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Introduction

In the domain of biomedical implants, bones are seen as tissues with specific properties that favor functional rehabilitation through biocompatible implants. In this sense, over the last decades, scientists from materials science and orthopedics are cooperatively striving to achieve progress in implant designs relevant to replacing body parts.

Metallic materials are widely applied to replace hips, missing joints or bone, supporting a damaged bone, or yet dental roots. Ti and its alloys (e.g., Ti-6Al-4 V), stainless steels, and Cr-Co alloys are nowadays the most used conventional biomaterials [START_REF] Ratner | Biomaterials Science: An Introduction to Materials in Medicine, 2a[END_REF], mainly due to some of their mechanical properties and corrosion resistance [START_REF] Leinenbach | Fatigue and cyclic deformation behaviour of surfacemodified titanium alloys in simulated physiological media[END_REF][START_REF] Bosco | Instructive coatings for biological guidance of bone implants[END_REF][START_REF] Bosco | Surface engineering for bone implants: a trend from passive to active surfaces[END_REF][START_REF] Geetha | Ti based biomaterials, the ultimate choice for orthopaedic implantsa review[END_REF][START_REF] Chen | Metallic implant biomaterials[END_REF][START_REF] Long | Titanium alloys in total joint replacement-a materials science perspective[END_REF].

Such currently used biomedical devices have satisfactory overall mechanical performance and tend, with few exceptions, to be inert relative to interactions with the body and its different tissues and fluids. However, the actual inertness level is often not enough. The body may still react to the device insertion by developing inflammation, allergic responses, and even necrosis, leading to rejection and imposing the device replacement. Substitution may be required shortly after the first surgery (e.g., inflammatory processes) or in the long term (e.g., stress shielding effect, which leads to bone resorption, and loss of implant fixation).

Toxic elements (e.g., V, Al, Ni, Cu, etc.) present in most currently used biomedical alloys may be dissolved by corrosion or released by friction during long-term implantation. They can be heavily harmful, potentially leading to severe troubles such as Alzheimer's, allergic reactions, and cancer [START_REF] Long | Titanium alloys in total joint replacement-a materials science perspective[END_REF][START_REF] Laing | Tissue reaction in rabbit muscle exposed to metallic implants[END_REF][START_REF] Niinomi | Recent metallic materials for biomedical applications[END_REF]. There are also serious concerns regarding the above alloys' elastic moduli that are still much higher than bones (10-30 GPa) [START_REF] Schlicht | Single-use instrumente in der endoskopischen Gastroenterologie[END_REF]. The discrepancy between Young's modulus of implant and bone causes the stress-shielding effect that induces bone resorption and jeopardizes the long-term treatment. Moreover, the implant's elastic modulus positively affects bone cell phenotypic growth and differentiation [START_REF] Engler | Matrix elasticity directs stem cell lineage specification[END_REF][START_REF] Reilly | Intrinsic extracellular matrix properties regulate stem cell differentiation[END_REF].

Since the early 2000s, the last generation of β-titanium alloys for biomedical applications, such as Ti-Nb-Zr-Ta and Ti-Mo-Zr-Fe-based alloys, has been developed to tackle the above shortcomings. Indeed, they presented benefits compared to standard Ti alloys and have been regarded as more appropriate materials for implant applications [START_REF] Nag | Microstructural evolution and strengthening mechanisms in Ti-Nb-Zr-Ta, Ti-Mo-Zr-Fe and Ti-15Mo biocompatible alloys[END_REF].

However, those are metastable alloys: the β-phase stability depends on the hot working process, and subsequent heat treatments may lead to the precipitation of α-phase, martensite, and harmful embrittling ωphase. As a result, those phases will also result in relevant properties such as Young's modulus, hardness, and ductility. They may therefore turn out to be even worse than the single β-alloy.

Furthermore, adverse soft tissue reactions to debris particulates released by these alloys became an issue of significant concern [START_REF] Lubov Donaghy | Creating an antibacterial surface on beta TNZT alloys for hip implant applications by laser nitriding[END_REF][START_REF] Yang | Corrosion-wear of β-Ti alloy TMZF (Ti-12Mo-6Zr-2Fe) in simulated body fluid[END_REF]. Indeed, the FDA already recalled the Ti-12Mo-6Zr-2Fe (TMZF) alloy in 2011 because of the release of unacceptable wear debris levels in the human body [START_REF] Yang | Corrosion-wear of β-Ti alloy TMZF (Ti-12Mo-6Zr-2Fe) in simulated body fluid[END_REF]. Studies continue to be made to improve the wear resistance of the Ti-35Nb-7Zr-5Ta (TNZT) alloy [START_REF] Lubov Donaghy | Creating an antibacterial surface on beta TNZT alloys for hip implant applications by laser nitriding[END_REF][START_REF] Samuel | Wear resistance of laser-deposited boride reinforced Ti-Nb-Zr-Ta alloy composites for orthopedic implants[END_REF].

The above limitations shorten the implant lifetime, requiring unanticipated and even recurrent substitution surgeries. This reduced lifetime is particularly and intrinsically challenging in setting implants in young people who would potentially require more than one replacement surgery during their expected life. Unfortunately, this ensemble of shortcomings seriously hampers the use of the presently employed devices. It is therefore imperative to develop a new age breed of orthopedic devices. They need to be more biocompatible, easily integrate into the body, support osseointegration, and restrict diverse rejection phenomena. In this sense, High Entropy Alloys (HEA) started to be studied as possible implant materials. Indeed, in 2017 the TiNbTaZrMo alloy [START_REF] Todai | Novel TiNbTaZrMo high-entropy alloys for metallic biomaterials[END_REF] was proposed to have this functionality.

