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Abstract

:

The high specific strength, good corrosion resistance, and great biocompatibility make titanium and its alloys the ideal materials for biomedical metallic implants. Ti-6Al-4V alloy is the most employed in practical biomedical applications because of the excellent combination of strength, fracture toughness, and corrosion resistance. However, recent studies have demonstrated some limits in biocompatibility due to the presence of toxic Al and V. Consequently, scientific literature has reported novel biomedical β-Ti alloys containing biocompatible β-stabilizers (such as Mo, Ta, and Zr) studying the possibility to obtain similar performances to the Ti-6Al-4V alloys. The aim of this review is to highlight the corrosion resistance of the passive layers on biomedical Ti-6Al-4V and β-type Ti alloys in the human body environment by reviewing relevant literature research contributions. The discussion is focused on all those factors that influence the performance of the passive layer at the surface of the alloy subjected to electrochemical corrosion, among which the alloy composition, the method selected to grow the oxide coating, and the physicochemical conditions of the body fluid are the most significant.
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1. Introduction


Titanium (Ti) and its alloys represent the material of choice for biomedical implants; however, the human body is a challenging environment for any biomaterials due to metabolic, immunological, biochemical, and microbiological processes, which interfere with its resistance to corrosion [1,2,3,4]. Furthermore, the corrosion resistance of Ti alloys depends on their composition, microstructure, and surface treatment [1,5,6,7,8]. Therefore, particles and ions released by the corrosive phenomenon can accumulate in the peri-implant bone and result in decreased functionality, mechanical integrity, and loss of implant mass with consequences on its useful life by increasing the probability of failure, bone resorption, infections, and loosening, or cause systemic migration to various organs, which can cause long-term health problems [1,2,4,6,9,10].



Titanium has electrochemical properties superior to other metals due to the passive surface TiO2 layer; nevertheless, the oral cavity is a dynamic environment influenced by the variation of charge, pH, and corrosive products of dietary metabolism and biofilm, which can provide accelerated corrosion with consequent damage to the survival of the implant by interfering in the thickness of the oxide layer and the process of repassivation [1,2,4,6,11,12,13]. According to Mischler et al. [14], the corrosion potential is influenced by the formation of the passive oxide layer, corrosion rate, temperature, and electrolyte. Therefore, the biocompatibility of Ti alloys is strictly correlated to the interaction between the physicochemical, morphological, and mechanical properties of the Ti oxide film grown spontaneously on the implant surface, accountable for its corrosion resistance, and the biological environment [1,4,6,9]. Recent studies have demonstrated the genotoxic and cytotoxic potential of nano TiO2 particles; this has motivated researchers to study the influence of the chemical composition of Ti alloys on bone–implant interaction for the best recommendation of these in all procedures in which it is required [6,9,10,15,16,17].



The Ti-6Al-4V alloy (one of α + β type of Ti alloys) is the most used because it has excellent mechanical properties. Still, it is subject to discussion, because its elements of Al and V are associated with local inflammation, allergic reactions, carcinogenic effects, and neurological disorders [2,4,5,6,9,10,18,19,20]. Meanwhile, because its elastic modulus (110GPa) is greater than that of the bone (<30 GPa), it leads to peri-implant bone loss; yet under physiological conditions, it is hard to maintain the integrity of the protective oxide coating that corrodes by losing thickness and adherence [9,18]. Thus, in the last three decades, the development of β-Ti alloys with elements considered noncytotoxic—Nb, Ta, Zr, and Mo—has grown considerably because they promote excellent biocompatibility, low Young’s modulus, low cost, and resistance to corrosion [4,5,9,10,18]. It should be noted that in studies, which evaluated the alloys under physiological conditions, the oxides Nb2O5, Ta2O5, and ZrO2 showed better stability and corrosion resistance than TiO2 containing Al and V [5,9,21,22,23].



