm) et ϵ la constante diélectrique du matériau. La valeur de la constante diélectrique pour le TiO2 est comprise entre 18,2 et 173 [35]. Si l'on considère maintenant une valeur moyenne de la constante diélectrique, ϵ = 100, comme déjà choisie par différents auteurs [36,37], conduit des épaisseurs de films passifs protecteurs (associés à la couche interne dense, responsables de la protection du matériau) de Les courants de passivation sont très différents par rapport aux substrats nus. Initialement pour un échantillon sans déformation, le courant de passivation de l'alliage Ti13Nb13Zr avec nanotubes de TiO2 recuits est de 0,012 µA / cm 2 .

Pour les échantillons présentant une déformation plastique sévère, les courants de passivation sont les suivants : 0,017 µA / cm 2 pour l'échantillon présentant une déformation de 1 GPa et 0,033 µA / cm 2 pour l'échantillon présentant une déformation de 4,5 GPa. Par conséquent, il semble qu'une déformation plastique sévère entraîne une légère augmentation du courant de passivation par rapport au substrat sans déformation. 
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Sans déformation 1 GPa, 3 tours 4.5GPa, 3 tours -0,4 0,0 0,4 0,8 10 celui des alliages traités en milieu acide bien que la partie active s'étale sur une plus large gamme de potentiels la partie anodique des courbes de polarisation. Les résultats de l'ajustement du modèle et de la capacité effective associée au CPE calculé avec l'équation de Brug sont donnés dans le tableau 5.

L'ajustement permet d'obtenir des valeurs de résistance de solution de 20 (Ω•cm 2 ) ainsi que des valeurs élevées de résistance de transfert de charge (Rct) comprises entre 5x10 5 et 7x10 

Tests de bioactivité sur l'alliage Ti13Nb13Zr

Le principe des essais de bioactivité est d'évaluer l'aptitude du matériau à former spontanément de l'apatite à la surface lorsqu'il est immergé dans du SBF. 

Echantillons de surface à base de nanotubes de TiO2

Dès le premier jour d'immersion dans une solution de SBF, l'apatite est visible dans de petites zones sur des substrats de l'alliage Ti13Nb13Zr déformé 

Caractérisation initiale d'échantillons d'alliage Ti35Nb7Zr5Ta.

Différentes conditions de surface sont étudiées dans ce travail afin de résumer toutes les surfaces modifiées avec et sans déformation plastique sévère.

Le tableau 6 montre toutes les surfaces de travail utilisées dans les tests de corrosion et de bioactivité. Enfin, il a été observé que les substrats avec des nanotubes de TiO2 plus longs à l'état non déformé présentent une résistance à la corrosion supérieure. Les résultats de l'ajustement du modèle et de la capacité effective associée au CPE calculé avec l'équation de Brug sont donnés dans le tableau 9. 
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Sans déformation 1 GPa, 3 tours 4.5 GPa, 3 tours -0,4 0,0 0,4 0,8 10 

Tests de bioactivité sur l'alliage Ti35Nb7Zr5Ta

Dans cette étude, les dépôts d'apatite ont été examinés après 1, 7 et 14 jours d'immersion dans la solution SBF pour des échantillons de l'alliage Ti35Nb7Zr5Ta avec différente modification de surface, ainsi que des niveaux de déformation par HPT différents.
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Échantillons polis. O interesse recente na redução do módulo de elasticidade resultou no desenvolvimento de uma nova geração de ligas de titânio para aplicações ortopédicas, incluindo Ti29Nb13Ta4.6Zr [4], o Ti12Mo6Zr2Fe (TMZF) [5], Ti35Nb7Zr5Ta (TNZT) [6] e Ti13Nb13Zr [7].

Les observations au

Além disso, o módulo de elasticidade, outras propriedades mecânicas das ligas de titânio, tal como a dureza, resistência e ductilidade pode ser melhorada significativamente através da utilização de deformação plástica severa (SPD-Severe Plastic Deformation, em inglês) [8]. Devido à microestrutura de grãos ultrafinos obtida por este processo [9]. As técnicas de SPD mais comumente
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Nosso grupo de pesquisa estudou o acima mencionado no artigo intitulado "Ultrafine-Grained Ti13Nb13Zr Alloy produced by Severe Plastic Deformation" [11].

Neste trabalho, foi observado o efeito da técnica de HPT no aumento da microdureza da liga Ti13Nb13Zr. O valor de microdureza aumentou significativamente de 220 HV para 402 HV para a pressão aplicada de 4,5 GPa.

Além disso, o refinamento do tamanho de grão (200 μm no estado inicial a 130 nm) também foi observado.

Por outro lado, os trabalhos anteriores sobre ligas de titânio e titânio processadas por SPD têm se concentrado em estudar a relação entre a microestrutura obtida e as propriedades mecânicas [12][13][14]. No entanto, poucos estudos relacionam a microestrutura obtida pelo SPD e a resistência à corrosão das ligas de titânio [15].

O comportamento corrosivo das ligas de titânio depende principalmente das propriedades do filme passivo (composição e espessura) e da microestrutura do substrato (tamanho do grão e densidade de discordâncias) [16]. A baixa taxa de dissolução e a inércia química dos produtos de dissolução da camada passiva de óxido de titânio (TiO2) permitem que o osso se desenvolva e se osseointegre com a superfície da liga de titânio [17].

Desta forma, a resposta biológica de um implante depende das propriedades físico-químicas da superfície [18]. Recentemente, métodos de modificação de superfície de implantes de titânio têm sido estudados, tais como revestimentos de fosfato de cálcio (Ca3(PO4)2) [19], tratamentos alcalinos e térmicos [20], revestimentos por plasma [21] e nanotubos de TiO2 [22]. Como forma de melhorar a integração dos implantes.

Portanto, com o objetivo de avançar no entendimento das propriedades mecânicas e de corrosão de materiais à base de titânio para aplicações biomédicas neste trabalho, duas ligas de titânio, a liga (α'+ β) Ti13Nb13Zr e a liga (β) Ti35Nb7Zr5Ta deformadas pelo método HPT serão estudadas sob condições já definidas em um trabalho anterior [11]. Além disso, dois tratamentos diferentes de modificação de superfície são propostos, como o crescimento de nanotubos de titânio (TiO2) e tratamentos químicos em amostras deformadas por HPT e em amostras sem deformação. Finalmente, os efeitos de deformação plástica severa e tratamentos de modificação de superfície foram avaliados por testes de corrosão e bioatividade.

Deformação plástica severa

Uma estratégia para melhorar as propriedades mecânicas do titânio e suas ligas é a refinar a granulação através da deformação plástica severa (SPD-Severe Plastic Deformation, em inglês). As técnicas mais desenvolvidas de SPD são extrusão em canal angular (ECAP-Equal Channel Angular Pressing), torção sob alta pressão (HPT-High Pressure Torsion) e a laminação acumulativa (ARB -Acumulative Roll-bonding) [9,10]. Dos métodos de deformação plástica severa mencionados acima, o processamento por HPT mostrou um maior refinamento da microestrutura [9]. Os princípios do processamento moderno de HPT são descritos esquematicamente na Figura 1 [23]. [23].
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O corpo de prova em formato de disco é posicionado entre dois atuadores, onde são submetidos à pressão aplicada, P, de alguns GPa em temperatura ambiente ou a quente. Enquanto a pressão é aplicada, uma deformação através de rotação é realizada no corpo de prova. Forças de atrito na superfície deformam o disco por cisalhamento, assim o processo ocorre sob pressão quase hidrostática [23].

Neste projeto, as ligas de Ti13Nb13Zr e Ti35Nb7Zr5Ta em forma de discos Portanto, a fim de melhorar as propriedades biológicas, químicas e mecânicas das ligas do titânio e titânio, os tratamentos de modificação de superfície são frequentemente realizados. Os tratamentos de modificação de superfície usados neste trabalho serão explicados em breve.

Nanotubos de TiO2

Titânio é amplamente utilizado para a fabricação de dispositivos biomédicos e como a superfície do implante é responsável pelo processo de osseointegração, é essencial modificar essa superfície para obter uma melhor biocompatibilidade.

Além disso, a adesão de uma superfície nanoestruturada aumenta em comparação com as superfícies metálicas usuais, demonstrando que os nanotubos melhoram a osseointegração. Superfícies contendo nanotubos de TiO2 aumentam o crescimento celular e aumentam a deposição de hidroxiapatita (HAp) [25]. A hidroxiapatita (Ca10(PO4)6(OH)2) tem similaridade química e estrutural com o componente inorgânico da matriz óssea.

Crescimento de nanoestruturas de TiO2 por anodização eletroquímica.

Normalmente, os testes de anodização são realizados em uma célula eletroquímica de dois ou três eletrodos com uma liga de titânio como ânodo, uma folha de platina como o cátodo e, no caso de uma célula de três eletrodos com um eletrodo Ag/AgCl como o eletrodo de referência. Um potencial constante é aplicado usando uma fonte de energia DC [13].

Os principais processos na formação de nanotubos de 

Dissolução química do metal, ou óxido, pelo eletrólito ácido. A dissolução química do TiO2 no eletrólito de HF desempenha um papel crucial na formação de nanotubos, ao invés de estruturas nanoporosas simples [27].

No presente trabalho foi investigada a formação de nanotubos de TiO2, por anodização eletroquímica das ligas Ti13Nb13Zr e Ti35Nb7Zr5Ta, utilizando soluções orgânicas contendo fluoretos.
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Estrutura cristalina dos nanotubos de TiO2 e tratamentos térmicos

Posteriormente a anodização, os nanotubos de TiO2 são geralmente amorfos [28,29]. Após o tratamento térmico (geralmente sob ar ou oxigênio), os nanotubos de TiO2 podem cristalizar em forma de anatase ou rutilo; a conversão para uma estrutura cristalizada pode ter um impacto significativo nas propriedades mecânicas, ópticas, eletrônicas, químicas e biomédicas [30].

Para este projeto foi realizado tratamento térmico em superfícies com nanotubos de TiO2, o tratamento térmico foi realizado a uma temperatura de 550 ° C por 2 horas para formar uma mistura de fases de anatase e rutilo.

Tratamento Ácido

O tratamento com ácido é frequentemente usado para remover o óxido e a contaminação para obter acabamentos superficiais limpos e uniformes, gerando também micro rugosidade superficial. Takeuchi et al. investigaram a eficiência de descontaminação de três ácidos, Na2S2O8, H2SO4 e HCl, para a superfície de titânio e descobriram que o HCl era um excelente agente de descontaminação porque podia facilmente dissolver sais de titânio sem fragilizá-lo [17]. Demonstrouse que o ataque ácido melhora grandemente a osseointegração devido a que favorece a formação de tecido ósseo entre a interface implante e osso [31]. Para este trabalho, os ácidos clorídrico e fosfórico são de particular interesse, com o objetivo de observar qual ácido favorece a formação da hidroxiapatita.

Tratamento alcalino

Um método químico simples foi estabelecido para induzir a bioatividade do titânio e suas ligas. Quando substratos de ligas de titânio foram tratados com solução aquosa de NaOH 10M e subsequentemente tratados termicamente a 60 ° C, uma camada fina de titanato de sódio foi formada em suas superfícies [32].

Assim, os substratos tratados formaram uma camada de apatita densa e uniforme em suas superfícies em fluido corporal simulado (SBF) com concentrações iônicas quase iguais às do plasma sanguíneo humano [32].

Caracterização inicial das amostras da liga Ti13Nb13Zr

Diferentes condições superfície são estudadas neste trabalho, a fim de resumir todas as superfícies modificadas com e sem deformação plástica severa.

A Tabela 1 nos mostra de uma maneira geral todas as superfícies de trabalhos utilizadas nos testes de corrosão e bioatividade. As medidas eletroquímicas apresentadas a seguir são, portanto, destinadas a avaliar o impacto do tratamento de modificação de superfície e a deformação plástica severa nas propriedades eletroquímicas em SBF para a liga Ti13Nb13Zr.

Algumas considerações para mencionar dos testes eletroquímicos realizados para todas as condições existentes e para ambas as ligas (Ti13Nb13Zr e Ti35Nb7Zr5Ta) são:

• Para reproduzir as condições fisiológicas da melhor forma possível, todas as medições foram feitas no escuro.

• Por razões de reprodutibilidade, as medidas são repetidas três vezes (em uma amostra diferente a cada vez, mas com a mesma morfologia e mesma estrutura cristalina).

• As curvas de polarização são registradas em um intervalo de potencial de -30 mV a +1.20 V em relação ao OCP (Open Circuit Potential), com uma velocidade de varredura de 0,50 mV s -1 .

• As simulações dos espectros EIS para todas as amostras foram realizadas usando o software Simad desenvolvido pelo Laboratório de Interfaces e Sistemas Eletroquímicos (LISE).

• As medidas de espectroscopia de impedância são registradas para uma faixa de frequência de 20 kHz a 20 mHz. A amplitude do sinal de perturbação sinusoidal é de 10 mVrms.

Amostras polidas

As Figuras 2((a) e (b)) mostram as curvas de polarização anódicas e os diagramas de Nyquist respectivamente em SBF a 37 ° C dos substratos com superfície polida da liga Ti13Nb13Zr não processadas e processadas por HPT.

-0,8 -0,4 0,0 0,4 0,8 10 As densidades de corrente, representadas no eixo das ordenadas da Figura 2(a), foram calculadas dividindo-se a corrente medida pela área geométrica (0,283 cm²). Considera-se que a corrente medida na região do anodo se deve principalmente à reação de oxidação dos substratos ao TiO2, o que contribui para o espessamento da camada passiva. Esta reação, que ocorre na interface de metal/óxido [30].

As correntes de passivação são semelhantes para as condições sem deformar como para as deformadas por HPT. Inicialmente para amostra sem

a) b)
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Para amostras com deformação plástica severa, as correntes de passivação são: 𝐶 𝑒𝑓𝑓 (𝐵𝑟𝑢𝑔) = 𝑄 

Amostras com nanotubos de TiO2

As Figuras 4((a) e (b)) mostram as curvas de polarização anódicas e os diagramas de Nyquist respectivamente dos substratos com nanotubos de TiO2 da liga Ti13Nb13Zr não processadas e processadas por HPT.

A observação geral da Figura 4(a) mostra que forma da porção anódica das curvas de polarização tem o comportamento característico de um estado passivo.

Efetivamente, para todas as amostras, um patamar atual é estabelecido em uma ampla gama de potenciais, o que corresponde a uma limitação da corrente pelo transporte de massa através da camada de óxido.

0,0 0,3 0,6 0,9 10 As correntes de passivação têm uma mudança drástica em comparação com substratos polidos. Inicialmente para amostra sem deformar, a corrente de passivação da liga Ti13Nb13Zr com TiO2 e nanotubos recozidos tem aproximadamente o valor: 0,012 µA / cm 2 . Para amostras com deformação plástica severa, as correntes de passivação são: 0,017 µA / cm 2 , para a amostra com 1 GPa de deformação e 0,033 µA / cm 2 para a amostra com 4,5 GPa de deformação. Portanto, parece que a deformação plástica severa causa um ligeiro aumento na corrente de passivação em comparação com o substrato sem deformação.

A Figura 4(b) mostra as medições da impedância por médio do diagrama de Nyquist. A observação dos diagramas de Nyquist revela que a forma do espectro de impedância para todos os substratos é pseudo-capacitivo (inclinado em linha reta), isto é, que as trocas de elétrons e, portanto, as reações, são muito limitadas ou que a camada de óxido é muito resistiva.

a) b)

Influência dos tratamentos de superfície nas propriedades de resistência à corrosão de ligas de titânio de grão ultrafino para aplicações em implantes 274

Os espectros de impedância experimentais são analisados ajustando-se a um modelo desenvolvido de linha de transmissão para um eletrodo poroso, que descreve as propriedades do sistema sob investigação. A Figura 5 apresenta o modelo de linha de transmissão desenvolvido em este trabalho. (Ω•cm 2 ) são observados, indicando uma alta resistência à corrosão, maior que os substratos com superfície polida. Além disso, as capacidades efetivas (Ceff) foram calculadas a partir dos parâmetros do elemento de fase constante usando a fórmula Hsu-Mansfeld [38]: Observa-se variação nas correntes de passivação. Onde inicialmente as amostras sem deformar tem um valor aproximado de: 2,30 µA / cm 2 . Para amostras com deformação plástica severa, as correntes de passivação são: 2,51 µA / cm 2 , para a amostra com 1 GPa de deformação e 3,40 µA / cm 2 -0,4 0,0 0,4 0,8 10 Além disso, a espessura do filme passivo δ (em nm) foi obtida a partir da capacitância da camada interna densa. Os valores da espessura foram de 4,05, Influência dos tratamentos de superfície nas propriedades de resistência à corrosão de ligas de titânio de grão ultrafino para aplicações em implantes 280 resistivo. Os espectros de impedância experimentais são analisados ajustando-se com o mesmo circuito elétrico equivalente utilizado para as amostras com ataque ácido por HCl (Ver Figura 7).