High Entropy Alloys (HEAs) have attracted vast attention in several fields and applications in recent years. Such alloys consist of five or more main chemical elements [START_REF] Miracle | A critical review of high entropy alloys and related concepts[END_REF][START_REF] Yeh | Nanostructured high-entropy alloys with multiple principal elements: novel alloy design concepts and outcomes[END_REF][START_REF] Guo | Phase stability in high entropy alloys: formation of solid-solution phase or amorphous phase[END_REF][START_REF] Murty | Phase selection in high-entropy alloys[END_REF][START_REF] Zhou | Corrosion behavior of Hf0.5Nb0.5Ta0.5Ti1.5Zr refractory high-entropy in aqueous chloride solutions[END_REF][START_REF] Ye | High-entropy alloy: challenges and prospects[END_REF][START_REF] Zhang | Science and technology in high-entropy alloys[END_REF] with concentrations ranging from 5 to 35 at%, affording an unparalleled alloying approach [START_REF] Yeh | Nanostructured high-entropy alloys with multiple principal elements: novel alloy design concepts and outcomes[END_REF][START_REF] Yeh | Physical Metallurgy of High-Entropy Alloys[END_REF] to raise the alloy's configurational entropy of mixing [START_REF] Swalin | Thermodynamics of solids[END_REF]. A high configurational entropy usually leads HEAs to form multicomponent single-phase solid solutions having either body-centered cubic (BCC), face-centered cubic (FCC), or hexagonal close-packed (HCP) crystal structures [START_REF] Yeh | Alloy design strategies and future trends in high-entropy alloys[END_REF], driving them to many impressive and unusual properties. These properties come from different atom sizes that make up the crystals. Each atom is bordered by distinct elements and thus undergoes strains caused by the difference in atom sizes and non-symmetrical binding energies [START_REF] Tsai | Sluggish diffusion in Co-Cr-Fe-Mn-Ni highentropy alloys[END_REF][START_REF] Yeh | Anomalous decrease in X-ray diffraction intensities of Cu-Ni-Al-Co-Cr-Fe-Si alloy systems with multiprincipal elements[END_REF], leading to high strength and hardness by solid solution strengthening, good wear resistance [START_REF] Hsu | Wear resistance and hightemperature compression strength of Fcc CuCoNiCrAl0.5Fe alloy with boron addition[END_REF][START_REF] Yeh | High-Entropy Alloys -A New Era of Exploitation[END_REF][START_REF] Smith | Structure and Properties of Engineering Alloys[END_REF], and high-temperature stability [START_REF] Fultz | Vibrational thermodynamics of materials[END_REF].

The design of a HEA is mainly grounded on semi-empirical parameters estimation and correlation based on Hume-Rothery rules which weigh atomic size mismatches, electronegativities, and valence electron concentrations (VEC) [START_REF] Zhang | Solid-Solution Phase Formation Rules for Multi-component Alloys[END_REF][START_REF] Yang | Prediction of high-entropy stabilized solid-solution in multicomponent alloys[END_REF][START_REF] Takeuchi | Entropies in alloy design for high-entropy and bulk glassy alloys[END_REF][START_REF] Ye | The generalized thermodynamic rule for phase selection in multicomponent alloys[END_REF][START_REF] King | Predicting the formation and stability of single phase high-entropy alloys[END_REF].

In this way, Eqs. (S1 to S3) presented in the Supplementary Material were proposed to predict the solid-solution formation ability (Ω), correlate to atomic size mismatches (δ), and predict the crystal structures of HEAs.

From those equations, Yang et al. [START_REF] Yang | Prediction of high-entropy stabilized solid-solution in multicomponent alloys[END_REF] have stated that when Ω > 1, the Gibbs free energy is more influenced by the entropic term and tends to form a solid solution. Guo et al. [START_REF] Guo | Phase stability in high entropy alloys: formation of solid-solution phase or amorphous phase[END_REF] found that when Ω > 1.1 and δ < 6.6%, a single-phase solid solution is stabilized. Finally, Guo et al. [START_REF] Guo | Phase stability in high entropy alloys: formation of solid-solution phase or amorphous phase[END_REF] showed that when VEC < 6.87, there is a trend to form body-centered cubic (BCC) solid solutions, while for VEC> 8, one may expect face-centered cubic (FCC) solid solutions.

Besides their previously mentioned outstanding qualities, corrosion properties are also of primary concern in any high-entropy alloy. Most HEAs present a superior corrosion resistance related to their chemical composition and surface structure. Therefore, they should be evaluated early in search of new alloys/systems [START_REF] Miracle | New strategies and tests to accelerate discovery and development of multi-principal element structural alloys[END_REF][START_REF] Miracle | A critical review of high entropy alloys and related concepts[END_REF], mainly when considering biomaterials. Regarding composition, Ti, Zr, Hf, Nb, Cr, Ni, Mo, Ta, and W show passivity properties. Except for W, Cr, and Ni, all other elements are of biological interest for their non-toxicity, biocompatibility, or inertness [START_REF] Ching | Fundamental electronic structure and multiatomic bonding in 13 biocompatible high-entropy alloys[END_REF][START_REF] Thomsen | Structure of the interface between rabbit cortical bone and implants of gold, zirconium and titanium[END_REF][START_REF] Matsuno | Biocompatibility and osteogenesis of refractory metal implants, titanium, hafnium, niobium, tantalum and rhenium[END_REF][START_REF] Eisenbarth | Biocompatibility of betastabilizing elements of titanium alloys[END_REF][START_REF] Saldan ˜a | In vitro biocompatibility of an ultrafine grained zirconium[END_REF][START_REF] Hoerth | A comparative study of zirconium and titanium implants in rat: osseointegration and bone material quality[END_REF][START_REF] Ribeiro | A perspective on molybdenum biocompatibility and antimicrobial activity for applications in implants[END_REF]. Such elements facilitate the formation of stable barrier films having high surface ionic resistivity, thus protecting the surfaces of the implant from corrosive species and minimizing electrochemical reactions [START_REF] Zhou | Corrosion behavior of Hf0.5Nb0.5Ta0.5Ti1.5Zr refractory high-entropy in aqueous chloride solutions[END_REF][START_REF] Jayaraj | Corrosion behavior and surface film characterization of TaNbHfZrTi high entropy alloy in aggressive nitric acid medium[END_REF][START_REF] Shi | Corrosion of Al xCoCrFeNi high-entropy alloys: Al-content and potential scan-rate dependent pitting behavior[END_REF][START_REF] Lin | Evolution of microstructure, hardness, and corrosion properties of high-entropy Al0.5CoCrFeNi alloy[END_REF][START_REF] Qiu | Filtered bank based implementation for filtered OFDM[END_REF][START_REF] Shi | Corrosion-resistant high-entropy alloys: a review[END_REF][START_REF] Del Grosso | Determination of the transition to the high entropy regime for alloys of refractory elements[END_REF][START_REF] Chen | Microstructure and electrochemical properties of high entropy alloys-a comparison with type-304 stainless steel[END_REF]. Furthermore, with no detectable intermetallic compounds, the single solid solution phase forming the HEA prevents pitting corrosion that may occur at phase boundaries due to detrimental composition abrupt variations [START_REF] Shi | Corrosion-resistant high-entropy alloys: a review[END_REF]. However, phase structure and elemental segregation can affect the passive film protectiveness by shifting the phases' nobility, influencing dissolution kinetics [START_REF] Cramer | Fundamentals, Testing, and Protection[END_REF].

In the present paper, we report on a new high entropy alloy for implant application based on the chemical elements mentioned in the preceding paragraph that favor corrosion properties while being of biological interest. Combining specific chemical elements and the Equations S1 to S3, the non-equiatomicTi 21 Nb 24 Mo 23 Hf 17 Ta 15 high entropy alloy was designed.