Titanium alloys can be obtained by casting, electron beam fusion or plasma arc fusion, galvanization, and additive manufacturing, the latter having received great attention in recent years for allowing freedom during the construction of the structure at a fast speed [4,9,10,11,24]. However, many questions are raised concerning the clinical applicability of manufactured parts because they have a different microstructure from castings, which interferes with their mechanical properties; therefore, this difference, coupled with constant cyclic stresses to which the implants are subjected, can provide unexpected performance in the simulated body fluids according to Sharma et al. [11]. Furthermore, different surface treatments are the target of research to improve the biocompatibility of alloys and their electrochemical properties such as heat treatment, magnetron sputtering, plasma electrolytic oxidation, and galvanostatic anodization, which show promising results for improving the protection of the layered oxide when producing thicker, more stable, and resistant films on the surface of alloys [1,2,4,18,20,25].



The microstructure of the Ti alloys can be modified by heat treatment, thermomechanical processing, and electroshocking treatment, which improve the mechanical properties through microstructural refinement that change the grain structure and size to ultrafine and even to nanodimensions [26,27,28]. Thus, considering the advantages of altering the microstructure, the need for researchers to develop a simple and efficient microstructural transformation method to improve the properties of Ti alloys is emphasized [26].



Among the available methods to deposit or grow protective coatings on Ti alloys before implantation, this review focus on those producing an oxide layer by metal oxidation, such as electrochemical anodization (EA) and plasma electrolytic oxidation (PEO). EA is a low-cost and rapid method to grow passive layers on the Ti alloy surface and allow the precise tuning of thickness, composition, morphology, and general properties of the coating by simply controlling the applied potential or current density and the electrolyte composition. EA has recently attracted interest in the biomedical field because of the possibility to grow highly ordered and controlled titania nanotubes coatings that show high corrosion resistance and great adhesion and functionality of the osteoblast cell; they also favor hydroxyapatite formation and tissue integration and allow high protein adsorption [22,29]. At high applied voltages under micro-arc phenomena, electrochemical anodization is called plasma electrolytic oxidation (PEO). This method produces a titanium oxide porous structure strongly adherent to the alloy exposing Ti-OH functional groups and oxygen vacancies to the external solution showing corrosion resistance, biological, and antibacterial activity at the same time. Moreover, calcium and phosphorus ions can be incorporated into the oxide coating if relevant electrolyte conditions are selected [22,25].



Patents and scientific articles are published continuously, presenting the β-Ti alloys as promising when compared to the most widely used Ti-6Al-4V alloy, which is the subject of discussion due to its electrochemical products [5,6,9]. Therefore, this review aims to discuss substantial literature results on metallurgical, compositional, and electrochemical aspects of Ti-6Al-4V and β-type Ti alloys in biomedical environments, clarifying the key role of the passive layer (pre-formed or formed in situ) and its electrochemical dynamics in the human body environment.




2. Biomedical Titanium Alloys


Ti alloys exhibit high specific strength (i.e., the ratio between yield strength and density) and outstanding corrosion resistance due to the presence of a stable and protective oxide layer, (mainly consisted of TiO2). In the human body environment, a passive film is spontaneously formed and rapidly rebuilt in case of breakings, hence the alloy is protected against further corrosion process [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31].



Pure titanium possesses a hexagonal close-packed (hcp) structure at room temperature, named α phase. The phase transformation from α hcp structure to β body-centered cubic (bcc) structure occurs at the β transus temperature (883 °C). In the case of alloys, the β transus temperature depends on the chemical nature and composition of the alloying elements, which are commonly classified into α-stabilizers (such as Al, C, and O) and β-stabilizers (such as V, Mo, Ta, and Nb). The β transus temperature is reduced as the amount of β-stabilizer increases (Figure 1a). Ti alloys are generally classified on the base of their structure, namely α, (α + β), and β-type, that change depending on β-stabilizer concentration. Accordingly, different regions of existence can be identified in the β isomorphous phase diagram (Figure 1b) [5,32,33,34].