𝐶 𝑒𝑓𝑓 (𝐻 -𝑀) = 𝑄 1 𝛼( 𝑅 𝑡 )
Os resultados do ajuste do modelo e a capacitância efetiva associada ao CPE calculada com a equação de Brug são apresentados na Tabela 5. Em geral, valores de resistência da solução de 20 (Ω•cm 2 ) e também altos valores de resistência à transferência de carga entre 5x10 

Testes de bioatividade da liga Ti13Nb13Zr

Testes de bioatividade, cujo princípio é avaliar a capacidade do material para formar espontaneamente apatita na superfície quando é imerso em SBF.

Essa capacidade é um critério essencial para determinar a biocompatibilidade de um material. Neste estudo foram examinados depósitos de apatita após 1, 7 e 14 dias de imersão em SBF para as amostras da liga Ti13Nb13Zr com distintas modificação de superfície assim como os diferentes graus de deformação por HPT.

Amostras polidas

As observações de microscopia eletrônica de varrido (MEV) mostradas na Figura 9, indicam que mesmo após 14 dias de imersão na solução fisiológica, nenhuma formação de apatita é detectada nas superfícies dos substratos polidos (independentemente da deformação por HPT).
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não processadas e processadas por HPT, submetidas a testes de bioatividade para tempos de 1, 7 e 14 dias em SBF.

Amostras com nanotubos de TiO2

Desde o primeiro dia em imersão em SBF, a apatita é visível em pequenas áreas nos substratos da liga Ti13Nb13Zr deformados por HPT na condição de 4,5

GPa com nanotubos de TiO2 recozidos como é observado na Figura 10(c).

Depósitos homogêneos de apatita são observados em todas as condições nos períodos de 7 e 14 de imersão em SBF. As observações por MEV mostradas na Figura 11 que, a partir do sétimo dia de imersão em SBF, depósitos de apatita são visíveis em substratos da liga Ti13Nb13Zr sob todas as condições de processamento.

Apatita
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Caracterização inicial das amostras da liga Ti35Nb7Zr5Ta

Diferentes condições superfície são estudadas neste trabalho, a fim de resumir todas as superfícies modificadas com e sem deformação plástica severa.

A Tabela 6 nos mostra de uma maneira geral todas as superfícies de trabalhos utilizadas nos testes de corrosão e bioatividade.

Tabela 6: Superfícies de trabalho iniciais da liga Ti35Nb7Zr5Ta com diferentes tratamentos de modificação de superfície, com e sem processamento por HPT.

Caracterização eletroquímica da Liga Ti35Nb7Zr5Ta

As medidas eletroquímicas apresentadas a seguir são, portanto, destinadas a avaliar o impacto do tratamento de modificação de superfície e a deformação plástica severa nas propriedades eletroquímicas em SBF para a liga Ti35Nb7Zr5Ta.

Amostras polidas

As Figuras 13((a) e (b)) mostram as curvas de polarização anódicas e os diagramas de Nyquist respectivamente dos substratos com superfície polida da liga Ti35Nb7Zr5Ta não processadas e processadas por HPT.

-0,8 -0,4 0,0 0,4 0,8 10 A corrente medida na região do ânodo é devida principalmente à reação de oxidação dos substratos ao TiO2. Observa-se na porção anódica das curvas de polarização um comportamento passivo das amostras em SBF.

a) b)
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Nota-se na condição sem deformar uma corrente de passivação com um valor de: 3,52 µA / cm 2 . Para amostras com deformação plástica severa, as correntes de passivação são: 5,18 µA / cm 2 , para a amostra com 1 GPa de deformação e 6,03 µA / cm 2 para a amostra com 4,5 GPa de deformação.

Portanto, parece que a deformação plástica severa causa um ligeiro aumento na corrente de passivação em comparação com o substrato sem deformação.

A Figura 13(b) mostra as medições da impedância por médio do diagrama de Nyquist. A observação dos diagramas de Nyquist revela que a forma do espectro de impedância para todos os substratos é característica de um sistema capacitivo-resistivo. Os espectros de impedância experimentais são analisados ajustando-se com o mesmo circuito elétrico equivalente utilizado para as amostras da liga Ti13Nb13Zr com superfície polida (Ver Figura 3).

Os resultados do ajuste do modelo e a capacitância efetiva associada ao CPE calculada com a equação de Brug são apresentados na Tabela 7. A partir do ajuste, obtemos valores de resistência da solução entre 21 e 22 (Ω•cm 2 ) e também altos valores de resistência à transferência de carga entre 1x10 5 e 1.7x10 5 (Ω•cm 2 ) são observados, indicando uma alta resistência à corrosão.

Por outro lado, os valores de capacitância para a camada porosa externa (Ceff(a)) foram entre 12 a 17 μF•cm -2 . Além disso, os resultados obtidos para a dupla camada elétrica (Ceff(dl)) foram entre 40 a 49 µF•cm -2 .

A espessura do filme passivo δ (em nm) foi obtida a partir da capacitância da camada interna densa. Os valores da espessura foram de 1,52, 1,90 e 1,70 nm para a liga Ti35Nb7Zr5Ta, nas condições ND, HPT1GPa e HPT4.5GPa, respectivamente. Estes resultados mostram que os filmes passivos na liga Ti35Nb7Zr5Ta deformada possuem maior espessura. 

Amostras com nanotubos de TiO2

As Figuras 14((a) e (b)) mostram as curvas de polarização anódicas e os diagramas de Nyquist respectivamente dos substratos com nanotubos de TiO2 da liga Ti35Nb7Zr5Ta não processadas e processadas por HPT.

0,0 0,3 0,6 0,9 10 A forma da porção anódica das curvas de polarização mostrada na Figura 14(a) revela que o comportamento das amostras em um ambiente fisiológico é característico de um estado passivo.
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Inicialmente, a corrente de passivação da liga Ti35Nb7Zr5Ta sem deformar tem um valor aproximado de: 0,16 µA / cm 2 . Para amostras com deformação plástica severa, as correntes de passivação são: 0,19 µA / cm 2 , para a amostra com 1 GPa de deformação e 0,52 µA / cm 2 para a amostra com 4,5 GPa de deformação. Portanto, parece que a deformação plástica severa causa um ligeiro aumento na corrente de passivação em comparação com o substrato sem deformação.

A Figura 14(b) mostra as medições da impedância por médio do diagrama de Nyquist. A observação dos diagramas de Nyquist revela que a forma do espectro de impedância para todos os substratos é pseudo-capacitivo (inclinado em linha reta), isto é, que as trocas de elétrons e, portanto, as reações, são muito limitadas ou que a camada de óxido é muito resistiva.

Os espectros de impedância experimentais são analisados ajustando-se ao mesmo modelo de linha de transmissão utilizado para a liga de Ti13Nb13Zr com nanotubos de TiO2 (Ver Figura 5).

Os resultados do ajuste do modelo e a capacitância efetiva associada ao CPE calculada com a equação deHsu-Mansfeld são apresentados na Tabela 8.

Em geral, valores de resistência da solução entre 20 e 21 (Ω•cm 2 ) e também uma alta resistência associada ao limite superior dos poros (RA) entre 2x10 6 e 8x10 6

(Ω•cm 2 ) foram observados, indicando uma alta resistência à corrosão e este valor é maior em comparação com os substratos com superfície polida.

Os valores de capacitância foram entre 33 e 66 μF•cm -2 para Cβ, que são típicos daqueles para uma capacitância de dupla camada. Além disso, os resultados obtidos para Cn, correspondente à capacitância do filme passivo, apresentaram valores entre 2 e 4 µF•cm -2 .

A espessura do filme passivo δ (em nm) foi obtida a partir da capacitância do filme passivo. Os valores da espessura foram de 47,4, 34,3 e 22,3 nm para a liga Ti35Nb7Zr5Ta, nas condições ND, HPT1GPa e HPT4.5GPa, respectivamente. 
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As amostras exibem um comportamento passivo para uma amplia gama de potenciais. Inicialmente, a corrente de passivação para as amostras sem deformação tem aproximadamente um valor de: 4,58 µA / cm 2 . Para amostras com deformação plástica severa, as correntes de passivação são: 7,20 µA / cm 2 , para a amostra com 1 GPa de deformação e 5,21 µA / cm 2 para a amostra com 4,5 GPa Além disso, a espessura do filme δ (em nm) foi obtida a partir da capacitância da camada interna densa. Os valores da espessura foram de 4,07, 7,87 e 7,43 nm para a liga Ti35Nb7Zr5Ta, nas condições ND, HPT1GPa e HPT4.5GPa, respectivamente. Estes resultados mostram que os filmes passivos na liga de Ti35Nb7Zr5Ta deformada possuem maior espessura. Amostras com tratamento ácido por H3PO4 e subsequentemente tratamento alcalino com NaOH.

As Figuras 16((a) e (b)) mostram as curvas de polarização anódicas e os diagramas de Nyquist respectivamente dos substratos com tratamento ácido por H3PO4 e subsequentemente tratamento alcalino com NaOH da liga Ti35Nb7Zr5Ta

não processadas e processadas por HPT.

Como todas as amostras analisadas, observa-se um comportamento passivo para uma ampla gama de potenciais. Inicialmente, a corrente de passivação para as amostras sem deformar tem aproximadamente um valor de: 8,24 µA / cm 2 . Para amostras com deformação plástica severa, as correntes de passivação são: 10,80 µA / cm 2 , para a amostra com 1 GPa de deformação e

Influência dos tratamentos de superfície nas propriedades de resistência à corrosão de ligas de titânio de grão ultrafino para aplicações em implantes 294 10,80 µA / cm 2 para a amostra com 4,5 GPa de deformação. Portanto, parece que a deformação plástica severa causa um ligeiro aumento na corrente de passivação em comparação com o substrato sem deformação. A espessura do filme passivo δ (em nm) foi obtida a partir da capacitância da camada interna densa. Os valores da espessura foram 3,98, 7,62 e 7,69 nm para a liga Ti35Nb7Zr5Ta, nas condições ND, HPT1GPa e HPT4.5GPa, respectivamente. Estes resultados mostram que os filmes passivos na liga de Ti35Nb7Zr5Ta deformada possuem maior espessura. 

Testes de bioatividade da liga Ti35Nb7Zr5Ta

Neste estudo foram examinados depósitos de apatita após 1, 7 e 14 dias de imersão em SBF para as amostras da liga Ti35Nb7Zr5Ta com distintas modificação de superfície assim como os diferentes graus de deformação por HPT.

Amostras polidas

As observações microscopia eletrônica de varrido (MEV) mostram na Figura 17 que, mesmo após 14 dias de imersão na solução fisiológica, nenhuma formação de apatita é detectada nas superfícies dos substratos polidos da liga Ti35Nb7Zr5Ta. 

Amostras com nanotubos de TiO2

A partir do décimo quarto dia na imersão em SBF, a apatita é visível em alguns substratos de Ti35Nb7Zr5Ta que são as amostras sem deformação e as amostras deformadas por HPT na condição de 4,5 GPa com nanotubos de TiO2 recozidos. As Figuras 18((g) e (i)) são as condições mencionadas anteriormente que apresentam apatita na superfície dos substratos.

Influência dos tratamentos de superfície nas propriedades de resistência à corrosão de ligas de titânio de grão ultrafino para aplicações em implantes 298 As observações microscopia eletrônica de varrido (MEV) mostram na Figura 20 que, mesmo após 14 dias de imersão na solução fisiológica, nenhuma formação de apatita é detectada nas superfícies dos substratos (independentemente da deformação por HPT).
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Recopilação

Ensaios de corrosão e testes de bioatividade foram desenvolvidos para as ligas de Ti13Nb13Zr e Ti35Nb7Zr5Ta com superfície modificadas e deformadas por HPT. A caracterização eletroquímica foi através de curvas de polarização e testes de impedância eletroquímica.

Em relação a correntes de passivação (Ipass) obtidas a partir das curvas de polarização, foi observado que as amostras com superfície polida e amostras tratadas quimicamente (HCl, H3PO4 + NaOH) tem valores de Ipass da mesma ordem de grandeza (10 -6 A •cm -2 ). Por outro lado, não foi observada uma grande diferença para as correntes de passivação entre amostras sem deformação e deformadas por HPT (exceto as amostras anodizadas).

Observou-se que a presença de nanoestruturas de TiO2 possui o maior valor de resistência da camada porosa externa, o que significa que foi a condição com maior resistência à corrosão. Isto é melhor observado na liga Ti13Nb13Zr, onde os valores de resistência são apresentados na ordem de 3x10 7 (Ω•cm 2 ). Por outro lado, os tratamentos químicos tendem a diminuir o valor da resistência da camada protetora de óxido, quando a pressão de deformação aumenta. Está redução de resistência à corrosão foi atribuída às microestruturas de não equilíbrio formadas durante o processamento de HPT. O acima mencionado faz com que a camada externa do filme de óxido seja mais suscetível à dissolução do que a camada interna, o que indica uma estrutura mais defeituosa da camada externa.

As micrografias de obtidas por MEV mostraram que para as ligas de As superfícies com nanotubos de TiO2 da liga Ti13Nb13Zr na condição não deformada começou a produzir uma camada de apatita entre sete e quatorze dias, enquanto as amostras deformadas formaram apatita a partir das primeiras 24

Influência dos tratamentos de superfície nas propriedades de resistência à corrosão de ligas de titânio de grão ultrafino para aplicações em implantes 302 horas. No entanto, o mesmo tratamento de superfície provou não ser tão eficaz para as amostras da liga Ti35Nb7Zr5Ta. Neste caso, amostras (deformadas ou não) só começaram a produzir alguma camada de apatia aos quatorze dias.

Finalmente, este estudo mostrou que os tratamentos de modificação de superfície são benéficos para promover a osseointegração e também a deformação plástica severa promove a bioatividade, desta forma os substratos testados tem um grande potencial para aplicações biomédicas.

  chimiques, ont été effectués dans des échantillons non déformés et déformés par HPT. Enfin, des tests de corrosion et de bioactivité ont été réalisés dans un fluide corporel simulé (SBF). Les tests ont été effectués sur des échantillons de surfaces traitées par rapport à des surfaces non traitées de conditions déformées et non déformées. La microstructure des échantillons a été analysée par microscope confocal à balayage laser (CLM), microscopie électronique à balayage (SEM) et diffraction des rayons X (XRD). Des tests de dureté sont également effectués après le processus HPT. D'autre part, les traitements de modification de surface et la formation d'apatite dans les tests de bioactivité sont évalués par SEM, analyses chimiques par spectroscopie d'énergie dispersive (EDS) et DRX. En général, la résistance à la corrosion des alliages de titane évaluées, améliorée avec le traitement d'anodisation. Des dépôts d'apatite ont été observés sur des échantillons d'alliage Ti13Nb13Zr, non déformés et déformés par HPT, pour les traitements de modification de surface proposés. Le Ti35Nb7Zr5Ta semble avoir une capacité de formation d'apatite inférieure à celle du Ti13Nb13Zr.
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  resistance and bioactivity of the alloys Ti13Nb13Zr and Ti35Nb7Zr5Ta. The specific objectives of this study are: Study of surface modification such as anodization, chemical treatment by both HCl and H3PO4 etching and NaOH activation in the alloys Ti13Nb13Zr and Ti35Nb7Zr5Ta with different levels of severe plastic deformation by high-pressure torsion (HPT) methodology. ❖ Electrochemical characterization in a simulated body fluid (SBF), regarding the corrosion resistance of surfaces (modified and not) of the alloys Ti13Nb13Zr and Ti35Nb7Zr5Ta, processed with different levels of severe plastic deformation by HPT. Evaluate the effect of different levels of severe plastic deformation and surface modification treatments on the bioactivity of the alloys Ti13Nb13Zr and Ti35Nb7Zr5Ta.

Figure 2 :

 2 Figure 2: Effect of alloying elements on phase diagrams of titanium alloys (schematically). Adapted from Lütjering et al., (2003) [39].

Figure 3 :

 3 Figure 3: Schematic illustration of the HPT process. Adapted from Zhilyaev et al., (2008) [66].

Figure 4

 4 Figure 4(a) illustrates the Nanoimplant ® . It is installed into the body of an 18-yearold patient with thin jawbones between teeth 11 and 13 [69]. Another implant with a diameter of 2.4 mm was inserted to the right-side position 12 (Figures. 4(b) and

Figure 4 :

 4 Figure 4: a) Dental implant from nanostructured Ti; b), c) X-ray photographs after surgery and control photograph after incorporation of dental implants into the human jaw. Adapted from Sabirov et al., (2015) [67].

Figure 5 :

 5 Figure 5: Growth of regular TiO2 nanotubes: (a) cathodic reaction, (b) anodic reaction, (c) transition state of TiO2 layer, (d) starting of nanotube formation and (e) titania nanotubes. Adapted from Minagar et al., (2012) [80].