Prosthesis materials and devices are usually kept in dry environments before application. Depending on the dry storage duration, the passive film can eventually present distinct structures and properties, mainly in the first days of air exposure before being implanted. This work thus proposes a first exploratory analysis of the new non-equi-atomicTi 21 Nb 24 Mo 23 Hf 17 Ta 15 high entropy alloy composed of a single BCC phase intended to be used as a biomedical implant material. The study will focus on the passive film formation during different air exposure times before the material's immersion and corrosion behavior once immersed in simulated body fluid (SBF) solution.

Experimental procedure/ methodology

Alloy ingots were prepared by arc melting from pure elements under an Ar atmosphere. The alloy ingot was flipped and cast several times to ensure its homogeneity. A cylindrical billet of about 10 cm long and 10 mm in diameter was obtained by pouring the molten into a water-cooled copper mold coupled to the arc-melter. The samples were cut from this cylinder by wire erosion machining (Electrical Discharge Machine, EDM), producing 1 mm thick discs.

The alloy specimens' surface was polished with abrasive paper up to grit P4000, followed by cleaning in deionized water (Milli-Q®), ethanol, and acetone, and then exposed to air for different periods (0 h (~4 min), 6 h, 24 h, and 360 h). The air exposure period was considered to start just after sample preparation and finish just before immersion in the electrolyte. On average, the relative humidity was 50%, and the temperature was 25 • C.

Microstructural characterization and elemental mapping were carried out using the FEG ZEISS Ultra 55 scanning electron microscope (SEM) coupled with X-ray microanalysis (EDS) system with an SDD detector (BRUKER AXS-30 mm 2 ). EDS mapping was performed using an acceleration voltage of 15 kV and a work distance of 8 mm. Morphological images were taken using an in-lens secondary electron detector (SE) using an acceleration voltage of 3 kV and a work distance of 3 mm to have a high spatial resolution.

The structure was analyzed by X-ray diffraction (XRD) using the PANalytical X ′ Pert PRO MPD diffractometer with Cu-Kα wavelength. Data acquisition was performed in the range of 20-100 • 2θ angles, in steps of 0.026 • , using a speed of 0.25 Hz and an acquisition time of 1000 s per step, using a voltage of 45 kV and a current of 40 mA.

The sample elastic modulus was determined using the free decay elastometer SONELASTIC® from ATCP Physical Engineering.

Hardness measurements were conducted using a microhardness tester (Shimadzu HMV-G 0.205 T), and a Vickers indenter was employed with a load of 500 g.

The corrosion test of the Ti 21 Nb 24 Mo 23 Hf 17 Ta 15 HEA was conducted in an SBF solution (for ions concentrations, please refer to Table S1 in the Supplementary Material) at 37 • C and in the dark. The electrochemical measurements were carried out in a three-electrode cell with a platinum mesh as a counter electrode and saturated calomel electrode (SCE) as reference using a Gamry Ref 600 + potentiostat. The working electrode surface area of 0.3 cm 2 was exposed to the electrolyte for electrochemical measurements, and the counter electrode area was 4 cm 2 . First, the sample/working electrode is immersed in SBF solution for 7200 s to stabilize the open-circuit potential (OCP). Electrochemical impedance spectroscopy (EIS) measurements were carried out around OCP after two hours of immersion, which was enough for surface stabilization; the voltage amplitude was 10 mV, and the frequency range was between 10 -2 to 10 5 Hz. A second 600 s resting was done to stabilize the OCP, and thus, potentiodynamic polarization was conducted in a range from -0.03 V to + 2.0 V vs. OCP, and the scan rate was 1 mV/s. The software Biologic EC-Lab V10.40 was used for data fitting and analysis.

X-ray photoelectron spectroscopy (XPS) was carried out using the THERMO SCIENTIFIC K-ALPHA X-ray photoelectron spectrometer, using an Al-Kα micro-focused monochromator, and a spot size of 400 µm. Ten scans were carried out at a 90 • beam angle for each element, and the survey spectra were recorded in binding energy (BE) range from 0 to 1100 eV using a step of 0.10 eV. The BE scale was calibrated using the C1s peak at 285 eV. The Avantage 4.88 software was used to analyze XPS data, where peaks were fitted employing the Smart baseline subtraction.

Results and discussion

Alloy characterization 3.1.1. Chemical composition and elemental distribution after melting

Fig. 1 depicts the EDS analysis of a large surface area (ca 500 ×500 µm, cf Fig. 1a). Fair distributions are shown in the elemental mapping pictured in the small Figures around the SEM image for Ti, Nb, Mo, Hf, 

Microstructural and Structural characterization (Crystallography)

Fig. 2a presents a SE-SEM image of the as-cast Ti 21 Nb 24 Mo 23 Hf 17 Ta 15 HEA, revealing a microstructure characterized by equiaxed grains with an average size of 11 ± 3 µm. The XRD pattern given in Fig. 2b shows diffracted peaks related to crystalline planes of a typical BCC structure ((110), ( 200), ( 211), (220), and (310)). No other peaks related to any intermetallic phases were detected. The calculated lattice parameter is 3.2980 Å, close to the theoretical value (3.4041 Å) and those of other high entropy alloys [START_REF] Yang | Bio-corrosion behavior and in vitro biocompatibility of equimolar TiZrHfNbTa high-entropy alloy[END_REF]. The theoretical value was calculated using the atomic radii average of elements and applying the classical equation for the BCC structure a = 4 R/√3, where a is the lattice parameter, and R is the atomic radius.

The results presented in Figs. 1 and 2 constitute strong evidence that a non-equiatomic solid solution was formed solely based on five refractory elements recognized for their biocompatibility and the generation of atoxic surface oxides for the human body. Indeed, the XRD spectrum yields asymmetrical peaks' profiles as illustrated by the inset Fig. 2b: regarding the peak maximum, the left side is clearly broader than the right one. Consistently with the high entropy alloys' nature, this methodology section. The obtained values were 90 ± 5 GPa for Young's modulus and 453 ± 10 for the HV.

The mechanical properties of the new Ti 21 Nb 24 Mo 23 Hf 17 Ta 15 HEA compared to Ti and Ti-alloys and some other conventional materials used for implants as well as the bone itself are given in the Supplementary Material (Table S2). The new Ti 21 Nb 24 Mo 23 Hf 17 Ta 15 HEA shows an attractive and promising combination of mechanical properties that should allow its use as hard tissue substitution implants such as hip and knee prostheses [START_REF] Geetha | Ti based biomaterials, the ultimate choice for orthopaedic implantsa review[END_REF][START_REF] Long | Titanium alloys in total joint replacement-a materials science perspective[END_REF]. Indeed, compared to most of the other alloys, the new Ti 21 Nb 24 Mo 23 Hf 17 Ta 15 HEA presents lower Young's modulus (potentially reducing stress shielding effects), higher hardness (lower tendency to debris release), and higher tensile strength (allowing optimized shaping of smaller and lighter implants).