α-type Ti alloys, consist of CP–Ti (commercially pure) and alpha alloys that, upon annealing well below the β transus, contain only a small volume fraction of beta phase (2–5 vol%) (Figure 1a). The alpha phase alloys are strengthened by solid solutioning (both by interstitial and substitutional element), refinement strengthening, and precipitation hardening. The strength of CP-Ti increases with increasing the amount of oxygen from 0.18% in grade 1 to 0.4% in grade 4 (Table 1), while the elastic moduli remain fixed and equal to 105 GPa. CP–Ti is the first generation of biomedical materials for dental and medical applications, but its mechanical properties (Table 1) restrain its use to that conditions that require high mechanical resistance. For this reason, titanium alloys have been studied as possible substitutes for CP titanium [5,32,33,34].



(α + β) Ti alloys have a higher content of β-stabilizers (Figure 1a), possess about 5–30 vol% of β, and transform martensitically upon fast cooling from beta field to room temperature. Hence, different microstructures can be obtained according to different thermal or thermomechanical cycles in order to optimize the mechanical properties of these alloys [5,32,33,34]. Figure 2 are shown four different microstructures for the (α + β)-type Ti-6Al-4V alloy, which is the most widely used biomedical alloy [5,33,35]. The lamellar microstructure (Figure 2a) supplies higher values of fracture toughness [32,33] compared to the martensitic (Figure 2b), bimodal (Figure 2c), and equiaxed microstructure (Figure 2d). The different microstructure/mechanical properties of Ti-6Al-4V affect the corrosion behavior of the alloy.



Specifically, the high hardness value (410 HV) of a martensitic Ti-6Al-4V improves its corrosion resistance with respect to the soft (α + β)-type microstructure (394 HV) because it permits a higher adherence of the oxide layer to the alloy [36]. Moreover, the occurrence of two-phase microstructure, such as the lamellar microstructure (Figure 2a), reduces the corrosion behavior due to the solute partitioning between α and β lamellae and the resultant galvanic interaction between the two phases [37].



Therefore, both the higher hardness and the absence of solute partition for the martensitic microstructure of Ti-6Al-4V (Figure 2b) improve its corrosion resistance [36,37].



Passivation of Ti alloy generates oxide coatings mainly composed of TiO2 and, depending on the environmental conditions, morphologically constituted by a two-layer structure: the inner layer is compact, whereas the outer one is porous [25,26,27,28,29,30,31,35,36]. The corrosion resistance is mainly due to the inner layer that hinders the metal dissolution and increases with its thickness [5,31,36,38], while the outer porous layer favors osteointegration [28,34]. In the porous layer of the passive film, low contents of aluminum and vanadium oxides (Al2O3 and V2O5) are also present [38,39,40]. Both the Al and V oxides dissolve and deteriorate the passivity of Ti-6Al-4V [36,41,42]. The released Al and V ions are toxic and can lead to Alzheimer’s disease and peripheral neuropathy [43,44]. Vanadium is toxic also in the oxide state [28,34,43,44].



In order to overcome the harmfulness of V, biomedical Ti alloys without V have been developed. For example, the biomedical (α + β)-type Ti–6Al–7Nb (Table 1). Electrochemical tests show that both Ti-6Al-4V and Ti–6Al–7Nb exhibit the same behavior in terms of corrosion resistance [39].



Although the high elastic modulus in CP-Ti and (α+β)-type Ti alloys is useful in terms of corrosion resistance [36], its value (Table 1) is very different with respect to that of human body bones, as shown in Table 2.



This difference can cause bone resorption and implant loosening due to the stress-shield effect (the elastic behavior mismatch between the implant and the adjacent bone) [5,34]. The goal of eliminating toxicity, improving the corrosion resistance of biomedical Ti alloys, and reducing the stress-shield effect has led to the development of β-type Ti alloys with nontoxic β stabilizers (such as Nb, Mo, Ta, and Zr) and elastic modulus closer to those of the human bones (Table 2) [5,34].