Figure 6 :

 6 Figure 6: Crystal structure of anatase, rutile, and brookite. Gray sphere: Ti, Red sphere: O. Adapted from Etacheri et al., (2015) [82].

Figure 7 :

 7 Figure 7: SEM images showing self-organized oxide nanotube layers grown on Ti6Al7Nb alloy (A) and (B), TiNb alloy. The insets show top-views of the nanotube layers. Adapted from Macak et al., (2007) [84].

Figure 8 :

 8 Figure 8: SEM micrographs of an SLA surface on a titanium dental implant (Courtesy of Straumann AG, Switzerland).Adapted from Le Guéhennec et al., (2007) [86].

Figure 9 :

 9 Figure 9: Schematic representation of the relationship between changes in surface structure and the potential of amorphous sodium titanate in the apatite formation process on its surface, in an SBF solution. Adapted from Kokubo et al., (2003) [90].

Figure 10 :

 10 Figure 10: Schematic representation of the Tafel extrapolation method.

Figure 11 :

 11 Figure 11: Schematic representation of the principle of measurements by EIS.

(

  faradic) and low frequencies to diffusion phenomena. Two types of complementary graphic representations are used to analyze the impedance measurements. The impedance modulus (|Z|), the phase (ϕ), and the frequency (ω) are plotted on what is known as a Bode plot, such as in Figure 12(b) (Bode magnitude plot) and Figure 12(c) (Bode phase plot). The |Z| and ϕ information can also be displayed in a complex plane plot called the Nyquist plot, such as that in Figure 12(a). It is a plot of the imaginary part of the impedance (Z ´´

Figure 12 :

 12 Figure 12: Nyquist plot (a), Bode magnitude (b) and Bode phase angle (c).

  can be modeled by an equivalent electrical circuit (EEC). Most of the circuit elements in the model are constructed by combining electrical elements in series and/or in parallel, such as resistors (R), capacitors (C), and inductors (L).

Figure 13 :

 13 Figure 13: Schematic electrochemical impedance circuits. (a) Charge control. (b) Diffusion control, adapted from Perez (2016) [101].

Figure 14 :

 14 Figure 14: Flow diagram of the experimental procedures used in this doctoral project (read from left to right).

Figure 15 :

 15 Figure 15: Universal Testing Machine EMIC and HPT accessory.

Figure 16 (

 16 Figure 16(a).Figure 16(b) shows a photograph of the electrochemical cell used in

Figure 16 (

 16 Figure 16(a).Figure 16(b) shows a photograph of the electrochemical cell used in this work.

Figure 16 :

 16 Figure 16: (a) Diagrammatic representation of the assembly with four working electrodes and one counter-cylindrical electrode of Pt connected to a power supply. (b) Photograph of the electrochemical cell used in this work for anodization experiments. Adapted from Hilario (2017) [25].

Figure 17 :

 17 Figure 17: Schematic representation of the experimental assembly for the electrochemical characterization of the alloys Ti13Nb13Zr and Ti35Nb7Zr5Ta. Adapted from Hilario (2017) [25].

Figure 18 :

 18 Figure 18: Schematic representation of the experimental assembly used to bioactivity assays.
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 614611 Mechanical Micro-Hardness studiesThe hardness of samples deformed by HPT and those non-deformed was determined by the Vickers microhardness tests (HV) using the microdurometer Stiefelmayer shown in Figure19(a). Vickers microhardness tests were performed at a load of 300 g for 15 s on the polished cross-sections of samples.Microhardness mappings were constructed from hardness measurements along over several samples' radii. The measurements were made in a straight line from center to edge of specimens at 1 mm intervals. They were also made in the other quadrants of the sample surface, as is shown in Figure19(b).The results showed in mapping are expressed as the mean of the hardness values obtained at each interval.

Figure 19 :

 19 Figure 19: (a) Vickers hardness tester; (b) Scheme of the positions of the hardness measurements.

Figure 20 :

 20 Figure 20: Equipment used for the measurements of the elastic modulus.

Figure 21 shows

 21 Figure 21 shows XRD patterns of Ti13Nb13Zr alloy non-deformed (ND) and deformed by HPT at 1 GPa and 4.5 GPa. The indexation of the XRD patterns indicates the presence of the HCP α' (ICSD # 253841) and the BCC β (ISCD # 645545) phases before and after the deformation by HPT. The peak broadening observed after deformation, at both pressure conditions, points to very high grain refinement in the Ti13Nb13Zr alloy.

Figure 21 :

 21 Figure 21: XRD patterns of Ti13Nb13Zr alloy at the non-deformed condition and deformed by HPT at 1 GPa and 4.5 GPa and three turns.

Figure 22 :

 22 Figure 22: Microstructures of Ti13Nb13Zr alloy at (a) non-deformed condition and deformed by HPT at (b) 1 GPa and (c) 4.5 GPa and three turns.

Figure 22 (

 22 Figure 22(a) is an SEM picture that shows details of the microstructure of Ti13Nb13Zr alloy at the non-deformed condition. It reveals the existence of a

Figure 22 (

 22 Figure 22(b) is an image obtained by confocal laser microscopy. This image corresponds to Ti13Nb13Zr alloy deformed by HPT at 1 GPa and three turns. The average grain size measured was ~ 22 µm.

Figure 22 (

 22 Figure 22(c) presents the equivalent bright field image from the surface of the sample received by conventional TEM. This image corresponds to Ti13Nb13Zr alloy deformed by HPT at 4.5 GPa and three turns. This image shows a remarkable grain refinement in Ti13Nb13Zr alloy after deformation by HPT since the average grain size measured was ~ 203 nm. Moreover, it is possible to observe a non-homogeneous distribution of grains/subgrains sizes and comparing with Figure 22(a), a redistribution of the α' after mechanical processing.

Figure 23

 23 Figure 23 presents hardness mappings for Ti13Nb13Zr alloy non-deformed and deformed by HPT at 1 GPa and 4.5 GPa.

Figure 23 :

 23 Figure 23: Hardness mappings for Ti13Nb13Zr alloy at the non-deformed condition and deformed by HPT 1 GPa and 4.5 GPa and three turns.

Figure 24 areFigure 24 :

 2424 Figure 24 are the result of a statistical analysis of 3 measurements (mean and standard deviation).

Figure 25 :

 25 Figure 25: XRD patterns of anodized samples of Ti13Nb13Zr alloy in the ND, HPT1GPa, and HPT4.5GPa conditions.

  The indexing of the Bragg peaks indicates the presence of the anatase TiO2 phases (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 phases (2θ = 27.4 ° and 36.0 °)[START_REF] Ibrahim | Anatase/Rutile TiO2 composite prepared via sonochemical process and their photocatalytic activity[END_REF].

Figure 26 :

 26 Figure 26: XRD pattern of anodized and annealed samples of Ti13Nb13Zr alloy in the ND, HPT1GPa, and HPT4.5GPa conditions. TiO2 nanostructures were annealed at 550 °C in air.

Figure 27 :

 27 Figure 27: SEM micrographs of anodized and annealed samples of Ti13Nb13Zr alloy at non-deformed condition, (a) Top and (b) Lateral views, deformed by HPT at 1 GPa, (c) Top and (d) Lateral views and deformed at 4.5 GPa, (e) Top and (f) Lateral views.

Figure 27 (

 27 Figure 27(a) shows self-organized TiO2 nanotubes formed in the α' phase and TiO2 nanoporous in the β phase of Ti13Nb13Zr alloy non-deformed. The different nanostructures observed may be explained by the fact that there is a competition between the dissolution and the formation of oxides depending on the

  Figure 28 shows SEM images of Ti13Nb13Zr alloy, chemically treated, at the conditions ND, HPT1GPa, and HPT4.5GPa. Figures28(b), (d) and (f) are SEM images of higher magnification to show more details of surface morphology.

Figure 28 :

 28 Figure 28: SEM images of Ti13Nb13Zr alloy, chemically treated by HCl etching and NaOH activation, (a and b) non-deformed, deformed by HPT at (c and d) 1 GPa and deformed by HPT at (e and f) 4.5 GPa.

  Raman spectroscopy was used to identify the crystalline phases present on the surface of samples of Ti13Nb13Zr alloy chemically treated. The results shown in Figure29indicate that sodium titanate, anatase, and rutile are the main phases present in all the samples.

Figure 29 :

 29 Figure 29: Raman spectra of the surface of Ti13Nb13Zr alloy chemically treated by HCl etching and NaOH activation.
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 14 Samples chemically treated by H3PO4 etching and NaOH activationThe surface morphology of Ti13Nb13Zr alloy samples, which were chemically treated by H3PO4 etching and NaOH activation, was examined by scanning electron microscopy (SEM). Figure30shows SEM images of chemically modified surfaces of Ti13Nb13Zr alloy in the conditions ND, HPT1GPa, and HPT4.5GPa. Figures30(b), (d) and (f) are SEM images of higher magnification to show more details about the surface morphology.As observed in the samples treated with HCl, the chemically treated by H3PO4 and NaOH also induced the formation of a nano topographic sponge-like morphology on the samples' surface, and a surface full of cracks. The etched in different acids, such as HCl, H3PO4 or a mixture of HF+HNO3, and subsequently pretreated in NaOH, were reported for sintered Ti13Nb13Zr alloy byMüller et al., 

Figure 30 :

 30 Figure 30: SEM images of Ti13Nb13Zr alloy, chemically treated by H3PO4 and NaOH, (a and b) ND sample, (c and d) HPT1GPa sample (e and f) HPT4.5GPa sample.

Figure 31 :

 31 Figure 31: Raman spectra of the surface of Ti13Nb13Zr alloy chemically treated by H3PO4 and NaOH.

Figure 32 :

 32 Figure 32: Anodic polarization curves, recorded in SBF at 37 °C of the polished surfaces of Ti13Nb13Zr alloy in the conditions ND, HPT1GPa, and HPT4.5GPa samples.

( a )Figure 33 :

 a33 Figure 33: EIS graphs in the Nyquist diagrams (a) and Bode diagrams (b) of the polished samples of Ti13Nb13Zr alloy in the conditions ND, HPT1GPa, and HPT4.5GPa.

Figure 34 :

 34 Figure 34: Anodic polarization curves, recorded in SBF at 37 °C for the anodized Ti13Nb13Zr samples in the conditions ND, HPT1GPa, and HPT4.5GPa.

Figure 35 72 0Figure 35 :

 357235 Figure 35 shows the EIS graphs in the (a) Nyquist and (b) Bode representation of anodized Ti13Nb13Zr alloy in the ND, HPT1GPa, and HPT4.5GPa conditions.

Figure 36 Figure 36 :

 3636 Figure36shows the anodic polarization curves for samples ND and deformed as well as chemically treated by HCl and NaOH.

Figure 37

 37 Figure 37 shows the EIS graphs in the (a) Nyquist and (b) Bode representation for the Ti13Nb13Zr samples chemically treated by HCl and NaOH.

  (b), show a capacitive behavior with the maximum phase angles close to -90° and straight lines in the Bode magnitude plot. The high values of |Z|, above 10 5 Ω•cm 2 at low frequencies region, suggest that the passive film formed offers high corrosion resistance. From the Bode phase angle plot for all samples, three plateaus can be identified.

Figure 37 :

 37 Figure 37: Nyquist diagrams (a) and Bode diagrams (b) for samples of Ti13Nb13Zr alloy chemically treated by HCl and NaOH in the conditions ND, HPT1GPa, and HPT4.5GPa.

Figure 38 :

 38 Figure 38: Anodic polarization curves, recorded in SBF at 37 °C for samples of Ti13Nb13Zr alloy chemically treated by H3PO4 and NaOH in the conditions ND, HPT1GPa, and HPT4.5GPa.

Figure 39 Figure 39 :

 3939 Figure 39 shows the EIS graphs in the (a) Nyquist and (b) Bode representation of samples of Ti13Nb13Zr alloy chemically treated by H3PO4 and NaOH.

Figure 33 .

 33 Figure 33. From Bode phase angle plots (Figure 33(b)) were identified two plateaus, where the phase angle is independent of frequency. This behavior can be associated with the presence of two CPEs in the EEC applied to polished samples.

Figure 40 :

 40 Figure 40: Model used to fit the EIS data for polished samples of Ti13Nb13Zr alloy, nondeformed, and deformed by HPT at 1 GPa and 4.5 GPa and three turns. Adapted from Valereto et al., (2004)[START_REF] Lavos-Valereto | Electrochemical impedance spectroscopy characterization of passive film formed on implant Ti-6Al-7Nb alloy in Hank's solution[END_REF].

(

  see section 5.2.1.3, Figure 33), of polished samples of Ti13Nb13Zr alloy at the ND, HPT1GPA and HPT4.5GPa conditions, are shown in Table 15. Additionally, the equation derived by Brug et al. (Eq. (20)) was used to calculate the effective capacitance associated with each CPE (Ceff(a) and Ceff(dl)). The effective capacitance values also are shown in Table

Figure 41 :

 41 Figure 41: Nyquist diagrams of experimental data and simulated curves obtained by the Simad software for the polished surfaces of Ti13Nb13Zr alloy at ND, HPT1GPa, and HPT4.5GPa conditions.

Figure 42 :

 42 Figure 42: Model of a cylindrical porous electrode. The gray area is nonconductive. Adapted from Lasia et al., (2008) [172].

Figure 43 :

 43 Figure 43: Scheme of a porous electrode. Adapted from Bisquert et al., (2000) [174].

  3 (𝑖𝜔) 𝛽 , and 𝜆 = [𝜉/(𝑥 1 + 𝑥 2 )] 1/2 have been used.

Figure 44

 44 Figure 44 outlines the transmission line used in the present work.

Figure 44 :Figure 45 :

 4445 Figure 44: Transmission line used for modeling of EIS data of anodized samples of Ti13Nb13Zr alloy, non-deformed and deformed by HPT, immersed in SBF at 37 °C.

Figure 46 :

 46 Figure 46: Schematic representation of surface structural change on titanium metal in the presence of acid etching and alkali treatment. Adapted from Sasikumar et al., (2017) [139].

Figure 47 :Figure 48 :

 4748 Figure 47: Equivalent circuit for samples of Ti13Nb13Zr alloy chemically treated by HCl and NaOH at ND, HPT1GPa, and HPT4.5GPa conditions. Adapted from Orazem et al., (2017)[185].
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 40 µF/cm -2 . The capacitance values for the porous outer layer (Ceff(b)) and intermediate porous layer (Ceff(a)) were lower than Ceff(dl).

Figure 49 :

 49 Figure 49: Nyquist diagrams of experimental data and simulated curves obtained by the Simad software for samples of Ti13Nb13Zr alloy chemically treated by H3PO4 and NaOH at ND, HPT1GPa, and HPT4.5GPa conditions.

Figure 50

 50 Figure 50 shown SEM-FEG observations of polished samples, subjected to the bioactivity tests, after 1, 7, and 14 days immersed in SBF.

Figure 50 :

 50 Figure 50: SEM-FEG observations (scale bar 1 µm) of polished samples of Ti13Nb13Zr alloy, non-deformed, and deformed by HPT, subjected to the bioactivity tests after 1, 7, and 14 days immersed in SBF.

Figure 51 :

 51 Figure 51: SEM-FEG observations (scale bar 1 µm) of anodized samples of Ti13Nb13Zr alloy, non-deformed, and deformed by HPT, subjected to the bioactivity tests after 1, 7, and 14 days immersed in SBF.

Figure 52 :

 52 Figure 52: The weight change of anodized samples of Ti13Nb13Zr alloy, non-deformed, and deformed by HPT, after soaking in SBF for 1, 7 and14 days.

Figure 53 :

 53 Figure 53: SEM-FEG observations (scale bar 1 µm) for samples of Ti13Nb13Zr alloy chemically treated, by HCl etching and NaOH activation, non-deformed and deformed by HPT, subjected to the bioactivity tests after 1, 7 and 14 days immersed in SBF.

Figure 54 :

 54 Figure 54: The weight change for samples of Ti13Nb13Zr alloy chemically treated by HCl and NaOH, non-deformed and deformed by HPT, subjected to the bioactivity tests after 1, 7 and 14 days immersed in SBF.

Figure 55 :

 55 Figure 55: SEM-FEG observations (scale bar 1 µm) for samples of Ti13Nb13Zr alloy chemically treated by H 3 PO 4 and NaOH, non-deformed and deformed by HPT, subjected to the bioactivity tests after 1, 7 and 14 days immersed in SBF.

Figure 56 :

 56 Figure 56: The weight change for samples of Ti13Nb13Zr alloy chemically treated, by H3PO4 etching and NaOH activation, non-deformed and deformed by HPT, subjected to the bioactivity tests after 1, 7 and 14 days immersed in SBF.

Figure 57 :

 57 Figure 57: XRD patterns of Ti35Nb7Zr5Ta alloy in the conditions ND, HPT1GPa, and HPT4.5GPa.

Figure 58 :

 58 Figure 58: Microstructures of Ti35Nb7Zr5Ta alloy at (a) the non-deformed condition, and deformed by HPT (b) HPT1GPa and (c) HPT4.5GPa.