Surface properties: electrochemical responses and film formation

Surface characterization by XPS was used to comprehensively assess chemical bonds formed on air-exposed for 24 h sample before immersion in SBF solution and electrochemical test, simulating dry implant storage before implantation. High-resolution spectra are presented in Fig. 3. The NIST XPS standard [START_REF]NIST X-ray Photoelectron Spectroscopy Database[END_REF] was used to determine elements' binding energies.

The XPS analysis revealed strong Ti2p, Mo3d, Nb3d, Ta4f, Hf4f, and O1s peaks. The fitting of the Ti2p spectrum demonstrated the presence occupying the atomic sites, the lattice parameter may locally vary according to the neighboring atoms, producing several similar BCC phases as also observed in [START_REF] Guo | Anomalous solidification microstructures in Co-free AlxCrCuFeNi2 high-entropy alloys[END_REF].

Some mechanical properties

Although not an objective of the present manuscript, some mechanical properties related to stress-shielding and debris release are of uttermost importance for the reliability of any implant in-service conditions; therefore, Young's modulus, E, and the Vickers microhardness, HV, have been straightforwardly measured as described in the Mo (232.38 eV, 233.18 eV, and 235.28 eV), matching MoO 2 and MoO 3 , respectively. Like in the Ti2p spectrum, the fitting of Nb3d, Ta4f, and Hf4f spectra gave only one oxidized state for each one of them, referring to the peaks of Nb 5+ (207.18 eV and 209.98 eV), Ta 5+ (26.12 eV and 28.08 eV), and Hf 4+ (17.08 eV and 18.78 eV), correspondent to the oxides Nb 2 O 5 , Ta 2 O, and HfO 2 , respectively. The O1s spectrum can be split into three peaks, O 2-(529.90 eV), OH - (530.57 eV), which probably overlaps a peak of some water (532.23 eV) from air-humidity, and carbon-oxygen bonds (C-O and C--O, 532.78 eV) from some hydrocarbon surface contamination.

The cationic concentrations in the surface film were calculated on the area under the main peak divided by an atomic sensitivity factor (ASF). These calculations gave the values of 31% for Mo-oxides (MoO 2 and MoO 3 ), followed by 24% of Nb 2 O 5 . The approximately same amount of 15% was found for the other oxides (TiO 2 , Ta 2 O, and HfO 2 ). Indeed, once the sample was simply left in the air for only 24 h, these results show that this alloy has an astonishing capacity for oxidation. Hence, there is a passive film formation, leading to enhanced surface stability and, consequently, ennobling the OCP behavior, as will be discussed further. Also, besides biological interest due to their nontoxicity, biocompatibility, or inertness [START_REF] Ching | Fundamental electronic structure and multiatomic bonding in 13 biocompatible high-entropy alloys[END_REF][START_REF] Thomsen | Structure of the interface between rabbit cortical bone and implants of gold, zirconium and titanium[END_REF][START_REF] Matsuno | Biocompatibility and osteogenesis of refractory metal implants, titanium, hafnium, niobium, tantalum and rhenium[END_REF][START_REF] Eisenbarth | Biocompatibility of betastabilizing elements of titanium alloys[END_REF][START_REF] Saldan ˜a | In vitro biocompatibility of an ultrafine grained zirconium[END_REF][START_REF] Hoerth | A comparative study of zirconium and titanium implants in rat: osseointegration and bone material quality[END_REF][START_REF] Ribeiro | A perspective on molybdenum biocompatibility and antimicrobial activity for applications in implants[END_REF], the alloying elements present in the HEA produced only non-toxic and inert oxides. Therefore, such oxides will not harm biocompatibility and may produce a stable passive film to protect the sample surface against corrosion in the body fluid.

Fig. 4 depicts the results of open-circuit potential (OCP) measurements and the polarization curves of the specimens after different air exposure times, from 0 to 360 h, i.e., immediately after sample preparation until after 15 days. The open-circuit potential (Fig. 4a) of samples immersed in SBF solution stabilized after two hours. It significantly increased with the air-exposure time, from ca -380 mVsce for fresh samples to ca -10 mVsce after 15 days. The OCP evolution during two hours of immersion, before the polarization curves were acquired, was much more stable after several days of storage under air-exposure conditions, as illustrated in the inset of Fig. 4a. The potential evolution was more pronounced in the freshly exposed specimenan almost linear driftthan in longer exposure times. Such results confirm the above observations regarding passive film formation and stability once the freshly exposed sample already showed a good value for open-circuit potential, which grew with the air-exposure time. Those are expected results when the material rests in a solution where the passive film tends to run thicker and more homogeneous with time, meaning nobler behavior and, thus, higher and more stable open-circuit potentials. However, one must stress that the passive film was formed in an air environment with very low humidity (please refer to XPS analysis in Fig. 3), confirming the studied alloy's oxidation capacity. Another direct consequence of the film evolution is that the corrosion current (Fig. 4b) slightly decreased by less than one decade as the storage time increased, notwithstanding the first value obtained for the freshly prepared and immersed sample, which is already very low, < 0.1 μA cm-2. Despite the differences in the OCP values and evolution, the polarization curves are very similar regardless of the exposure time. All samples clearly showed a passive behavior after an active first part close to the corrosion potential: the current densities reached a stable and wide-ranging plateau with passivation currents converging to a narrow range between ca 3 and 5 μA cm -2 . The slight increase in current observed above approximately + 1.0 V (inset of Fig. 4b) refers to the oxidation of the water. The low values of the current densities plateau are due to restrained mass transport through the oxide layer [START_REF] Carnot | Corrosion mechanisms of steel concrete moulds in the presence of a demoulding agent[END_REF]. The film seems to be already protective at the very early stages of formation, observed by the absence of an active region in which the current density is higher than the passivation plateau current density, as may be the case with stainless steels in acidic media. Therefore, The corrosion current density (j corr ) will be considered as the current density of the passivation plateau (j pass ), as in [START_REF] Carnot | Corrosion mechanisms of steel concrete moulds in the presence of a demoulding agent[END_REF][START_REF] Chakri | Effet de la composition chimique de la solution interstitielle de bétons jeunes sur la passivation d ′ un acier doux[END_REF].

The fact that even the sample immersed just after being polished already showed a passive behavior with roughly the same passivation current densities of aged ones is a first indication of the highly passive characteristic of the Ti 21 Nb 24 Mo 23 Hf 17 Ta 15 HEA. Indeed, this fact demonstrates a natural tendency of the recovery capacity of protection in the case of passive film remotion during implantation. In a straightforward comparison with other materials widely used in biomedical applications, the j pass values shown in Fig. 4 are smaller than for pure titanium (ca 11 μA cm -2 ) [START_REF] De | Titanium coating with hydroxyapatite and chitosan doped with silver nitrate[END_REF] and similar to those for the Ti-6Al-4 V alloy (3.4 μA cm -2 ) [START_REF] Chui | Mechanical properties and corrosion behavior of β-type Ti-Zr-Nb-Mo alloys for biomedical application[END_REF].

The absence of pitting corrosion inferred from Fig. 4 and microscopic observations is also very positive. Indeed, the high-current density values associated with those localized attacks may source the undesired release of metallic cations and debris.

The synergetic combination of oxides (Fig. 3) may be responsible for this excellent corrosion behavior. Indeed, as observed in the current literature [START_REF] Metikos ̆ -Huković | The influence of niobium and vanadium on passivity of titanium-based implants in physiological solution[END_REF][START_REF] Yu | Influence of niobium and zirconium alloying additions on the anodic dissolution behavior of activated titanium in {HCl} solutions[END_REF][START_REF] Yu | Corrosion and passivity of Ti-13% Nb-13% Zr in comparison to other biomedical implant alloys[END_REF][START_REF] Scanlon | Theoretical and experimental study of the electronic structures of MoO3 and MoO2[END_REF][START_REF] Khyzhun | Electronic structure of face-centred cubic MoO2: A comparative study by the full potential linearized augmented plane wave method, X-ray emission spectroscopy and X-ray photoelectron spectroscopy[END_REF][START_REF] De Castro | Molybdenum oxidesfrom fundamentals to functionality[END_REF][START_REF] Chao | Corrosion behavior of high nitrogen nickel-free Fe-16Cr-Mn-Mo-N stainless steels[END_REF][START_REF] Saji | Molybdenum, molybdenum oxides, and their electrochemistry[END_REF][START_REF] Badawy | Corrosion and passivation behaviors of molybdenum in aqueous solutions of different pH[END_REF][START_REF] Rosa | The wet corrosion of molybdenum thin film -. part I: behavior at 25[END_REF][START_REF] Mesquita | A XPS study of the Mo effect on passivation behaviors for highly controlled stainless steels in neutral and alkaline conditions[END_REF][START_REF] Staišiu ¯nas | Anticorrosion performance of hafnium oxide ultrathin films on AZ31 magnesium alloy[END_REF][START_REF] Pourbaix | Atlas of electrochemical equilibria in aqueous solution[END_REF][START_REF] Field | Cytotoxicity and physicochemical properties of hafnium oxide nanoparticles[END_REF][START_REF] Zhang | Low temperature thermal oxidation towards hafnium-coated magnesium alloy for biomedical application[END_REF][START_REF] Rituerto Sin | Corrosion and tribocorrosion of hafnium in simulated body fluids[END_REF][START_REF] Chen | On the bio-corrosion and biocompatibility of TiTaNb medium entropy alloy films[END_REF][START_REF] Hussein | Biocompatibility of new Ti-Nb-Ta base alloys[END_REF][START_REF] Wei | Plasma surface tantalum alloying on titanium and its corrosion behavior in sulfuric acid and hydrochloric acid[END_REF][START_REF] Kumar | Antibacterial effects, biocompatibility and electrochemical behavior of zinc incorporated niobium oxide coating on 316L SS for biomedical applications[END_REF], TiO 2 and Nb 2 O 5 are recognized as being very stable and corrosion-resistant oxides. Furthermore, Nb 5+ cations enhance the TiO 2 passivation capacity. MoO 2 and metallic Mo on the substrate surface might be the main factor in improving the corrosion resistance of Mo-alloyed stainless steels due to the formation of the molybdenum passive film [START_REF] Chao | Corrosion behavior of high nitrogen nickel-free Fe-16Cr-Mn-Mo-N stainless steels[END_REF]. MoO 3 has even a more protective behavior against aggressive Cl -ions by avoiding pitting or facilitating its repassivation [START_REF] Mesquita | A XPS study of the Mo effect on passivation behaviors for highly controlled stainless steels in neutral and alkaline conditions[END_REF]. Hf is one of the most corrosion-resistant metals and can protect and control corrosion rates [START_REF] Staišiu ¯nas | Anticorrosion performance of hafnium oxide ultrathin films on AZ31 magnesium alloy[END_REF][START_REF] Pourbaix | Atlas of electrochemical equilibria in aqueous solution[END_REF]. Finally, Ta 2 O 5 is the most stable oxide in the present HEA, improving the formed film's overall passivation capacity [START_REF] Chen | On the bio-corrosion and biocompatibility of TiTaNb medium entropy alloy films[END_REF][START_REF] Hussein | Biocompatibility of new Ti-Nb-Ta base alloys[END_REF][START_REF] Wei | Plasma surface tantalum alloying on titanium and its corrosion behavior in sulfuric acid and hydrochloric acid[END_REF][START_REF] Kumar | Antibacterial effects, biocompatibility and electrochemical behavior of zinc incorporated niobium oxide coating on 316L SS for biomedical applications[END_REF].

One of the crucial aspects of medical implant applications is how the material's surface interacts with the physiological electrolyte at the interface level. Therefore, a deeper analysis of the Ti 21 Nb 24- Mo 23 Hf 17 Ta 15 HEA behavior was performed through electrochemical impedance spectroscopy. Fig. 5 summarizes the results obtained from the EIS in the SBF solution at 37 • C in the dark after different times of air storage. Like the polarization results, the impedance diagrams showed similar behavior for the different exposure times. The Bode moduli (Fig. 5a) increase with the frequency decreasing, suggesting an increase in corrosion resistance at the lowest frequencies. Also, the Bode moduli show a straight-line increase as the frequency decreases to 10 mHz without any low-frequency plateau. The absence of low-frequency saturation of the impedance modulus is typical of highly capacitive behaviors, like those of high-protective passive films [START_REF] Hodgson | Electrochemical characterisation of passive films on Ti alloys under simulated biological conditions[END_REF]. As seen in the Nyquist representation (Fig. 5b), this response is characterized by truncated capacitive plots that can be assimilated to near-straight lines close to the vertical axis. This behavior is yet a nonideal behavior better described by a non-ideal capacitance, a constantphase element, CPE, built-up from a frequency distribution due to a charge transfer mecha-nism on an inhomogeneous surface [START_REF] Yang | Bio-corrosion behavior and in vitro biocompatibility of equimolar TiZrHfNbTa high-entropy alloy[END_REF][START_REF] Luo | Corrosion of an equiatomic CoCrFeMnNi high-entropy alloy compared with 304 stainless steel in sulfuric acid solution[END_REF]85].