Figure 58 (

 58 Figure 58(a) is an image obtained by confocal laser microscopy (CLM), and it shows a single β phase with equiaxed grains after heating and quenching. This result is coherent with the one presented in Figure 57 because the amount of the

Figure 58 (

 58 Figure 58(b) is an image obtained by CLM. This image corresponds to the condition HPT1GPa and shows a grain refinement after being processed. The grain size distribution was determined for the sample after processing by HPT, and the average grain sizes measured was ~ 89 um.

Figure 58 (

 58 Figure 58(c) present the equivalent TEM bright field image from the surface of the as-received sample. This figure shows a very high grain refinement due to HPT4.5GPa processing. Furthermore, it is possible to observe a nonhomogeneous distribution of grains/subgrains sizes as compared with Figure 58(a). The grain size distribution for the sample after processing by HPT was determined, and the measured average grain size was ~112 nm.

Figure 59 Figure 59 :

 5959 Figure 59 presents hardness mappings for the Ti35Nb7Zr5Ta alloy in the conditions ND, HPT1GPa, and HPT4.5GPa.

Figure 60 : 6 . 1 . 2 Figure 61 : 120 20

 6061261120 Figure 60: Graph comparing elastic modulus values for the Ti35Nb7Zr5Ta alloy at the conditions ND, HPT1GPA and HPT4.5GPa, and three turns.

Figure 62 :

 62 Figure 62: XRD pattern of anodized and annealed samples of Ti35Nb7Zr5Ta alloy in the ND, HPT1GPa, and HPT4.5GPa conditions. TiO2 nanostructures were annealed at 550 °C in air.

Figure 63 :

 63 Figure 63: SEM micrographs of anodized and annealed samples of Ti35Nb7Zr5Ta alloy at non-deformed condition, (a) Top and (b) Lateral views, deformed by HPT at 1 GPa, (c) Top and (d) Lateral views and deformed at 4.5 GPa, (e) Top and (f) Lateral views.

Figure 63 (

 63 Figure 63(a) shows self-organized TiO2 nanoporous in the β phase of Ti35Nb7Zr5Ta alloy in the ND condition. The lateral view of these nanostructures (Figure 63(b)) shows self-organized arrays of nanoporous whose dimensions are presented in Table23.

Experimental results 123 Figure 64 :

 12364 Figure 64: SEM images of Ti35Nb7Zr5Ta alloy, chemically treated by HCl etching and NaOH activation, (a and b) non-deformed condition, deformed by HPT at (c and d) 1 GPa and deformed by HPT at (e and f) 4.5 GPa.

  On the other hand, Raman spectroscopy was used to identify the crystalline phases present on the surface of samples of Ti35Nb7Zr5Ta alloy chemically treated. The results shown in Figure65indicate that sodium titanate, anatase, and rutile are the main phases present in all the samples.

Figure 65 : 125 6. 1 . 4

 6512514 Figure 65: Raman spectra of the surface of Ti35Nb7Zr5Ta alloy chemically treated by HCl etching and NaOH activation.

Figure 66 :

 66 Figure 66: SEM images of Ti35Nb7Zr5Ta alloy, chemically treated by H3PO4 etched and NaOH activated, (a and b) non-deformed condition, deformed by HPT at (c and d) 1 GPa and deformed by HPT at (e and f) 4.5 GPa.

Figure 68 :

 68 Figure 68: Anodic polarization curves, recorded in SBF at 37 °C of the polished surfaces of Ti35Nb7Zr5Ta alloy in the conditions ND, HPT1GPa, and HPT4.5GPa samples.

Figure 69 :

 69 Figure 69: EIS graphs in the Nyquist diagrams (a) and Bode diagrams (b) of the polished samples of Ti35Nb7Zr5Ta alloy in the conditions ND, HPT1GPa, and HPT4.5GPa.

Figure 70 :

 70 Figure 70: Anodic polarization curves, recorded in SBF at 37 °C for the anodized Ti35Nb7Zr5Ta samples in the conditions ND, HPT1GPa, and HPT4.5GPa.

Figure 71 :

 71 Figure 71: Nyquist diagrams (a) and Bode diagrams (b) for the anodized Ti35Nb7Zr5Ta samples in the conditions ND, HPT1GPa, and HPT4.5GPa.

Figure 72 :

 72 Figure 72: Anodic polarization curves, recorded in SBF at 37 °C for samples of Ti35Nb7Zr5Ta alloy chemically treated by HCl and NaOH in the conditions ND, HPT1GPa, and HPT4.5GPa.

Figure 73 Figure 73 :

 7373 Figure 73 shows the EIS graphs in the (a) Nyquist and (b) Bode representation of samples of Ti35Nb7Zr5Ta alloy chemically treated by HCl and NaOH.

Figure 74 :

 74 Figure 74: Anodic polarization curves, recorded in SBF at 37 °C for samples of Ti35Nb7Zr5Ta alloy chemically treated by H 3 PO 4 and NaOH in the conditions ND, HPT1GPa, and HPT4.5GPa.

Figure 75 :

 75 Figure 75 shows the EIS graphs in the (a) Nyquist and (b) Bode representation of samples of Ti35Nb7Zr5Ta alloy chemically treated by H3PO4 and NaOH.

Figure 76 :

 76 Figure 76: Nyquist diagrams of experimental data and simulated curves obtained by the Simad software for the polished surfaces of Ti35Nb7Zr5Ta alloy at ND, HPT1GPa, and HPT4.5GPa conditions.

𝑟 3 1+𝑟 3 𝑞 3 (Figure 77 :

 33377 Figure 77: Nyquist diagrams of experimental data and simulated curves obtained by the Simad software for the anodized samples of Ti35Nb7Zr5Ta alloy at ND, HPT1GPa, and HPT4.5GPa conditions.

Figure 78 :

 78 Figure 78: Nyquist diagrams of experimental data and simulated curves obtained by the Simad software for samples of Ti35Nb7Zr5Ta alloy chemically treated by HCl and NaOH at ND, HPT1GPa, and HPT4.5GPa conditions.

Figure 79 :

 79 Figure 79: Nyquist diagrams of experimental data and simulated curves obtained by the Simad software for samples of Ti35Nb7Zr5Ta alloy chemically treated by H3PO4 and NaOH at ND, HPT1GPa, and HPT4.5GPa conditions.

10- 40

 40 μF•cm -2 . The capacitance values for the porous outer layer (Ceff(b)) and intermediate porous layer (Ceff(a)) were lower than Ceff(dl).

Figure 80 :

 80 Figure 80: SEM-FEG observations (scale bar 1 µm) of polished samples of Ti35Nb7Zr5Ta alloy, non-deformed, and deformed by HPT, subjected to the bioactivity tests after 1, 7, and 14 days immersed in SBF.

Figure 81 :

 81 Figure 81: SEM-FEG observations (scale bar 1 µm) of anodized samples of Ti35Nb7Zr5Ta alloy, non-deformed, and deformed by HPT, subjected to the bioactivity tests after 1, 7, and 14 days immersed in SBF.

Figure 82 :Figure 83

 8283 Figure 82: The weight change of samples of the Ti35Nb7Zr5Ta alloy with TiO2 nanotubes unprocessed and processed by HPT after soaking in SBF for 1, 7 and14 days.

Figure 83 :

 83 Figure 83: SEM-FEG observations (scale bar 1 µm) for samples of Ti35Nb7Zr5Ta alloy chemically treated by HCl and NaOH, non-deformed and deformed by HPT, subjected to the bioactivity tests after 1, 7, and 14 days immersed in SBF.

Figure 84 : 6 . 4 . 4 Figure 85

 8464485 Figure 84: The weight change for samples of Ti35Nb7Zr5Ta alloy chemically treated, by HCl etching and NaOH activation, non-deformed and deformed by HPT, subjected to the bioactivity tests after 1, 7 and 14 days immersed in SBF.

Figure 85 :

 85 Figure 85: SEM-FEG observations (scale bar 1 µm) for samples of Ti35Nb7Zr5Ta alloy chemically treated by H 3 PO 4 and NaOH, non-deformed and deformed by HPT, subjected to the bioactivity tests after 1, 7, and 14 days immersed in SBF.

Figure 85

 85 Figure 85 indicates that even after 14 days of immersion in the physiological solution, no apatite was detected on any surfaces of Ti35Nb7Zr5Ta alloy chemically treated, by H3PO4 etching and NaOH activation.

Figure 86 :

 86 Figure 86: Scheme of grain refinement during deformation by HPT describing in sequence the processes of (a) the generation of dislocations, (b) the formation of subgrains boundaries, (c) the increase in the disorientation angle, and (d) the division of grains into subgrains. Adapted from Borodachenkova et al., (2017)[START_REF] Borodachenkova | High-Pressure Torsion: Experiments and Modeling[END_REF].

  Ti13Nb13Zr and Ti35Nb7Zr5Ta deformed by HPT, the degree of plastic deformation and the size of grains have no significant influence on the value of Young's modulus. For the Ti13Nb13Zr alloy values of Young's modulus were observed between 58 to 63 GPa and Ti35Nb7Zr5Tabetween 44 and 45 GPa for the Ti35Nb7Zr5Ta alloy. Methods of surface modification are of great interest in this work. The nanostructures in alloys of Ti13Nb13Zr and Ti35Nb7Zr5Ta with different degrees of deformations were fabricated by the surface modification technique known as anodization.The effect of the SPD on the morphology, crystal phase, and size of nanostructures was investigated. Nanostructures arrays with uniform diameter were achieved by using an organic electrolyte (glycerol) containing fluoride ions and a few percentages of water, indicating that the electrolyte composition will influence the arrangement of TiO2 nanostructures arrays. XRD analysis confirmed that as-anodized amorphous nanostructures crystallize into a mixture of anatase and rutile when annealed at 550°C, without significant morphological changes in the surface phases. The anodization of the biphasic (α'+β) Ti13Nb13Zr alloy form arrays of TiO2 nanotubes with well-defined circular geometry in the α' phase, while nanopores of TiO2 are formed in the β phase. After anodization, formed selforganized arrays of nanotubes were obtained with the following average dimensions in the range: diameter of 62-90 nm, a length of 1.5-1.9 mm and a thickness of 18-26 nm. The 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, however, with the difference that nanotubes are not so organized and are deformed in their longitudinal direction suggesting that their growth follow the spatial distortion of the α' phase. Such distortion also influences the length of the nanostructures, due to it is observed a greater length of nanotubes in the non-deformed state (uniform arrays) and a shorter length for more significant deformations (arrays with spatial distortion).

Figure 87

 87 Figure 87 summarizes open circuit potential measurements after soaking 1 hour in SBF for all samples presented in this work. The anodized samples of both alloys have a higher open circuit potential. That means that anodized samples have a more stable and protective oxide film on the surface. Apparently, there is a tendency to increase the OCP in the samples of both alloys with acid etching plus alkali treatment when severe plastic deformation is applied. The increase of the potential can indicate the stability of the passive film, suggesting that the severe plastic deformation accelerates the formation of this film.

Figure 87 :

 87 Figure 87: Open circuit potential measurements after 1-hour immersion in SBF at 37 ° C; (a) OCP measurements for samples of Ti13Nb13Zr alloy non-deformed and deformed by HPT with different surface modification treatment and (b) OCP measurements for samples of Ti35Nb7Zr5Ta alloy non-deformed and deformed by HPT with different surface modification treatment.

Figure 88 :

 88 Figure 88: Passivation current (i pass ) measurements in SBF at 37 ° C; (a) i pass measurements for samples of Ti13Nb13Zr alloy non-deformed and deformed by HPT with different surface modification treatment and (b) ipass measurements for samples of Ti35Nb7Zr5Ta alloy non-deformed and deformed by HPT with different surface modification treatment.

Figure 89 :

 89 Figure 89: Impedance module |Z| at low frequency (20 mHz); (a) measurements for samples of Ti13Nb13Zr alloy non-deformed and deformed by HPT with different surface modification treatment and (b) measurements for samples of Ti35Nb7Zr5Ta alloy nondeformed and deformed by HPT with different surface modification treatment.

Figure 90 :

 90 Figure 90: Graphs showing the apatite mass gain after soaking specimens in SBF as a function of the immersion time, comparing polished surfaces and surface treated of deformed and undeformed samples.

  and 89, which correspond to the graphs of open circuit potential, passivation currents and modulus of impedance respectively. These samples showed the noblest open circuit potential, lowest passivation current and the highest impedance module at lower frequency (20 mHz). On the other hand, the values of passivation current and impedance modulus of samples chemically treated were similar to those of polished samples.

Figure 1 :

 1 Figure 1 : Schéma de principe de la Torsion sous Haute Pression (HPT). Adapté de Zhilyaev et al., (2008) [23].

  Ti13Nb13Zr et Ti35Nb7Zr5Ta sous forme de disques de 10 mm de diamètre et 1 mm d'épaisseur sont traités par HPT. Le traitement est effectué à la température ambiante. Les disques sont traités sous des pressions de 1,0 et 4,5 GPa et trois tours sont appliqués avec une vitesse de rotation de 3 rpm. Traitements de modification de surface. Le titane et ses alliages sont largement utilisés dans les dispositifs et composants biomédicaux ainsi que dans les applications cardiaques et cardiovasculaires, en raison de leurs propriétés recherchées, telles que leur module d'élasticité relativement bas, leur bonne résistance à la fatigue, leur usinabilité, résistance à la corrosion et biocompatibilité. Cependant, le titane et ses alliages ne peuvent pas répondre à toutes les exigences cliniques en raison de leurs propriétés tribologiques faibles [24]. Par conséquent, afin d'améliorer les propriétés biologiques, chimiques et mécaniques du titane et des alliages de titane, des traitements de modification de surface sont souvent effectués. Nanotubes de TiO2. Le titane est largement utilisé pour la fabrication de dispositifs biomédicaux et, comme la surface de l'implant est responsable du processus d'ostéointégration, il est essentiel de modifier cette surface pour obtenir une meilleure biocompatibilité. De plus, l'adhérence d'une surface nanostructurée augmente par rapport aux surfaces métalliques usuelles, démontrant ainsi que les nanotubes améliorent l'ostéointégration. Les surfaces contenant des nanotubes de TiO2 augmentent la croissance cellulaire et les dépôts d'hydroxyapatite (HAp) [25]. L'hydroxyapatite (Ca10(PO4)6(OH)2) présente une similitude chimique et structurelle avec le composant inorganique de la matrice osseuse. Croissance de nanostructures de TiO2 par anodisation électrochimique. Les tests d'anodisation sont généralement effectués sur une cellule électrochimique à deux ou trois électrodes avec un alliage en titane comme anode, une grille de platine comme cathode et, dans le cas d'une cellule à trois électrodes avec une électrode Ag / AgCl comme électrode de référence. Un potentiel constant est appliqué à l'aide d'une source d'alimentation en courant continu [13]. Les principaux processus de formation de nanotubes de TiO2 sont (1) la croissance d'oxydes à la surface du métal due à l'interaction du métal avec les ions O 2-ou OH -[26]. Après formation d'une couche d'oxyde initiale, ces anions migrent à travers la couche d'oxyde pour atteindre l'interface métal / oxyde où ils réagissent avec le métal. (2) migration des ions métalliques (Ti 4+ ) du métal à l'interface métal / oxyde ; les cations Ti 4+ seront éjectés de l'interface métal / oxyde sous l'application d'un champ électrique qui se déplacera vers l'interface oxyde / électrolyte [27]. (3) Oxydation assistée par le champ électrique de l'oxyde à l'interface oxyde / électrolyte. En raison du champ électrique appliqué, la liaison Ti-O subit une polarisation et est affaiblie, ce qui favorise la dissolution des cations métalliques. Les cations Ti 4+ se dissolvent dans l'électrolyte et les anions sans O 2-

Tableau 1 :

 1 Surfaces de travail initial de l'alliage Ti13Nb13Zr avec différents traitements de modification de surface et avec et sans traitement par HPT.Influence de traitements de surface sur les propriétés de résistance à la corrosion d'alliages de titane à grains ultrafins pour des applications biomédicales 220Pour reproduire au plus près des conditions du corps humain, les mesures électrochimiques sont effectuées dans un environnement physiologique. Une solution simulant un fluide corporel (SBF-Simulated Body Fluid) a été utilisée comme électrolyte (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 e Na2SO4 0,072 g L -1 ). Il reproduit la partie inorganique du plasma sanguin humain (ne contient pas de composition organique ni de cellules). Dans cette étude, la solution de SBF a été préparée, selon le protocole détaillé proposé par Kokubo et al.(2006) [33] et dans la norme ISO 23317:2014. Les mesures électrochimiques présentées ci-dessous sont donc destinées à évaluer l'impact du traitement de modification de surface et de la déformation plastique sévère sur les propriétés électrochimiques dans la solution SBF pour l'alliage Ti13Nb13Zr. Les conditions pour les tests électrochimiques effectués pour toutes les conditions existantes et pour les deux alliages (Ti13Nb13Zr et Ti35Nb7Zr5Ta) sont les suivantes :

cm 2 )Figure 2 :

 22 Figure 2 : Courbes de polarisation anodiques (a) et diagrammes de Nyquist (b) des échantillons polis de l'alliage Ti-13Zr-13Nb non déformés et déformés par HPT en milieu physiologique dans une solution de SBF à pH 7,4 à 37 ° C.

déformation de 1

 1 GPa et 2,45 µA / cm 2 pour l'échantillon présentant une déformation de 4,5 GPa. Par conséquent, une déformation plastique sévère n'a pas d'effet significatif sur le courant de passivation des échantillons déformés par rapport au échantillons sans déformation. Afin de compléter la caractérisation électrochimique des surfaces polies, les échantillons ont été soumis à des mesures de spectroscopie d'impédance électrochimique. La figure 2(b) montre les mesures d'impédance en représentation de Nyquist. L'observation des diagrammes de Nyquist révèle que la forme du spectre d'impédance de tous les substrats (arc) est typique d'un système capacitifrésistif (associations de phénomènes capacitifs, c'est-à-dire accumulations de charges et phénomènes résistifs, liés à la charge ou la résistance d'une couche). Les spectres d'impédance expérimentaux ont été modelisés par un circuit électrique équivalent approprié décrivant les propriétés du système étudié. Nous avons envisagé pour les échantillons un modèle qui représente une structure à deux couches composées d'une couche interne dense et d'une couche externe poreuse sur l'alliage Ti13Nb13Zr. La figure 3 montre le modèle sélectionné qui est représenté par un circuit équivalent Rs + Qa / (Ra+ (Qdl / Rct)). Où Rs est la résistance de la solution, Ra est la résistance de la couche externe poreuse, Rct représente la résistance de transfert de charge, Qa est l'élément à phase constante pour la couche externe poreuse et Qdl est l'élément à phase constante pour la double couche à l'interface couche interne dense-électrolyte.