The Bode phase plots in Fig. 5c effectively depict frequency distributions supporting a CPE behavior. Indeed, instead of a narrow wave of the phase-angle variation with frequency, all the diagrams show a stretched, not well-defined, phase relaxation. This phase profile is typical of entangled relaxation frequenciesthe frequency distribution originated from multiple (strictly speaking, more than one) time constants.

The number of time-constants determination, and thus, the number of intervening processes at the interface, is a difficult task. A practical approach is based upon the analysis of the frequency evolution of the CPE parameter αwhich quantifies the deviation from an ideal capacitancethrough Eq. ( 4) [START_REF] Co ´rdoba-Torres | Electrochemical impedance analysis of TiO2 nanotube porous layers based on an alternative representation of impedance data[END_REF], yielding the frequency-dependent CPE parameter α eff : Since Eq. ( 4) utilizes the derivative of the impedance imaginary part (Z imag ) in log-log space, the resulting α eff is more responsive than the phase angle and is more prone to capture changes in the CPE behavior. Such sensitivity is illustrated in the inset in the Bode phase plot in Fig. 5c, taking the 6-hour aged specimen as an example. The inset shows an unambiguous double relaxation indicating the presence of two CPEs reflecting the existence of two relaxations. The existence of two-time constants can be assimilated to a staggering surface structure corresponding to the presence of two layers of surface oxides. The SEM analysis in Fig. 6 gives samples' images after 24 h and 360 h under airstorage conditions showing a surface oxide layer after corrosion tests in the SBF solution. From these images, one may observe a porous and full of defects thick oxide surface has grown on the substrate. Such oxide configuration may be of high capacitance, as discussed above (Fig. 5), and very high ohmic resistance, which will be determined further.

dlog ⃒ Zimag(f ⃒ αeff (f ) = - ⃒ ⃒ d log f (4)
Different authors [START_REF] Zhang | Electrochemical study of growth behaviour of plasma electrolytic oxidation coating on Ti6Al4V: effects of the additive[END_REF][START_REF] Delgado-Alvarado | Corrosion evaluation of Ti-48Al-2Cr-2Nb (at%) in Ringer's solution[END_REF][START_REF] Souto | Degradation characteristics of hydroxyapatite coatings on orthopaedic TiAlV in simulated physiological media investigated by electrochemical impedance spectroscopy[END_REF][START_REF] Shukla | Effect of surface treatment on electrochemical behavior of CP Ti, Ti-6Al-4V and Ti-13Nb-13Zr alloys in simulated human body fluid[END_REF][START_REF] Raman | Electrochemical impedance spectroscopic characterization of titanium during alkali treatment and apatite growth in simulated body fluid[END_REF][START_REF] Tamilselvi | Corrosion behaviour of Ti-6Al-7Nb and Ti-6Al-4V ELI alloys in the simulated body fluid solution by electrochemical impedance spectroscopy[END_REF] reported this two-layer structure for conventional Ti alloys with similar elements. This two-layered structure can be assimilated to a two-stage electrical equivalent circuit (EEC) like the one depicted in the inset of Fig. 7a. In this equivalent circuit, R e represents the electrolyte resistance (the high-frequency limit of the impedance), the pair (CPE 1 , R 1 ) represents the double layer CPE and its charge transfer. The pair (CPE 2 , R 2 ) represents the CPE and charge transfer resistance of the thick oxide layer.

In a first fitting attempt using the software Biologic EC-Lab V10.40, we verified that values of R2 were very high (in order of magnitude of 10 10 ), which grew with the air-exposition time during the first 24 h, indicating thickening of the oxide layer. In this situation, R2//Z CPE2 always gives Z CPE2 for any frequency. Therefore, we decided to exclude R2, considering it an open circuit. However, this procedure did not allow us to use the Hsu and Mansfeld method [START_REF] Hsu | Technical note: concerning the conversion of the constant phase element parameter y0 into a capacitance[END_REF] to calculate the oxide capacitance. Hence, we used the "Cole-Cole" diagram to estimate the total capacitance, as suggested in [START_REF] Tribollet | EIS Technique in Passivity Studies: Determination of the Dielectric Properties of Passive Films[END_REF][START_REF] Benoit | Comparison of different methods for measuring the passive film thickness on metals[END_REF], and verify the nature of such a determining capacitance.

The graphs of the "Cole-Cole" diagram express the complex capacitance as a function of the variation of capacitance's imaginary part (Cimg) with respect to the real part (Cr). The real part is represented by Eq. ( 5) and the imaginary part by Eq. [START_REF] Chen | Metallic implant biomaterials[END_REF]. Zimg "Cole-Cole" and bearing in mind that Q2 was set to be Cr (both in Table 1), R1 and CPE1 values, received by fitting the experimental data to the EEC and α 1 and α 2, used for the fitting (Eq. 4 and Fig. 5c), are given in Table 2. The coefficient of determination (R 2 ) values, which indicate the goodness of fitting of a model, are close to 100%, indicating the excellent agreement between experimental and theoretical data. Such an agreement can also be verified in dashed lines in Fig. 5b, graphically representing the good obtained fitting. The α values close to 0.9 indicate that the respective layer behavior gets closer to that of an ideal capacitor, which is immersion-time independent [START_REF] Orazem | Electrochemical impedance spectroscopy[END_REF].

The electrolyte resistance is characterized by Re (Tables 1 and2), whose values are in the magnitude order of 20-30 Ω.cm 2 , i.e., an environment with high conductivity.

Pores' resistances are represented by R1, which are of high values and increase with the air-exposure time, indicating porosity decreasing and oxide film densification. Indeed, Fig. 6 confirms this hypothesis. In other words, as one may observe in Fig. 6, the porous surface is initially formed by extensive defects (not round shaped, from 0.6 to 1.2 µm in length) and pores (round ones) whose sizes range from 30 to 350 nm. As time passes, the oxide film becomes more compact (smaller number of pores) and homogeneous, defects disappear, and smaller pores are consumed by the oxides forming the film. Finally, only large pores of around 240 nm in diameter are visible.

However, those R1 values are more than four orders of magnitude smaller than the previously calculated R2, supporting the removal of R2 from the circuit. Indeed, the large values for R2, related to the oxide film, support the high corrosion resistance and indicate its good passivating/protective behavior in the SBF solution. Also, it indicates that the corrosion resistance is virtually exclusive to this oxide layer, as observed in titanium alloys used for implant application [START_REF] Liu | Microstructure, mechanical properties and corrosion behaviors of biomedical Ti-Zr-Mo-xMn alloys for dental application[END_REF][START_REF] De Assis | Corrosion characterization of titanium alloys by electrochemical techniques[END_REF][START_REF] Martins | Effects of Zr content on microstructure and corrosion resistance of Ti-30Nb-Zr casting alloys for biomedical applications[END_REF].

Cr = ( - ) (5) 
Effective capacitances for the double layer (Cdl) can be calculated Zrcorrected by Re using the values of CPE 1 (Q 1 and α 1 ), Re and R 1 reported in Tables 1 and2 using Brug's equation [START_REF] Brug | The analysis of electrode impedances complicated by the presence of a constant phase element[END_REF] (Eq. ( 7)). Effective capacitance values (C eff -C dl, and Cr) can be associated with the film thickness using Eq. ( 8),

-Cimg = ( corrected by Re ) (6) 
which is valid for a parallel-plate capacitor model of a homogeneous oxide layer: where Zr and Zimg are the impedance real and imaginary parts,

1/α ( -1 -1 ) (α1 -1)/α1 (7) respectively, both given in Ω.cm 2 .
Graphs of "Cole-Cole" diagrams obtained from one of the data sets for air-exposed samples are presented in Fig. S1 in the Supplementary Material. Measured values are given in Table 1.

C eff 1 = C dl = Q 1 * d εrε0 Ceff R e + R 1 (8) 
The Cole-Cole corresponds to the capacitance at infinite frequencies. Consequently, considering the EEC in Fig. 7a, finally, it will give the sum of 1/C1 + 1/C2, being C1 relative to CPE1 and C2 to CPE2. As suggested in [START_REF] Benoit | Comparison of different methods for measuring the passive film thickness on metals[END_REF], a double layer capacitance is expected to be larger than 30 μF. cm -2 and taking into account the obtained values for Cr, such a sum will give the value of 1/C2 because Cr values are much smaller than Cdl. Therefore, by neglecting the double layer capacitance, one may infer that the obtained values for Cr are directly related to C2, which is, as supposed above, an oxide capacitance related to CPE2.

After this preliminary analysis, the EEC presented in Fig. 7b was used to fit the EIS data for all the analyzed conditions. A phase element

α -1
where ε 0 is the vacuum permittivity (8.85 × 10-14 F. cm -1 ), and ε r is the material relative dielectric constant.

Even having an approximate amount of oxides, reliable relative dielectric constants are challenging to find in the literature. For example, values of the relative dielectric constant for TiO2 can be found from 40 to 145 [START_REF] Kim | Influence of anatase-rutile phase transformation on dielectric properties of sol-gel derived TiO2 thin films[END_REF][START_REF] Robertson | High dielectric constant oxides[END_REF][START_REF] Jeon | Recent advances in the understanding of high-k dielectric materials deposited by atomic layer deposition for dynamic random-access memory capacitor applications[END_REF][START_REF] Kim | Influence of anatase-rutile phase transformation on dielectric properties of sol-gel derived TiO2 thin films[END_REF]. Also, because of the difference between oxides amounts, one cannot be sure if they are homogeneously distributed. Using XPS data, several equations exist to calculate the oxide layer thickness (for instance, in [START_REF] Brian | An ESCA method for determining the oxide thickness on aluminum alloys[END_REF][START_REF] Cumpson | The Thickogram: a method for easy film thickness measurement in XPS[END_REF]). However, invariable, all of them need a metallic peak to get the results, and some of them are impossible to be used with the incidence angle used in this work. Considering these impedance is ZCPE = [Q(jω) ] . α is defined above, Q is the constant facts, we considered a value of 50 for the material's relative dielectric phase element, and ω is the angular frequency. Re was determined using constant as a good value to have an approximate film thickness.

2πfx

+ Zr XPS results presented in Fig. 3 show that alloying elements in the Therefore, the double layer capacitances calculated using fitting values in Table 2 for the different air-exposition periods and thicknesses of the double layer and oxide film, using ε r = 50, are presented in Table 3.

The values reported in Table 3 for Cdl and their thicknesses agree with double-layer capacitances [START_REF] Benoit | Comparison of different methods for measuring the passive film thickness on metals[END_REF]. Cdl and Cr capacitance values decrease with air-exposure times up to 24 h, which becomes constant. Such a decrease with thickness values that reached a maximum at 24 h that were held for longer times. This behavior may also correlate to decreasing porosity and oxide film densification, as observed above for R1 and justified using Fig. 6.

The thickness values obtained for the oxide layer may be confirmed by the XPS results presented in Fig. 3. In other words, bearing in mind that no metallic peaks were detected means that the thickness is larger than the expected maximum depth of information (between 5 and 7 nm [107]), ensuring the values presented in Table 3. Therefore, inside this scenario, one may only affirm that the oxide film thickness massively grows with air exposure and is at least more extensive than 5 nm, even with the above considerations regarding the relative dielectric constant. It is noteworthy that this thickness was inferred from the XPS results presented in Fig. 3 and was acquired after air exposure for only 24 h without immersion in the SBF solution, demonstrating the high oxidation capacity of this HEA again. solution at 37 • C and the dark for seven days, simulating in-body implant conditions. High-resolution spectra are presented in Fig. 8, whose elements' binding energies were determined by the NIST XPS standard [START_REF]NIST X-ray Photoelectron Spectroscopy Database[END_REF]. These XPS spectra show no chemical differences between air-exposed and air-exposed and immersed in SBF.

Calculations showed that the cationic concentration of HfO 2 increased by 7% and Ta 2 O by 2%. Consequently, concentrations of other oxides decreased by almost 3%. Considering errors related to measurements and calculations, one may consider that only HfO 2 had a not-sosignificant change. Therefore, after implantation, the surface continues to have the same excellent characteristics as during air storage or even improving corrosion resistance a bit because, as stated before, HfO 2 improves the formed film's overall passivation capacity. Finally, after implantation, the alloying elements present in the HEA will produce only non-toxic and inert oxides that will not impair the biocompatibility and produce a stable passive film to protect the sample surface against corrosion in the body fluid.

Summary and conclusions

This work presented a first exploratory analysis of the new Ti 21 Nb 24 Mo 23 Hf 17 Ta 15 high entropy alloy composed of a single BCC phase intended to be used as a biomedical implant material. Prosthesis materials and devices are usually kept in dry environments before implantation. Therefore, implant storage simulation was performed by a study focused on the passive film formation during different air exposure times before the material's immersion and corrosion behavior when immersed in simulated body fluid (SBF) solution. Samples were polished and air-exposure times before immersion varied from 0 h to 360 h. Inbody passive film formation after implantation was simulated by resting the alloy for seven days in SBF solution. The conclusions are summarized in the following paragraphs:

This HEA presented a tremendous capacity for surface passivation. The stable passive film produced a very corrosion-resistant surface.

OCP values significantly increased with the air-exposure time and showed fast stabilization and indicated that the film forms very fast once the freshly exposed sample already showed a good value for open-circuit potential, which grew with the air-exposure time. The surface nobless, indicated by the increase in OCP values, improved with the air-exposure time.

The current densities reached a stable and wide-ranging plateau with low values of the current densities, inferred to be due to restrained mass transport through the oxide layer.