Figure 3 : 1 𝛼

 31 Figure 3 : Circuit électrique équivalent utilisé pour modéliser les résultats d'échantillons d'alliage Ti13Nb13Zr non déformés et déformés par HPT en milieu physiologique dans une solution de SBF à pH 7,4 à 37 ° C.

Echantillons de surface à base de nanotubes de TiO2 Les figures 4 (Figure 4 :

 44 Figure 4 : Courbes de polarisation anodiques (a) et diagrammes de Nyquist (b) des échantillons de surface à base de nanotubes de TiO2 de l'alliage Ti13Nb13Zr non déformés et déformés par HPT en milieu physiologique dans une solution de SBF à pH 7,4 à 37 ° C.

  Influence de traitements de surface sur les propriétés de résistance à la corrosion d'alliages de titane à grains ultrafins pour des applications biomédicales 226La figure4(b) montre les mesures d'impédance en représentation de Nyquist. L'observation des diagrammes de Nyquist révèle que la forme du spectre d'impédance de tous les substrats est pseudo-capacitive (droite inclinée), c'est-àdire que les échanges d'électrons et donc les réactions sont très limitées ou que la couche d'oxyde est très résistive. Les spectres expérimentaux d'impédance sont modélisés au moyen d'un modèle de ligne de transmission développée pour une électrode poreuse décrivant les propriétés du système à l'étude. La figure 5 montre le schéma de la ligne de transmission proposée pour modéliser les mesures d'impédance.

Figure 5 : 1 𝛼Tableau 3 : 5 .

 5135 Figure 5 : Schéma de la ligne de transmission proposée pour des échantillons de surface à base de nanotubes de TiO2 de l'alliage Ti13Nb13Zr non déformés et déformés par HPT dans une solution de SBF à pH 7,4 à 37 ° C.

2 )Figure 6 :

 26 Figure 6 : Courbes de polarisation anodiques (a) et diagrammes de Nyquist (b) des échantillons de surface soumis à un traitement acide à l'HCl puis à un traitement alcalin avec NaOH d'alliage Ti13Nb13Zr non déformés et déformés par HPT en milieu physiologique dans une solution de SBF à pH 7,4 à 37 ° C.

Figure 7 :

 7 Figure 7 : Circuit équivalent utilisé pour modéliser les résultats d'impédance d'échantillons de surface soumis à un traitement acide à l'HCl puis à un traitement alcalin avec NaOH d'alliage Ti13Nb13Zr non déformés et déformés par HPT en milieu physiologique dans une solution de SBF à pH 7,4 à 37 ° C.

Figure 8 :

 8 Figure 8 : Courbes de polarisation anodiques (a) et diagrammes de Nyquist (b) des échantillons de surface soumis à un traitement acide à l'H3PO4 puis à un traitement alcalin avec NaOH d'alliage Ti13Nb13Zr non déformés et déformés par HPT en milieu physiologique dans une solution de SBF à pH 7,4 à 37 ° C.

  Cette capacité est un critère essentiel pour déterminer la biocompatibilité d'un matériau. Dans cette étude, les dépôts d'apatite ont été examinés après 1, 7 et 14 jours d'immersion dans du SBF pour des échantillons de l'alliage Ti13Nb13Zr avec une modification de surface différente, ainsi que différents niveaux de déformation par HPT. Échantillons polis. Les observations au microscope électronique à balayage (MEB) présentées sur la la figure 9 indiquent que, même après 14 jours d'immersion dans la solution physiologique, aucune formation d'apatite n'est détectée à la surface des substrats polis.

Figure 9 :

 9 Figure 9 : Observations MEB-FEG des échantillons de surface polies (nues) d'alliage Ti13Nb13Zr non déformés et déformés par HPT soumis à des tests de bioactivité de 1, 7 et 14 jours dans du SBF.

Influence de traitements de

  surface sur les propriétés de résistance à la corrosion d'alliages de titane à grains ultrafins pour des applications biomédicales 236 par HPT pour une déformation de 4,5 GPa (Figure 10(c)). Des dépôts homogènes d'apatite sont observés dans tous les échantillons lorsqu'ils sont immergés dans du SBF pendant sept et 14 jours.

Figure 10 :ApatiteFigure 11 :Figure 12 :

 101112 Figure 10 : Observations MEB-FEG des surfaces d'alliage Ti13Nb13Zr avec nanotubes de TiO2 non déformé et déformé par HPT soumises à des tests de bioactivité pendant 1, 7 et 14 jours dans du SBF.

Tableau 6 :Figure 13 :Influence de traitements de surface sur les propriétés de résistance à la corrosion d'alliages de titane à grains ultrafins pour des applications biomédicales 242 Tableau 7 :

 6132427 Figure 13 : Courbes de polarisation anodiques (a) et diagrammes de Nyquist (b) des échantillons polis de l'alliage Ti35Nb7Zr5Ta non déformés et déformés par HPT en milieu physiologique dans une solution de SBF à pH 7,4 à 37 ° C.

Echantillons de surface à base de nanotubes de TiO2 Les figures 14 ( 2 )Figure 14 :

 14214 Figure 14 : Courbes de polarisation anodiques (a) et diagrammes de Nyquist (b) des échantillons de surface à base de nanotubes de TiO2 de l'alliage Ti35Nb7Zr5Ta non déformés et déformés par HPT en milieu physiologique dans une solution de SBF à pH 7,4 à 37 ° C.

Tableau 8 :

 8 Valeurs des paramètres d'ajustement des mesures d'impédance des échantillons de surface à base de nanotubes de TiO2 d'alliage Ti35Nb7Zr5Ta avec le modèle de la Figure 5. Échantillons soumis à un traitement acide à l'HCl puis à un traitement alcalin avec NaOH. Les figures 15((a) et (b)) présentent les courbes de polarisation anodiques et les diagrammes de Nyquist, respectivement, dans SBF à 37°C des échantillons de surface soumis à un traitement acide à l'HCl puis à un traitement alcalin avec NaOH d'alliage Ti35Nb7Zr5Ta non déformés et déformés par HPT.

Figure 15 :

 15 Figure 15 : Courbes de polarisation anodiques (a) et diagrammes de Nyquist (b) des échantillons de surface soumis à un traitement acide à l'HCl puis à un traitement alcalin avec NaOH d'alliage Ti35Nb7Zr5Ta non déformés et déformés par HPT en milieu physiologique dans une solution de SBF à pH 7,4 à 37 ° C.

Figure 16 :

 16 Figure 16 : Courbes de polarisation anodiques (a) et diagrammes de Nyquist (b) des échantillons de surface soumis à un traitement acide à l'H3PO4 puis à un traitement alcalin avec NaOH d'alliage Ti35Nb7Zr5Ta non déformés et déformés par HPT en milieu physiologique dans une solution de SBF à pH 7,4 à 37 ° C.

  microscope électronique à balayage (MEB) illustrées à la figure 17 indiquent que, même après 14 jours d'immersion dans la solution physiologique, aucune formation d'apatite n'est détectée à la surface des substrats nus.

Figure 17 :

 17 Figure 17 : Observations MEB-FEG des échantillons de surface poli d'alliage Ti35Nb7Zr5Ta non déformé et déformé par HPT suite aux tests de bioactivité pendant 1, 7 et 14 jours dans du SBF.

Figure 18 :

 18 Figure 18 : Observations MEB-FEG des échantillons d'alliage Ti35Nb7Zr5Ta avec nanotubes de TiO2 non déformé et déformé par HPT suite aux tests de bioactivité à 1, 7 et 14 jours dans du SBF.

Figure 19 :

 19 Figure 19 : Observations MEB-FEG des échantillons Ti35Nb7Zr5Ta soumis à un traitement acide à l'HCl puis à un traitement alcalin avec NaOH non déformé et déformé par HPT suite aux tests de bioactivité à 1, 7 et 14 jours dans du SBF.

Figure 20 :

 20 Figure 20 : Observations MEB-FEG des échantillons Ti35Nb7Zr5Ta soumis à un traitement acide à l'H3PO4 puis à un traitement alcalin avec NaOH d'alliage non déformé et déformé par HPT suite aux tests de bioactivité à 1, 7 et 14 jours dans du SBF.

Figura 1 :

 1 Figura 1: Ilustração esquemática do processamento HPT. Adaptado de Zhilyaev et al.,

de 10 mm de diâmetro e 1

 1 mm de espessura foram processadas por HPT. O processamento foi realizado à temperatura ambiente. Os discos foram processados sob pressões de 1,0 e 4,5 GPa e três voltas foram aplicadas usando uma velocidade de rotação de 3 rpm.Tratamentos de modificação de superfície.Titânio e suas ligas são amplamente utilizados em dispositivos e componentes biomédicos, especialmente como substitutos de tecidos duros, bem como em aplicações cardíacas e cardiovasculares, devido às suas propriedades desejáveis, como módulo de elasticidade relativamente baixo, boa resistência à entanto, o titânio e suas ligas não podem atender a todos os requisitos clínicos devido às suas inferiores propriedades tribológicas[24].

Tabela 1 :

 1 Superfícies de trabalho iniciais da liga Ti13Nb13Zr com diferentes tratamentos de modificação de superfície e com e sem processamento por HPT.Influência dos tratamentos de superfície nas propriedades de resistência à corrosão de ligas de titânio de grão ultrafino para aplicações em implantes 268Caracterização eletroquímica da Liga Ti13Nb13ZrPara reproduzir o mais próximo possível das condições do corpo humano, as medidas eletroquímicas são realizadas em um meio fisiológico. Uma solução que simula o fluido corporal (SBF-Simulated body fluid) foi utilizada como eletrólito (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 e Na2SO4 0,072 g L -1 ). Ela reproduz a parte inorgânica do plasma sanguíneo humano (não contém nenhum composto orgânico e células). Neste estudo, a solução SBF foi preparada de acordo com o protocolo detalhado proposto por Kokubo et al. (2006) [33] e a norma ISO 23317: 2014.

Figura 2 :

 2 Figura 2: Curvas de polarização anódica (a) e diagramas de Nyquist (b) dos substratos polidos da liga Ti13Nb13Zr não processadas e processadas por HPT em meio fisiológico em uma solução de SBF a pH 7,4 a 37 ° C.

Figura 3 :

 3 Figura 3: Circuito equivalente usado para modelar os resultados dos substratos polidos da liga Ti13Nb13Zr não processadas e processadas por HPT em meio fisiológico em uma solução de SBF a pH 7,4 a 37 ° C.

Figura 4 :

 4 Figura 4: Curvas de polarização anódica (a) e diagramas de Nyquist (b) dos substratos com nanotubos de TiO2 da liga Ti13Nb13Zr não processadas e processadas por HPT em meio fisiológico em uma solução de SBF a pH 7,4 a 37 ° C.

Figura 5 :

 5 Figura 5: Modelo de linha de transmissão desenvolvido para os substratos com nanotubos de TiO2 da liga Ti13Nb13Zr não processadas e processadas por HPT em meio fisiológico em uma solução de SBF a pH 7,4 a 37 ° C.

Tabela 3 :

 3 Valores dos parâmetros do ajuste do modelo da Figura 5 para amostras da liga Ti13Nb13Zr com superfície com nanotubos de TiO2. Amostras com tratamento ácido por HCl e subsequentemente tratamento alcalino com NaOH. As Figuras 6((a) e (b)) mostram as curvas de polarização anódicas e os diagramas de Nyquist respectivamente dos substratos com tratamento ácido por HCl e subsequentemente tratamento alcalino com NaOH da liga Ti13Nb13Zr não processadas e processadas por HPT. Como uma observação geral da forma da porção anódica das curvas de polarização mostradas na Figura 6(a), revela que o comportamento das amostras em um ambiente fisiológico é característico de um estado passivo.

Figura 6 :

 6 Figura 6: Curvas de polarização anódica (a) e diagramas de Nyquist (b) dos substratos com tratamento ácido por HCl e subsequentemente tratamento alcalino com NaOH da liga Ti13Nb13Zr não processadas e processadas por HPT em meio fisiológico em uma solução de SBF a pH 7,4 a 37 ° C.

Figura 7 :

 7 Figura 7: Circuito equivalente usado para modelar os resultados dos substratos com tratamento ácido por HCl e subsequentemente tratamento alcalino com NaOH da liga Ti13Nb13Zr não processadas e processadas por HPT em meio fisiológico em uma solução de SBF a pH 7,4 a 37 ° C.

Amostras com tratamento ácido por H3PO4 e subsequentemente tratamento alcalino com NaOH. As Figuras 8 (Figura 8 :

 88 Figura 8: Curvas de polarização anódica (a) e diagramas de Nyquist (b) dos substratos com tratamento ácido por H3PO4 e subsequentemente tratamento alcalino com NaOH da liga Ti13Nb13Zr não processadas e processadas por HPT em meio fisiológico em uma solução de SBF a pH 7,4 a 37 ° C.

  5 e 7x10 5 (Ω•cm 2 ) são observados, indicando uma alta resistência à corrosão com valores levemente maiores que as amostras com superfície polidas. Com relação às capacitâncias, os valores para a capacitância da dupla camada elétrica (Ceff (dl)) foram entre 10 e 15 μF•cm -2 . Os valores de capacitância Resumo detalhado em português 281 para a camada externa porosa (Ceff(b)) e a camada porosa intermediária (Ceff(a)) foram menores que Ceff (dl).A espessura do filme passivo δ (em nm) foi obtida a partir da capacitância da camada interna densa. Os valores da espessura foram de 7,62, 7,43 e 5,03 nm para a liga Ti13Nb13Zr, nas condições ND, HPT1GPa e HPT4.5GPa, respectivamente. Estes resultados mostram que o tratamento químico contribui com o aumento da espessura do filme passivo.

Figura 10 :

 10 Figura 10: Observações por MEV das amostras com superfície com nanotubos de TiO2 da liga de Ti13Nb13Zr não processadas e processadas por HPT, submetidas a testes de bioatividade para tempos de 1, 7 e 14 dias em SBF.

Figura 11 :

 11 Figura 11: Observações por MEV das amostras com superfície com tratamento ácido por HCl e subsequentemente tratamento alcalino com NaOH da liga de Ti13Nb13Zr não processada e processada por HPT, submetidas a testes de bioatividade para tempos de 1, 7 e 14 dias em SBF.

Figura 12 :

 12 Figura 12: Observações por MEV das amostras com superfície com tratamento ácido por H3PO4 e subsequentemente tratamento alcalino com NaOH da liga de Ti13Nb13Zr não processada e processada por HPT, submetidas a testes de bioatividade para tempos de 1, 7 e 14 dias em SBF.

Figura 13 :

 13 Figura 13: Curvas de polarização anódica (a) e diagramas de Nyquist (b) dos substratos polidos da liga Ti35Nb7Zr5Ta não processadas e processadas por HPT em meio fisiológico em uma solução de SBF a pH 7,4 a 37 ° C.