Electrochemical impedance spectroscopy (EIS) indicates double and oxide layers thickening during air exposure up to 24 h, becoming constant. EIS modulus increased a lot and presented a very capacitive behavior. The continuous increase of the impedance modulus in these samples suggested that the corrosion resistance enhanced with the airexposition time.

The presence of a double layer and a thick porous one was confirmed by scanning electron microscopy (SEM) and by two-time constant relaxation, indicating two CPEs. The equivalent R electrolite + (C oxide )+ (R//CPE) circuit efficiently simulated the EIS behavior. Simulations corroborated the above conclusions regarding potentiodynamic polarization results by revealing a capacitive behavior, corroborating the protective response of the surfaces.

XPS results showed that the passive film formed after air exposition (simulating implant storage) and after stimulation of the implant inbody is composed of chemical-stable oxides of the five alloy elements. No free metallic ions were found, as confirmed by XPS analyses of samples guaranteeing the device's inertness after implantation and not impairing biocompatibility. 
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Fig. 1 .

 1 Fig. 1. Elemental mapping of the Ti21Nb24Mo23Hf17Ta15 HEA. SE imaging of the surface area used to perform the EDS analysis; distribution and atomic % composition of the different alloy elements: Ti, Nb, Mo, Hf, and Ta, from the top left to the bottom right positions of the SEM image, respectively.

Fig. 2 .

 2 Fig. 2. (a) SE-SEM image of as-cast Ti21Nb24Mo23Hf17Ta15 high entropy alloy. (b) XRD pattern for Ti21Nb24Mo23Hf17Ta15 HEA. The inset of Fig. 2b highlights the (002) peak as an example.

Fig. 3 .

 3 Fig. 3. High-resolution XPS spectra of Ti2p, Mo3d, Nb3d, Ta4f, Hf4f, and O1s peaks obtained for the air-exposed surface for 24 h before immersion in SBF solution and electrochemical test.

  4+ peak asymmetry might indicate a lattice parameter gradient. Since the of only Ti (459.08 eV and 464.88 eV), corresponding to TiO 2 . The 4+ HEA's main characteristics are different and non-ordered elements Mo3d spectrum gave peaks of Mo 6+ (227.48 eV and 230.58 eV) and

Fig. 4 .

 4 Fig. 4. (a) open-circuit potential (OCP) measurements. Inset: presents polarization curves up to + 2.0 V. (b) polarization curves of Ti21Nb24Mo23Hf17Ta15 HEA after different times of air storage before immersion in SBF solution at 37 • C in the dark: (■) 0, ( ) 6, ( ) 24, and ( ) 360 h. Inset: Open-circuit potential evolution after two hours of immersion in SBF plotted in arbitrary scale within a 200 mV range (zoomed-in), illustrating the potential drift better. The last points in the curves correspond to the OCP conditions in which the polarization curves have been measured.

Fig. 5 .

 5 Fig. 5. Electrochemical impedance spectroscopy analysis of Ti21Nb24Mo23Hf17Ta15 HEA after different times of air storage before immersion in SBF solution at 37 • C in the dark: ( ) 0, (•) 6, ( ) 24, and ( ) 360 h. (a) Bode moduli plots; (b) Nyquist plots, where the dashed lines represent fittings' results; (c) Bode phase plots (Φ = phase angle); inset: time-dependency of the CPE element, αeff, illustrating the two-time constant relaxation associated with CPE 1 and 2 in the case of the 6-hour aged specimen.

)Fig. 6 .

 6 Fig. 6. SEM analysis presenting surface images of samples previously exposed to the air for 24 h in (a) and 360 h in (b), showing the surface oxide film after corrosion tests in the SBF solution, both in the dark at 37 • C.

Fig. 7 .

 7 Fig. 7. Electrical equivalent circuits (EEC) for fitting the EIS results related to the observed two-layered structure. (a) the complete circuit used for initial simulations. (b) the final circuit used after preliminary analyses, considering R2→∞ . The pair (CPE1, R1) represents the double layer CPE and its charge transfer resistance. The pair (CPE2, R2) represents the CPE and charge transfer resistance of the thick oxide layer. Q2 is the constant phase element, and as discussed further, Cr is the capacitance obtained using "Cole-Cole" diagrams [93,94].

Fig. 8 .

 8 Fig.8. High-resolution XPS spectra of Ti2p, Mo3d, Nb3d, Ta4f, Hf4f, and O1s peaks obtained for the air-exposed surface for 24 h sample after immersion in SBF solution at 37 • C and the dark for seven days, simulating in-body implant conditions.
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Table 1 -

 1 Measured values of Cr obtained from the "Cole-Cole" diagrams presented in Fig.S1in the Supplementary Material and Electrolyte resistance (Re) from the analysis.

	2πfx Zimg + Zr	
	Zimg 2	2
		=

Table 2 -

 2 Electrical parameters obtained by fitting the experimental impedance data to the equivalent circuit, using the software Biologic EC-Lab V10.40, for airexposed samples after corrosion tests at 37 •C in the SBF solution.

	Sample	Cr	Electrolyte resistance	Sample	CPE1			α1	R1		α2	R	2
		(μF.cm -2 )	(Ω.cm	2 )		(Ω -1 .cm -2 s α )		(Ω.cm	2 )	(%)
	0 h	5.32 ± 2.31	35.12 ± 0.02	0 h	20.0 × 10	-6	0.81	3.00 × 10	5	0.80	99.84
	6 h	4.38 ± 0.20	20.70 ± 0.11	6 h	19.6 × 10	-6	0.82	3.57 × 10	5	0.89	99.90
	24 h	3.75 ± 0.15	22.00 ± 0.03	24 h	15.4 × 10	-6	0.88	4,69 × 10	5	0.86	99.81
	360 h	4.04 ± 0.23	26.51 ± 0.02	360 h	14.6 × 10	-6	0.88	7.04 × 10	5	0.89	100.00

Table 3

 3 Double layer capacitances calculated using fitting values in Table2, oxide film capacitance (Cr) taken from Table1, and thicknesses of the double layer and oxide film, for the different air-exposition periods.HEA exposed to the air for 24 h, simulating dry implant storage before implantation, resulted in only atoxic and inert oxides that produced a well passivated HEA surface. However, one may ask about the conse-

	Sample	Cdl	ThicknessCdl	Cr	ThicknessCr	quences of long-term exposition to body fluid. XPS was used to char-
		(μF.cm-2 )	(nm)	(μF.cm-2 )	(nm)	acterize the air-exposed surface for 24 h sample after immersion in SBF
	0 h	92.69	0.48	5.32	8.32	
	6 h	73.36	0.60	4.38	10.10	
	24 h	34.28	1.29	3.75	11.80	
	360 h	33.13	1.34	4.04	10.95	
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