Figura 14 :

 14 Figura 14: Curvas de polarização anódica (a) e diagramas de Nyquist (b) dos substratos com nanotubos de TiO2 da liga Ti35Nb7Zr5Ta não processadas e processadas por HPT em meio fisiológico em uma solução de SBF a pH 7,4 a 37 ° C.

Tabela 8 :Figura 15 :

 815 Figura 15: Curvas de polarização anódica (a) e diagramas de Nyquist (b) dos substratos com tratamento ácido por HCl e subsequentemente tratamento alcalino com NaOH da liga Ti35Nb7Zr5Ta não processadas e processadas por HPT em meio fisiológico em uma solução de SBF a pH 7,4 a 37 ° C.

  de deformação. Portanto, parece que a deformação plástica severa causa um ligeiro aumento na corrente de passivação em comparação com o substrato sem deformação.A Figura 15(b) mostra as medições da impedância por médio do diagrama de Nyquist. A observação dos diagramas de Nyquist revela que a forma do espectro de impedância para todos os substratos é característica de um sistema capacitivo-resistivo. Os espectros de impedância experimentais foram analisados ajustando-se com o mesmo circuito elétrico equivalente utilizado para as amostras da liga Ti13Nb13Zr com ataque ácido por HCl (Ver Figura 7).Os resultados do ajuste do modelo e a capacitância efetiva associada ao CPE calculada com a equação de Brug são apresentados na Tabela 9. A partir do ajuste, obtemos valores de resistência da solução entre 20 e 21 (Ω•cm 2 ) e também são observados altos valores de resistência à transferência de carga entre 8,4x10 4 e 3x105 (Ω•cm 2 ), indicando uma alta resistência à corrosão com valores levemente maiores que as amostras com superfície polidas.Com relação às capacitâncias, os valores para a capacitância da dupla camada elétrica (Ceff (dl)) foram entre 10 e 18 μF•cm -2 . Os valores de capacitância para a camada externa porosa (Ceff(b)) e a camada porosa intermediária (Ceff(a)) foram menores que Ceff (dl).

Figura 16 :

 16 Figura 16: Curvas de polarização anódica (a) e diagramas de Nyquist (b) dos substratos com tratamento ácido por H3PO4 e subsequentemente tratamento alcalino com NaOH da liga Ti35Nb7Zr5Ta não processadas e processadas por HPT em meio fisiológico em uma solução de SBF a pH 7,4 a 37 ° C.

Figura 17 :

 17 Figura 17: Observações por MEV das amostras com superfície polidas da liga de Ti35Nb7Zr5Ta não processadas e processadas por HPT, submetidas a testes de bioatividade para tempos de 1, 7 e 14 dias em SBF.

Figura 18 :

 18 Figura 18: Observações por MEV das amostras com superfície com nanotubos de TiO2 da liga de Ti35Nb7Zr5Ta não processadas e processadas por HPT, submetidas a testes de bioatividade para tempos de 1, 7 e 14 dias em SBF.

Figura 19 :

 19 Figura 19: Observações por MEV das amostras com superfície com tratamento ácido por HCl e subsequentemente tratamento alcalino com NaOH da liga de Ti35Nb7Zr5Ta não processada e processada por HPT, submetidas a testes de bioatividade para tempos de 1, 7 e 14 dias em SBF.

Figura 20 :

 20 Figura 20: Observações por MEV das amostras com superfície com tratamento ácido por H3PO4 e subsequentemente tratamento alcalino com NaOH da liga de Ti35Nb7Zr5Ta não processada e processada por HPT, submetidas a testes de bioatividade para tempos de 1, 7 e 14 dias em SBF.

Ti13Nb13Zre

  Ti35Nb7Zr5Ta mesmo imersas em SBF durante 14 dias, nenhuma das amostras com superfícies polidas formou apatita na sua superfície, ou seja, não são bioativas. Isto confirma que a camada inicial inerte de TiO2 criada na superfície dos substratos polidos não é suficiente para promover a formação de tecido entre o osso e o implante espontaneamente. O comportamento observado pelos substratos polidos foi também observado para amostras de liga Ti35Nb7Zr5Ta tratada com H3PO4 e ativada com NaOH, indicando que, mesmo começando com fosfato na superfície, o referido material não adquire bioatividade utilizando tais tratamento de superfície. Por contraste, durante o mesmo tratamento de superfície, as superfícies das amostras da liga Ti13Nb13Zr mostraram bioatividade em períodos entre sete e quatorze dias em condições deformadas e não deformadas.
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Table 1 :

 1 Physical properties of titanium (at room temperature). Adapted from Froes (2015)[37].

	Physical properties of pure titanium:	Elastic moduli, polycrystalline:
	Atomic number: 22	Young's: 109 GPa
	Atomic weight: 47.90 g/mol	Shear: 37 GPa
	Crystal structure:	Bulk: 123 GPa
	Density:	Kα: 2.750 Å
	α: 4.505 g/cm 3	Kβ: 2.514 Å
	β: 4.32 g/cm 3	K absorption edge: 2.496 Å

α: to 885 °C hexagonal close-packed Poisson's ratio: 0.34 c = 4.6832 Å, a = 2.9504 Å, c/a = 1.5873 Melting temperature: 1670 °C β: 885 °C up to the melting point: body-centered cubic Boiling temperature: 3260 °C a = 3.3065 Å, closest atom distance, 2.860 Å X-ray spectra:

Table 2 :

 2 Common electrical elements.

Table 3 :

 3 Ion concentrations of simulated body fluid (SBF). Adapted from Kamalian et al.

Table 4 :

 4 Summary of observed morphologies and dimensions of the formed nanostructures observed in Figure27for samples of Ti13Nb13Zr alloy at different conditions.

		Ti13Nb13Zr alloy		
	Condition	Morphology	Diameter (nm) Internal External	Length (nm)
	Non-deformed	Nanotubes and nanopores	58 ± 7	96 ± 20	1839 ± 72
	1 GPa	Nanotubes and nanopores	44 ± 7	67 ± 11	1557 ± 158
	4.5 GPa	Nanotubes and nanopores	47 ± 10	94 ± 11	1492 ± 73

Table 5 :

 5 Quantitative chemical EDS analysis of samples chemically treated by HCl etching and NaOH activation.

	Ti13Nb13Zr (at %)

Table 6 :

 6 Quantitative chemical EDS analysis of chemically treated samples by H3PO4etching and NaOH activation.

	Ti13Nb13Zr (at %)

Table 8 :

 8 Passivation current density of the polished samples of Ti13Nb13Zr alloy in the conditions ND, HPT1GPa, and HPT4.5GPa.

	Conditions	ipass (µA/cm 2 )
	Non-deformed	2.00 ± 0.10
	1 GPa	2.95 ± 0.15
	4.5 GPa	2.45 ± 0.32

Table 10 :

 10 Passivation current density for the anodized Ti13Nb13Zr samples in the conditions ND, HPT1GPa, and HPT4.5GPa.

	Condition	ipass (µA/cm 2 )
	Non-deformed	0.012 ± 0.004
	1 GPa	0.017 ± 0.004
	4.5 GPa	0.033 ± 0.006

Table 11 :

 11 OCP measurements, after 1-hour immersion in SBF at 37° C of samples of Ti13Nb13Zr alloy chemically treated by HCl and NaOH in the conditions ND, HPT1GPa and HPT4.5GPa.

	Condition	Corrosion potential (mV vs SCE)
	Non-deformed	-132 ± 26
	1 GPa	-144 ± 37
	4.5 GPa	-147 ± 38

Table 12 :

 12 Passivation current density of samples of Ti13Nb13Zr alloy chemically treated by HCl and NaOH in the conditions ND, HPT1GPa, and HPT4.5GPa.

	Condition	ipass (µA/cm 2 )
	Non-deformed	2.30 ± 0.19
	1 GPa	2.51 ± 0.11
	4.5 GPa	3.40 ± 0.59
	The passivation current of samples chemically treated by HCl and NaOH,
	ND Ti13Nb13Zr alloy, was 2.30 µA/cm 2 , while the HPT1GPa and HPT4.5GPa
	samples showed a slight increase, 2.51 µA/cm 2 and 3.40 µA/cm 2 , respectively.

Table 13 :

 13 OCP

measurements, after 1-hour immersion in SBF at 37° C of samples of Ti13Nb13Zr alloy chemically treated by H 3 PO 4 and NaOH in the conditions ND, HPT1GPa and HPT4.5GPa.

Table 14 :

 14 Passivation current density of samples of Ti13Nb13Zr alloy chemically treated by H3PO4 and NaOH in the conditions ND, HPT1GPa, and HPT4.5GPa. GPa showed a slight increase, 5.13 µA/cm 2, and 4.21 µA/cm 2 , respectively.

	Condition	ipass (µA/cm 2 )
	Non-deformed	4.05 ± 0.12
	1 GPa	5.13 ± 0.21
	4.5 GPa	4.21 ± 0.22
	The passivation current of samples chemically treated by H3PO4 and NaOH,
	non-deformed, was 4.05 µA/cm 2 , while samples deformed by HPT at 1 GPa and
	4.5	

Table 15 :

 15 Equivalent electrical circuit parameters and effective capacitance associated with the CPEs obtained when fitting EIS data of polished samples of Ti13Nb13Zr alloy according to the model in Figure 40.

	Condition	Rs Ω•cm 2 µF •s (αa-1) Qa	αa	Ra Ω•cm 2 µF/cm 2 Ceff(a)	Qdl µF •s (αdl-1)	αdl	Rct Ω•cm 2 µF/cm 2 Ceff(dl)
	Non-deformed 22	7	0.94	57	16	9	0.94 3.0E+05	20
	1 GPa	19	5	0.90 111	7	12	0.88 1.3E+05	17
	4.5 GPa	21	6	0.90 124	9	11	0.91 1.7E+05	20
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  𝑥 2 (𝑥 1 + 𝑥 2 )𝑆 𝜆 + 𝑥 1 [𝜆𝑥 1 𝑆 𝜆 + 𝐿𝑥 2 𝐶 𝜆 ]𝑍 𝐴 + 𝑥 2 [𝜆𝑥 2 𝑆 𝜆 + 𝐿𝑥 1 𝐶 𝜆 ]𝑍 𝐵

	𝑍 =	1 𝑥 1 + 𝑥 2	[𝜆(𝑥 1 + 𝑥 2 )𝑆 𝜆 + (𝑍 𝐴 + 𝑍 𝐵 )𝐶 𝜆 +	𝜆(𝑥 1 + 𝑥 2 ) 1	𝑍 𝐴 𝑍 𝐵 𝑆 𝜆 ]	-1
			× (𝐿𝜆𝑥 1 + 1 𝑥 1 + 𝑥 2	× [2𝑥 1 𝑥 2 + (𝑥 1	2 + 𝑥 2	2 )𝐶 𝜆 +	𝜆 𝐿	𝑥 1 𝑥 2 𝑆 𝜆 ] 𝑍 𝐴 𝑍 𝐵 )	(26)
	Where the notations 𝐶 𝜆 = 𝑐𝑜𝑠ℎ (	𝐿 𝜆	) , 𝑆 𝜆 = 𝑠𝑖𝑛ℎ ( 𝐿 𝜆	), and 𝜆 = [𝜉/(𝑥 1 + 𝑥 2 )] 1/2 have
	been used.					
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  𝑥 2 (𝑥 1 + 𝑥 2 )𝑆 𝜆 + 𝑥 1 [𝜆𝑥 1 𝑆 𝜆 + 𝐿𝑥 2 𝐶 𝜆 ]𝑍 𝐴 + 𝑥 2 [𝜆𝑥 2 𝑆 𝜆 + 𝐿𝑥 1 𝐶 𝜆 ]𝑍 𝐵 Where the notations 𝑥 1 = 𝑟 1 + 𝑍 𝑤 , 𝑥 2 = 𝑟 2 , 𝐶 𝜆 = 𝑐𝑜𝑠ℎ (

	𝑍 = 𝑅 𝑠 +	1 𝑥 1 + 𝑥 2	[𝜆(𝑥 1 + 𝑥 2 )𝑆 𝜆 + (𝑍 𝐴 + 𝑍 𝐵 )𝐶 𝜆 +	𝜆(𝑥 1 + 𝑥 2 ) 1	𝑍 𝐴 𝑍 𝐵 𝑆 𝜆 ]	-1
		× (𝐿𝜆𝑥 1 + 1 𝑥 1 + 𝑥 2	× [2𝑥 1 𝑥 2 + (𝑥 1	2 + 𝑥 2	2 )𝐶 𝜆 +	𝐿 𝜆	𝑥 1 𝑥 2 𝑆 𝜆 ] 𝑍 𝐴 𝑍 𝐵 )

Table 16 :

 16 Equivalent circuit parameters and effective capacitance associated with the CPEs obtained when fitting EIS data of anodized samples of Ti13Nb13Zr alloy according to the model in Figure44.

Table 17 :

 17 Equivalent circuit parameters and effective capacitance associated with the CPEs obtained when fitting EIS data of samples of Ti13Nb13Zr alloy chemically treated by HCl and NaOH according to the EEC in Figure 47.

	Condition

Table 18 :

 18 Equivalent circuit parameters and effective capacitance associated with the CPEs obtained when fitting EIS data of samples of Ti13Nb13Zr alloy chemically treated by H3PO4 and NaOH according to the EEC in Figure47.

	Condition

Table 19 :

 19 The quantitative chemical EDS analysis of Ti13Nb13Zr alloy non-deformed and deformed by HPT after soaking in SBF solution for 1, 7, and 14 days.

	Chemical element (at %)

Table 20 :

 20 Quantitative EDS analysis results and Ca/P molar ratio of anodized samples of Ti13Nb13Zr alloy, non-deformed and deformed by HPT, subjected to the bioactivity tests after 1, 7 and 14 days immersed in SBF.

	Chemical element (at %)

Table 21 :

 21 Quantitative EDS analysis results and Ca/P molar ratio for samples of Ti13Nb13Zr alloy chemically treated by HCl and NaOH, non-deformed and deformed by HPT, subjected to the bioactivity tests after 1, 7 and 14 days immersed in SBF.

	Chemical element (at %)

Table 22 :

 22 Quantitative EDS analysis results and Ca/P molar ratio for samples of Ti13Nb13Zr alloy chemically treated by H3PO4 and NaOH, non-deformed and deformed by HPT, subjected to the bioactivity tests after 1, 7 and 14 days immersed in SBF.

	Chemical element (at %)

Table 23 :

 23 Summary of observed morphologies and dimensions of the formed nanostructures observed in Figure63for samples of Ti35Nb7Zr5Ta alloy at different conditions.

		Ti35Nb7Zr5Ta alloy		
	Condition	Morphology	Diameter (nm) Internal External	Length (nm)
	Non-deformed	Nanopores	47 ± 7	82 ± 14	2494 ± 23
	1 GPa	Nanopores	45 ± 7	81 ± 13	2459 ± 112
	4.5 GPa	Nanopores	36 ± 10	69 ± 7	1742 ± 149

Table 24 :

 24 Quantitative chemical EDS analysis of samples chemically treated by HCl and

	NaOH.			
			Ti35Nb7Zr5Ta (at %)	
	Chemical element	Non-deformed	1 GPa	4.5 GPa
	O	59.82	55.89	56.02
	Na	1.98	2.06	2.02
	Zr	0.78	0.16	0.65
	Nb	6.35	4.99	6.18
	Ti	24.2	28.06	27.28
	Cl	6.56	8.67	7.55
	Ta	0.31	0.17	0.30

Table 25 :

 25 Quantitative chemical EDS analysis of samples, chemically treated by H3PO4 etching, and NaOH activation.

	Ti35Nb7Zr5Ta (at %)
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	Table 26 summarizes the values of open circuit potential (or corrosion
	potential, Ecorr) recorded after one hour of immersion in simulated body fluid (SBF)
	for Ti35Nb7Zr5Ta alloy, in the conditions ND, HPT1GPa and HPT4.5GPa. The
	values are the result of a statistical analysis of 3 measurements (mean and
	standard deviation).

Table 26 :

 26 OCP measurements after 1-hour immersion in SBF at 37 °C of the polished

	surfaces of Ti35Nb7Zr5Ta alloy in the conditions ND, HPT1GPa, and HPT4.5GPa
	samples.	
	Condition	OCP or Ecorr (mV vs. SCE)
	Non-deformed	-503 ± 50
	1 GPa	-379 ± 45
	4.5 GPa	-465 ± 56

Table 28 :

 28 OCP measurements, after 1-hour immersion in SBF at 37° C for the anodized samples of Ti35Nb7Zr5Ta alloy in the conditions ND, HPT1GPa and HPT4.5GPa.

	Condition	OCP or Ecorr (mV vs. SCE)
	Non-deformed	-125 ± 25
	1 GPa	-88 ± 21
	4.5 GPa	-82 ± 30

Table 29 :

 29 Passivation current density for the anodized Ti35Nb7Zr5Ta samples in the conditions ND, HPT1GPa, and HPT4.5GPa.

	Condition	ipass (µA/cm 2 )
	Non-deformed	0.16 ± 0.02
	1 GPa	0.19 ± 0.05
	4.5 GPa	0.52 ± 0.06

Table 30

 30 

summarizes the values of Ecorr for samples non-deformed and deformed by HPT as well as chemically treated by HCl etching and NaOH activation. The values are the result of a statistical analysis of 3 measurements (mean and standard deviation).

Table 30 :

 30 OCP measurements, after 1-hour immersion in SBF at 37° C of samples of

	Ti35Nb7Zr5Ta alloy chemically treated by HCl and NaOH in the conditions ND, HPT1GPa
	and HPT4.5GPa.	
	Condition	Corrosion potential (mV vs SCE)
	Non-deformed	-388 ± 47
	1 GPa	-232 ± 28
	4.5 GPa	-137 ± 16

Table 31 :

 31 Passivation current density of samples of Ti35Nb7Zr5Ta alloy chemically treated by HCl and NaOH in the conditions ND, HPT1GPa, and HPT4.5GPa.

	Condition	ipass (µA/cm 2 )
	Non-deformed	4.58 ± 0.41
	1 GPa	7.20 ± 0.20
	4.5 GPa	5.21 ± 0.16

Table 32

 32 

	summarizes the values of Ecorr for samples non-deformed and
	deformed by HPT as well as chemically treated by H3PO4 and NaOH. The values
	are the result of a statistical analysis of 3 measurements (mean and standard
	deviation).

Table 32 :

 32 OCP measurements, after 1-hour immersion in SBF at 37° C of samples of Ti35Nb7Zr5Ta alloy chemically treated by H 3 PO 4 and NaOH in the conditions ND,

	HPT1GPa and HPT4.5GPa.

Table 33 :

 33 Passivation current density of samples of Ti35Nb7Zr5Ta alloy chemically treated by H3PO4 and NaOH in the conditions ND, HPT1GPa, and HPT4.5GPa. GPa showed a slight increase, 10.8 µA/cm 2, and 10.8 µA/cm 2 , respectively.

	Condition	ipass (µA/cm 2 )
	Non-deformed	8.24 ± 0.53
	1 GPa	10.8 ± 0.52
	4.5 GPa	10.8 ± 0.20
	The passivation current of samples chemically treated by H3PO4 and NaOH,
	non-deformed, was 8.24 µA/cm 2 , while samples deformed by HPT at 1 GPa and
	4.5	

Table 34 :

 34 Equivalent circuit parameters and effective capacitance associated with the CPEs obtained when fitting EIS data of polished samples of Ti35Nb7Zr5Ta alloy according to the model in Figure40.It can be seen from the data in Table34, high Rct values, as well as low Qa and Qdl values. These results suggest a high corrosion resistance in the electrolyte used, and are indicative of a stable passive oxide film present on the surface of the polished samples of Ti35Nb7Zr5Ta alloy, non-deformed and deformed by HPT.

	Condition	Rs Ω•cm 2 µF •s (αa-1) Qa	αa	Ra Ω•cm 2 µF/cm 2 Ceff(a)	Qdl µF •s (αdl-1)	αdl	Rct Ω•cm 2 µF/cm 2 Ceff(dl)
	Non-deformed 20	10	0.91	77	17	23	0.93 1.1E+05	49
	1 GPa	21	10	0.89 129	15	22	0.91 1.7E+05	40
	4.5 GPa	21	9	0.89 186	12	28	0.89 1.1E+05	44

  𝑥 2 (𝑥 1 + 𝑥 2 )𝑆 𝜆 + 𝑥 1 [𝜆𝑥 1 𝑆 𝜆 + 𝐿𝑥 2 𝐶 𝜆 ]𝑍 𝐴 + 𝑥 2 [𝜆𝑥 2 𝑆 𝜆 + 𝐿𝑥 1 𝐶 𝜆 ]𝑍 𝐵 Where the notations 𝑥 1 = 𝑟 1 + 𝑍 𝑤 , 𝑥 2 = 𝑟 2 , 𝐶 𝜆 = 𝑐𝑜𝑠ℎ (

	𝑥 2	[𝜆(𝑥 1 + 𝑥 2 )𝑆 𝜆 + (𝑍 𝐴 + 𝑍 𝐵 )𝐶 𝜆 +	𝜆(𝑥 1 + 𝑥 2 ) 1	𝑍 𝐴 𝑍 𝐵 𝑆 𝜆 ]	-1
	× (𝐿𝜆𝑥 1 + 1 𝑥 1 + 𝑥 2	× [2𝑥 1 𝑥 2 + (𝑥 1	2 + 𝑥 2	2 )𝐶 𝜆 +	𝐿 𝜆	𝑥 1 𝑥 2 𝑆 𝜆 ] 𝑍 𝐴 𝑍 𝐵 )
							𝐿 𝜆 ) , 𝑆 𝜆 = 𝑠𝑖𝑛ℎ ( 𝐿 𝜆 )
	, 𝑍 𝐴 = 𝑅 𝐴 , 𝑍 𝐵 =	1 𝑄 𝐵	(𝑖𝜔) -𝑛	, 𝜉 =

Table 35 :

 35 Equivalent circuit parameters and effective capacitance associated with the CPEs obtained when fitting EIS data of anodized samples of Ti35Nb7Zr5Ta alloy according to the model in Figure44.

It can be seen from the data in Table

35

, high RA values, as well as low Q3 and QB values. These results indicate that a highly stable film was formed on the surface of the anodized samples of Ti35Nb7Zr5Ta alloy, non-deformed and deformed by HPT, immersed in SBF. Moreover, the n values were close to 0.96, which suggest that the TiO2 nanostructures formed displays a near capacitive behavior.

  4, 34.3 and 22.3 nm for

		χ1 χ2		𝝃			ZA		ZB		Rs
	Condition	R1 R2 (Ω) (Ω)	R3 (Ω)	Q3 (F β-1 )	β	Cβ µF/cm 2	RA (Ω)	QB (F n-1 )	n	Cn µF/cm 2 (Ω) Rs
	Non-deformed 7 143 2.1E+15 2.0E-06 0.98	33	8.5E+06 1.2E-06 0.98	2	70.0
	1 GPa	1 255 2.2E+15 1.9E-06 0.97	41	2.0E+06 1.0E-06 0.96	3	70.0
	4.5 GPa	1 100 1.8E+15 3.1E-06 0.97	66	2.3E+06 1.6E-06 0.96	4	70.0

Table 36 :

 36 Equivalent circuit parameters and the effective capacitance associated with the CPEs obtained when fitting EIS data of samples of Ti35Nb7Zr5Ta alloy chemically treated by HCl and NaOH, according to the EEC in Figure47.

	Condition

Table 37 :

 37 Equivalent circuit parameters and the effective capacitance associated with the CPEs obtained when fitting EIS data of samples of Ti35Nb7Zr5Ta alloy chemically treated by H3PO4 and NaOH, according to the EEC in Figure47.

	Condition

Table 38 :

 38 The quantitative chemical EDS analysis of Ti35Nb7Zr5Ta alloy non-deformed and deformed by HPT after soaking in SBF solution for 1, 7, and 14 days.

	Chemical element (at %)

Table 39 :

 39 The quantitative EDS analysis spectrum and Ca/P molar ratio of anodized samples of Ti35Nb7Zr5Ta alloy, non-deformed and deformed by HPT, subjected to the bioactivity tests after 1, 7 and 14 days immersed in SBF.

	Chemical element (at %)

Table 40 :

 40 The quantitative EDS analysis spectrum and Ca/P molar ratio for samples of Ti35Nb7Zr5Ta alloy chemically treated by HCl and NaOH, non-deformed and deformed by HPT, subjected to the bioactivity tests after 1, 7 and 14 days immersed in SBF.

	Chemical element (at %)

Table 41 :

 41 The quantitative chemical EDS analysis for samples of Ti35Nb7Zr5Ta alloy chemically treated by H3PO4 and NaOH, non-deformed and deformed by HPT, subjected to the bioactivity tests after 1, 7 and 14 days immersed in SBF.

	Chemical element (at %)

Table 43 :

 43 Summary of CaP phases, their corresponding Ca/P molar ratios, abbreviations, and chemical formulas.

	Compounds	Chemical formula	Abbreviation	Ca/P Molar Ratio
	Hydroxyapatite	Ca10(PO4)6(OH)2	HAp	1.67
	Amorphous phase	N/A	ACP	
	Alpha tricalcium	α-Ca3(PO4)2	α-TCP	1.5
	phosphate			
	Beta tricalcium	β-Ca3(PO4)2	β-TCP	1.5
	phosphate			
	Tetracalcium	Ca4P2O9	TTCP	2.0
	phosphate			
	Oxyhydroxyapatite	Ca10(PO4)6	OHA	1.67
	Calcium-deficient			
	hydroxyapatite			

  Valeurs des paramètres d'ajustement des mesures d'impédance des échantillons polis d'alliage Ti13Nb13Zr avec le modèle de la Figure 3.

								3,75, 4,53 et 3,80 nm
	pour l'alliage Ti13Nb13Zr, dans des conditions non déformées (ND) et déformées
	par 1GPa (HPT1GPa) et déformées par 4,5GPa (HPT4.5GPa), respectivement.
	Ces résultats montrent que les films passifs en alliage Ti13Nb13Zr déformé ont
	une épaisseur supérieure.						
	En résumé, les résultats obtenus avec l'ajustement indiquent que tous les
	substrats testés se sont comportés de manière très similaire.	
	Condition	Rs Ω•cm 2 µF •s (αa-1) Qa	αa	Ra Ω•cm 2 µF/cm 2 Ceff(a)	Qdl µF•s (αdl-1)	αdl	Rb Ω•cm 2 µF/cm 2 Ceff(dl)
	Sans déformation 22	7	0.94 57	16	9	0.94 3.0E+05	20
	1 GPa	19	5	0.90 111	7	12	0.88 1.3E+05	17
	4.5 GPa	21	6	0.90 124	9	11	0.91 1.7E+05	20

Tableau 2 :
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  Les résultats de l'ajustement du modèle et de la capacité effective associée au CPE calculé avec l'équation de Brug sont donnés dans le tableau 4. Valeurs des paramètres d'ajustement des mesures d'impédance d'échantillons de surface soumis à un traitement acide à l'HCl puis à un traitement alcalin avec NaOH d'alliage Ti13Nb13Zr avec le modèle de la Figure7.

	L'ajustement permet d'obtenir des valeurs de résistance de solution comprises
	entre 20 et 22 (Ω•cm 2 ) ainsi que des valeurs élevées de résistance de transfert de Condition
	charge (Rct) comprises entre 6x10 5 et 8x10 5 (Ω•cm 2 ), indiquant une résistance Élément Sans déformation 1 GPa 4.5 GPa
	élevée à la corrosion avec des valeurs légèrement supérieures à des échantillons Rs (Ω• cm 2 ) 22 20 20
	nus. Qb (µF •s(αb-1))	52	28	43
	αb	0.70	0.76	0.72
	En ce qui concerne les capacités, les valeurs pour la double couche Rb (Ω• cm 2 ) 28 15 15
	(Ceff(dl)) étaient comprises entre 14 et 19 µF•cm -2 (voir tableau 4). Les valeurs de Ceff(b) (µF/ cm 2 ) 2.2 2.0 2.0
	capacité pour la couche externe poreuse (Ceff(b)) et la couche poreuse Qa (µF •s(αa-1)) 19 11 55
	intermédiaire (Ceff(a)) étaient inférieures à Ceff (dl). De plus, l'épaisseur du film αa 0.70 0.75 0.70
	passif, δ (en nm), a été obtenue à partir de la capacité de la couche interne dense. Ra (Ω• cm 2 ) 7 2 10
	Les valeurs d'épaisseur sont respectivement de 4,05, 4,30 et 5,41 nm pour l'alliage Ceff(a) (µF/ cm 2 ) 0.4 0.3 0.5
	Ti13Nb13Zr, dans les conditions ND, HPT1GPa et HPT4.5GPa, respectivement. Qdl (µF •s(αdl-1)) 21 39 19
	Ces résultats montrent que le film passif en alliage Ti13Nb13Zr sans déformation a αdl 0.98 0.90 0.96
	une épaisseur inférieure et que le traitement chimique augmente le film passif par Rct (Ω• cm 2 ) 7.6E+05 6.8E+05 6.0E+05
	rapport aux échantillons nus. Ceff(dl) (µF/cm 2 )	19	18	14

Tableau 4 :

Échantillons soumis à un traitement acide à l'H3PO4 puis à un traitement alcalin avec NaOH.

  

	Les figures 8((a) et (b)) présentent les courbes de polarisation anodiques et
	les diagrammes de Nyquist, respectivement, dans SBF à 37°C des échantillons de
	surface soumis à un traitement acide à l'H3PO4 puis à un traitement alcalin avec
	NaOH d'alliage Ti13Nb13Zr non déformés et déformés par HPT.
	Le comportement observé est différent des surfaces nues ou avec
	nanotubes montrant un comportement passif des échantillons en SBF au potentiel
	de corrosion pour les alliages avec nanotubes et près du potentiel de corrosion
	pour les surfaces nues (zone de corrosion active réduite) mais assez similaire à
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de traitements de surface sur les propriétés de résistance à la corrosion d'alliages de titane à grains ultrafins pour des applications biomédicales 234 Tableau 5 :

  5 (Ω•cm 2 ), indiquant une résistance élevée à la corrosion avec des valeurs légèrement supérieures à des échantillons nus. Valeurs des paramètres d'ajustement des mesures d'impédance d'échantillons de surface soumis à un traitement acide à l'H3PO4 puis à un traitement alcalin avec NaOH d'alliage Ti13Nb13Zr avec le modèle de la Figure7.

			Condition	
	Élément	Sans déformation	1 GPa	4.5 GPa
	Rs (Ω• cm 2 )	20	20	20
	Qb (µF •s(αb-1))	42	15	15
	αb	0.72	0.81	0.78
	Rb (Ω• cm 2 )	13	2	10
	En ce qui concerne les capacités, les valeurs pour la double couche Ceff(b) (µF/ cm 2 ) 1.9 1.3 1.2
	(Ceff(dl)) étaient comprises entre 10 et 15 µF•cm -2 . Les valeurs de capacité pour la Qa (µF •s(αa-1)) 65 42 14
	couche externe poreuse (Ceff(b)) et la couche poreuse intermédiaire (Ceff(a)) αa 0.78 0.82 0.77
	étaient inférieures à Ceff (dl). De plus, l'épaisseur du film passif, δ (en nm), a été Ra (Ω• cm 2 ) 78 44 20
	obtenue à partir de la capacité de la couche interne dense. Les valeurs d'épaisseur Ceff(a) (µF/ cm 2 ) 9 8 1.0
	Qdl (µF •s(αdl-1)) sont respectivement de 7,62, 7,43 et 5,03 nm pour l'alliage Ti13Nb13Zr, dans les 14 12 32 αdl 0.96 0.98 0.91 conditions ND, HPT1GPa et HPT4.5GPa, respectivement. Ces résultats montrent Rct (Ω• cm 2 ) 5.1E+05 4.5E+05 7.1E+05
	que le traitement chimique contribue à augmenter l'épaisseur du film passif. Ceff(dl) (µF/cm 2 ) 10 10 15

Influence

Tableau 9 :

 9 Valeurs des paramètres d'ajustement des mesures d'impédance d'échantillons de surface soumis à un traitement acide à l'HCl puis à un traitement alcalin avec NaOH d'alliage Ti35Nb7Zr5Ta avec le modèle de la Figure 7.

	Condition

  ).

	a) obtenue à partir de la capacité de la couche interne dense. Les valeurs d'épaisseur b)
	sont respectivement de 3,98, 7,62 et 7,69 nm pour l'alliage Ti35Nb7Zr5Ta, dans
	les conditions ND, HPT1GPa et HPT4.5GPa, respectivement. Ces résultats
	montrent que le traitement chimique et la déformation contribuent à augmenter
	l'épaisseur du film passif.		
	Tableau 10 : Valeurs des paramètres d'ajustement des mesures d'impédance
	d'échantillons de surface soumis à un traitement acide à l'H3PO4 puis à un traitement
	alcalin avec NaOH d'alliage Ti13Nb13Zr avec le modèle de la Figure 7.	
			Condition	
	Elément	Sans déformation	1 GPa	4.5 GPa
	Rs (Ω•cm 2 )	20	20	20
	Qb (µF •s (αb-1) )	40	53	15
	αb	0.73	0.70	0.80
	Rb (Ω•cm 2 )	9	7	4
	Ceff(b) (µF/cm 2 )	1.8	1.6	1.3
	Qa (µF •s (αa-1) )	6	6	37
	αa	0.72	0.78	0.84
	Ra (Ω•cm 2 )	3	1	10
	Ceff(a) (µF/cm 2 )	0.1	4.3	7.5
	Qdl (µF •s (αdl-1) )	47	54	54
	αdl	0.88	0.80	0.80
	Rct (Ω•cm 2 )	2.2E+05	1.0E+05	2.5E+04
	Ceff(dl) (µF/cm 2 )	19	10	10
	En ce qui concerne les capacités, les valeurs pour la double couche

(Ceff(dl)) étaient comprises entre 10 et 19 µF•cm -2 . Les valeurs de capacité pour la couche externe poreuse (Ceff(b)) et la couche poreuse intermédiaire (Ceff(a)) étaient inférieures à Ceff (dl). De plus, l'épaisseur du film passif, δ (en nm), a été
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	Récapitulatif Le comportement observé pour les substrats polies a également été INFLUÊNCIA DOS TRATAMENTOS DE SUPERFÍCIE NAS PROPRIEDADES DE
	observé pour les échantillons de surface soumis à un traitement acide à l'H3PO4 RESISTÊNCIA À CORROSÃO DE LIGAS DE TITÂNIO DE GRÃO ULTRAFINO
	Les essais de corrosion et test de bioactivité ont été réalisés pour les puis à un traitement alcalin avec NaOH pour l'alliage Ti35Nb7Zr5Ta, ce qui indique PARA APLICAÇÕES EM IMPLANTES
	alliages de Ti13Nb13Zr et Ti35Nb7Zr5Ta avec des surfaces modifiées et que, malgré la présence de phosphate sur la surface, ledit matériau n'acquiert
	déformées par HPT. La caractérisation électrochimique a été réalisée par courbes les surfaces des échantillons d'alliage Ti13Nb13Zr ont montré une bioactivité de polarisation et impédance électrochimique. En ce qui concerne le courant de aucune activité biologique. En revanche, au cours du même traitement de surface, RESUMO DETALHADO EM PORTUGUÊS
	passivation (Ipass) obtenu à partir des courbes de polarisation, il a été observé que pendant des périodes allant de un à sept jours dans des conditions non déformées INTRODUÇÃO
	les échantillons à surface polie (nue) et les échantillons traités chimiquement (HCl, H3PO4 + NaOH) ont des valeurs de Ipass du même ordre de grandeur (10 -6 A•cm -et déformées. Os dispositivos biomédicos atualmente em uso (próteses, implantes) têm
	2 ). um desempenho satisfatório em muitos casos. No entanto, às vezes, o corpo Les surfaces avec des nanotubes de TiO2 sur l'alliage de Ti13Nb13Zr dans
	un état non déformé commence à produire une couche d'apatite entre un et sept reage à inserção do dispositivo e pode levar à sua rápida substituição. Neste
	jours, tandis que les échantillons déformés ont formé des dépôts de l'apatite à contexto, titânio (Ti) e as suas ligas são atualmente um dos materiais mais
	partir des 24 premières heures. Cependant, le même traitement de surface ne s'est procurados para implantes ortopédicos e dentais devido à sua excelente
	pas révélé aussi efficace pour les échantillons de Ti35Nb7Zr5Ta. Dans ce cas, les biocompatibilidade e resistência à corrosão [1].
	échantillons (déformés ou non) ont seulement commencé à présenter une couche
	d'apatite à partir dès le quatorze jours.
	Enfin, cette étude a montré que les traitements de modification de surface
	sont bénéfiques pour promouvoir l'ostéointégration et également que la
	déformation plastique sévère favorise la bioactivité.
	Les micrographies obtenues par MEB-FEG ont montré que, pour
	Ti13Nb13Zr et Ti35Nb7Zr5Ta immergé dans une solution de SBF pendant 14
	jours, aucun des échantillons avec des surfaces polies ne présente de formation
	d'apatite sur la surface, c'est-à-dire qu'ils ne sont pas bioactifs. Cela confirme que
	la couche de TiO2 initiale inerte créée sur la surface des substrats polis ne suffit
	pas pour favoriser la formation de tissu entre l'os et l'implant spontanément.

D'autre part, les échantillons non déformés et les échantillons déformés par HPT ne montrent pas une grande différence entre les valeurs du courant de passivation (à l'exception des échantillons anodisés). Il a été observé que la présence de TiO2 présente la plus grande valeur de résistance de la couche poreuse externe, ce qui suggère une résistance accrue à la corrosion. Ceci est plus clair pour Ti13Nb13Zr, où les valeurs de résistance présentées sont de l'ordre de 3x10

7 

(Ω•cm 2 ).

En outre, les traitements chimiques ont tendance à diminuer la valeur de la résistance de la couche d'oxyde protectrice, lorsque la pression de déformation augmente. Cette réduction de la résistance à la corrosion a été attribuée à la microstructure hors équilibre formée par la déformation HPT. De ce fait,le film d'oxyde de la couche la plus externe est plus sensible à la dissolution de la couche interne, ce qui indique une structure plus défectueuse de la couche externe.

No entanto, as propriedades mecânicas do titânio e suas ligas devem estar próximas do tecido ósseo como pré-requisito para o sucesso dos implantes ortopédicos. Nesse contexto, as ligas (α+β) e β têm atraído considerável interesse, pois apresentam baixo módulo de elasticidade, que resulta em uma melhor interação entre o implante e o osso

[2]

. Além disso, as ligas (α+β) e β podem ser obtidas a partir de elementos metálicos considerados biocompatíveis como Nb, Ta, Zr, Mo e Sn

[3]

.

  2,95 µA / cm 2 , para a amostra com 1 GPa de deformação e 2,45 µA / cm 2 para a

	amostra com 4,5 GPa de deformação. Portanto, a deformação plástica severa não
	tem efeito significativo na corrente de passivação para as amostras deformadas
	comparando com o substrato sem deformação.
	Para finalizar a caracterização eletroquímica das superfícies polidas, as
	amostras foram submetidas a medidas de espectroscopia de impedância
	eletroquímica. A Figura 2(b) mostra as medições da impedância por médio do
	diagrama de Nyquist. A observação dos diagramas de Nyquist revela que a forma
	do espectro de impedância para todos os substratos (arco) é típica de um sistema
	capacitivo-resistivo (associações de fenômenos capacitivos, isto é, acumulações
	de cargas e fenômenos resistivos, ou seja, transferências de carga ou resistência
	de uma camada).
	Os espectros de impedância experimentais foram analisados ajustando-se
	a um circuito elétrico equivalente apropriado que descreve as propriedades do
	sistema sob investigação. Como modelo, foi considerado para amostras com
	bicamada composta de uma camada porosa externa e uma camada interna
	densa. A Figura 3 apresenta o modelo selecionado o qual é representado por um
	circuito equivalente Rs + Qa / (Ra+ (Qdl / Rct)). Onde Rs é a resistência da solução,
	Ra é a resistência da camada porosa externa, Rct é a resistência à transferência de
	carga, Qa é o elemento de fase constante para a camada porosa externa e Qdl é o
	elemento de fase constante para a dupla camada elétrica na interface da camada
	interna densa -eletrólito.
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  Valores dos parâmetros do ajuste do modelo da Figura 3 para amostras da liga Ti13Nb13Zr com superfície polida.

	Influência onde ϵ0 é a permissividade do vácuo (8,8542 × 10 -14 F/cm) e ϵ a constante
	dielétrica do material. O valor da constante dielétrica do TiO2 está na faixa de 18,2
	a 173 [35]. Aplicando um valor médio de constante dielétrica, ϵ = 100, valor
	selecionado por outros autores [36,37], obtemos espessuras dos filmes passivos
	protetores (associado com a camada interna densa) de 3,75, 4,53 e 3,80 nm para
	a liga Ti13Nb13Zr, nas condições não deformada (ND) e deformada por 1 GPa
	(HPT1GPa) e deformada por 4,5 GPa (HPT4.5GPa), respectivamente. Estes
	resultados mostram que os filmes passivos na liga de Ti13Nb13Zr deformada
	possuem maior espessura.					
	Resumindo, os resultados obtidos a partir do ajuste indicam que todos os
	substratos testados se comportaram de maneira muito semelhante.
	Condição	Rs Ω•cm 2 µF •s (α2-1) Qa	αa	Ra Ω•cm 2 µF/cm 2 Ceff(a)	Qb µF •s (α3-1)	αb	Rb Ω•cm 2 µF/cm 2 Ceff(b)
	Sem deformar 22	7	0.94	57	16		9	0.94 3.0E+05	20
	1 GPa	19	5	0.90 111	7	12	0.88 1.3E+05	17
	4.5 GPa	21	6	0.90 124	9	11	0.91 1.7E+05	20
						1 𝛼( 𝑅 𝑒 -1 + 𝑅 𝑡 -1 )	𝛼-1 𝛼
	Esses valores de capacitância são dados na Tabela 2. Os valores de
	capacitância para a camada externa porosa (Ceff(a)) foram entre 7 e 16 μF•cm -2 .
	Por outro lado, os resultados obtidos para a camada interna da barreira (Ceff(dl))
	foram entre 17 a 20 µF•cm -2 , que são típicos para uma capacitância de uma dupla
	camada elétrica.						
	Considerando a camada como um capacitor planar, a espessura do filme
	passivo δ (em nm) pode ser obtida a partir da equação:
					𝛿 =	𝜖 • 𝜖 0 𝐶 𝑒𝑓𝑓		

Tabela 2:
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  para a com 4,5 GPa de deformação. Deste modo, a deformação plástica severa causa um ligeiro aumento na corrente de passivação em comparação com o substrato sem deformação.

		χ1 χ2		𝝃			ZA		ZB		Rs
	Condição	R1 R2 (Ω) (Ω)	R3 (Ω)	Q3 (F β-1 )	β	Cβ µF/cm 2	RA (Ω)	QB (F n-1 )	n	Cn µF/cm 2 (Ω) Rs
	Sem deformar 1 241 2.3E+15 1.4E-06 0.96	14	3.0E+07 1.4E-06 0.96	3	70.0
	1 GPa	6 736 1.8E+15 1.2E-06 0.97	19	3.0E+07 1.0E-06 0.96	2	70.0
	4.5 GPa	1 100 1.8E+15 2.4E-06 0.94	42	2.3E+07 2.0E-06 0.96	5	70.0
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  ,30 e 5,41 nm para a liga Ti13Nb13Zr, nas condições ND, HPT1GPa e HPT4.5GPa, respectivamente. Estes resultados mostram que os filmes passivos na liga de Ti13Nb13Zr deformada possuem maior espessura. Valores dos parâmetros do ajuste do modelo da Figura 7 para amostras da liga Ti13Nb13Zr submetidas ao tratamento ácido por HCl e subsequentemente tratamento alcalino com NaOH.

	Tabela 4: Condição	
	Elemento	Sem deformar	1 GPa	4.5 GPa
	Rs (Ω• cm 2 )	22	20	20
	Qb (µF •s(αb-1))	52	28	43
	αb	0.70	0.76	0.72
	Rb (Ω• cm 2 )	28	15	15
	Ceff(b) (µF/ cm 2 )	2.2	2.0	2.0
	Qa (µF •s(αa-1))	19	11	55
	αa	0.70	0.75	0.70
	Ra (Ω• cm 2 )	7	2	10
	Ceff(a) (µF/ cm 2 )	0.4	0.3	0.5
	Qdl (µF •s(αdl-1))	21	39	19
	αdl	0.98	0.90	0.96
	Rct (Ω• cm 2 )	7.6E+05	6.8E+05	6.0E+05
	Ceff(dl) (µF/cm 2 )	19	18	14

Tabela 5 :

 5 Valores dos parâmetros do ajuste do modelo da Figura 7 para amostras da liga Ti13Nb13Zr submetidas ao tratamento ácido por H3PO4 e subsequentemente tratamento alcalino com NaOH.

			Condição	
	Elemento	Sem deformar	1 GPa	4.5 GPa
	Rs (Ω• cm 2 )	20	20	20
	Qb (µF •s(αb-1))	42	15	15
	αb	0.72	0.81	0.78
	Rb (Ω• cm 2 )	13	2	10
	Ceff(b) (µF/ cm 2 )	1.9	1.3	1.2
	Qa (µF •s(αa-1))	65	42	14
	αa	0.78	0.82	0.77
	Ra (Ω• cm 2 )	78	44	20
	Ceff(a) (µF/ cm 2 )	9	8	1.0
	Qdl (µF •s(αdl-1))	14	12	32
	αdl	0.96	0.98	0.91
	Rct (Ω• cm 2 )	5.1E+05	4.5E+05	7.1E+05
	Ceff(dl) (µF/cm 2 )	10	10	15

Tabela 7 :

 7 Valores dos parâmetros do ajuste do modelo da Figura 3 para amostras da liga Ti35Nb7Zr5Ta com superfície polida.

	Condição	Rs Ω•cm 2 µF •s (α2-1) Qa	αa	Ra Ω•cm 2 µF/cm 2 Ceff(a)	Qb µF •s (α3-1)	αb	Rb Ω•cm 2 µF/cm 2 Ceff(b)
	Sem deformar 20	10	0.91	77	17	23	0.93 1.1E+05	49
	1 GPa	21	10	0.89 129	15	22	0.91 1.7E+05	40
	4.5 GPa	21	9	0.89 186	12	28	0.89 1.1E+05	44

Tabela 9 :

 9 Valores dos parâmetros do ajuste do modelo da Figura 7 para amostras da liga Ti35Nb7Zr5Ta submetidas ao tratamento ácido por HCl e subsequentemente tratamento alcalino com NaOH.

			Condição	
	Elemento	Sem deformar	1 GPa	4.5 GPa
	Rs (Ω•cm 2 )	21	20	20
	Qb (µF •s (αb-1) )	42	40	40
	αb	0.72	0.72	0.72
	Rb (Ω•cm 2 )	10	9	3
	Ceff(b) (µF/cm 2 )	1.8	1.6	1.1
	Qa (µF •s (αa-1) )	19	33	47
	αa	0.70	0.71	0.80
	Ra (Ω•cm 2 )	1	1	24
	Ceff(a) (µF/cm 2 )	0.2	0.5	7.3
	Qdl (µF •s (αdl-1) )	32	17	12
	αdl	0.93	0.93	0.98
	Rct (Ω•cm 2 )	3.3E+05	2.7E+05	8.4E+04
	Ceff(dl) (µF/cm 2 )	18	10	10

Tabela 10 :

 10 Valores dos parâmetros do ajuste do modelo da Figura 7 para amostras da liga Ti35Nb7Zr5Ta submetidas ao tratamento ácido por H3PO4 e subsequentemente tratamento alcalino com NaOH.

			Condição	
	Elemento	Sem deformar	1 GPa	4.5 GPa
	Rs (Ω•cm 2 )	20	20	20
	Qb (µF •s (αb-1) )	40	53	15
	αb	0.73	0.70	0.80
	Rb (Ω•cm 2 )	9	7	4
	Ceff(b) (µF/cm 2 )	1.8	1.6	1.3
	Qa (µF •s (αa-1) )	6	6	37
	αa	0.72	0.78	0.84
	Ra (Ω•cm 2 )	3	1	10
	Ceff(a) (µF/cm 2 )	0.1	4.3	7.5
	Qdl (µF •s (αdl-1) )	47	54	54
	αdl	0.88	0.80	0.80
	Rct (Ω•cm 2 )	2.2E+05	1.0E+05	2.5E+04
	Ceff(dl) (µF/cm 2 )	19	10	10
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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-EDS chemical microanalysis. For samples evidencing the apatite layer formation, the ratio Ca/P was calculated (Table 42), which were inside or, at least, near the theoretical relationship for hydroxyapatite of 1.67 (Ca5(PO4)3(OH) Ca/P = 5/3 = 1.67). 42) showed that the Ti13Nb13Zr and Ti35Nb7Zr5Ta alloys even after soaking for 14 days, in the polished condition did form apatite, i.e., they are not bioactive. This behavior confirms that the first
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inert TiO2 layer created on the surface of the polished substrates was not sufficient to promote bone formation.

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 starting with phosphate on the surface, this material does not acquire bioactivity using such a surface treatment. Contrarily, regarding the same surface treatment, samples' surfaces of the Ti13Nb13Zr alloy showed bioactivity between one and seven days for deformed and undeformed conditions.

Anodized surfaces of samples of the undeformed Ti13Nb13Zr alloy started producing an apatite layer between seven and fourteen days, while deformed samples showed to be bioactive since the first 24 hours. However, the same surface treatment proved to be not as successful for specimens of the Ti35Nb7Zr5Ta alloy. In this case, samples (deformed or not) only started producing some apatite between the seventh and the fourteen days.

On the other hand, depending on the surface treatment performed, the apatite composition can vary. The relation between Ca and P (Ca / P) obtained from Table 44 is in the range of 1.52 to 1.95. As previously mentioned, hydroxyapatite has a Ca / P ratio of 1.67, due to this, other CaP phases were formed on the surfaces of the substrates. Table 43 [START_REF] Mucalo | Hydroxyapatite (HAp) for biomedical applications[END_REF] presents the potential phases that can be present and their respective formulas.