Titanium β alloys studied for biomedical applications fall in the (α + β) phase region of the phase diagram of Figure 1a. They are named metastable β alloys because of the ability to maintain the β phase at room temperature after fast cooling from the β phase region.



The amount of metastable-retained β phase increases with the number of beta stabilizer elements. That metastable beta phase can be aged at a low temperature after quenching and decomposition in different precipitates according to the amount of stabilizer (Figure 1b). For medium alloying content, those precipitates are named as ω, while for concentrated alloy are named as β’. The separation of ω and β′ leads to low ductility and fracture toughness. Hence, beta Ti alloys are aged at a higher temperature to precipitate incoherent particles of the stable α phase to increase both yield and fracture toughness [5,32,33,34].



For example, the yield stress of the β type biomedical Ti-29Nb-13Ta-4.6Zr alloy (also called TNTZ) in the solution-treated condition (metastable β phase) is equal to 600 MPa and is increased by aging 72 h at 300, 325, and 400 °C, as shown in Figure 3 [32,45]. In Table 1, the mechanical properties of the biomedical Ti-15Mo-5Zr-3Al in the aged state with respect to the solution are shown, indicating a significant increase of both yield and ultimate tensile stress due to the aged microstructure. A double temperature aging treatment can be also applied to obtain a more homogeneous distribution of incoherent particles of the stable α phase using ω or β′ particles as precursor and nucleation sites [32,33]. For example, pre-aging the TNTZ alloy at 260 °C for 4 h before the aging treatment at 427 °C for 8 h leads to much higher yield stress with respect to the one-step aging treatment at 427 °C for 8h [32,46,47].



Additive manufacturing (AM) technologies are widely used in the biomedical industry because they offer the opportunity of customization of the prostheses by adding thin layers of materials guided by a digital model. In particular, AM powder bed fusion techniques, such as selective laser melting and electron beam melting, use high-density energy beam to selectively melt a layer of powder by fast heating/cooling rate [5]. This method induces very fine microstructure, leading to comparable, or even better, mechanical properties of Ti alloys with respect to the counterparts obtained by conventional processes (a quantitative comparison can be found in Tables 6 and 7 in Ref. [5]).



In most β metastable Ti alloys, the elements such as Nb, Ta, and Zr lead to the formation of oxides (Nb2O5, ZrO2, and Ta2O5) in the passive film, which have higher stability than the Al and V oxides and therefore increase the corrosion resistance of the alloy [47,48]. Regardless, the role of the microstructure on corrosion resistance is also significant [8,22,36,38]. For example, Ti–35Nb–7Zr–5Ta (TiOsteum) in metastable β state has shown an excellent corrosion behavior with respect to Ti-6Al-4V mill annealed state due to the presence of Nb2O5, ZrO2, and Ta2O5 in the passive film and to the homogenous single-phase microstructure [8]. In another study [22], Ti–6Al–4V with equiaxed microstructure, exhibits a better corrosion resistance, compared to metastable β alloys containing noble elements (Ti-35Nb-5Zr with α phase precipitated in β phase and Ti-35Nb-10Zr with only β phase microstructure) probably due to the much lower elastic modulus of the β alloys (10–30 GPa). The better corrosion resistance of Ti–6Al–4V ELI (low interstitial element) in the martensitic state with respect to that of Ti–13Nb–13Zr solutionized and quenched has been attributed to the higher elastic modulus of the Ti–6Al–4V alloy [36]. The Ti–6Al–4V alloy with bimodal microstructure exhibited a lower corrosion resistance with respect to the Ti–13Nb–13Zr with mainly beta matrix/alpha particles [49], while the corrosion resistance of Ti–6Al–4V ELI alloy after solutionizing and water quenching has been found higher than that of Ti–13Nb–13Zr both cold rolled and hot rolled after solutionizing and water quenching [36]. For the Ti–13Mo–7Zr–3Fe (TMZF), the corrosion resistance is improved in the solutionized and quenched state (metastable β phase) with respect to the slow cooled and aged one (β phase+ grain boundary and precipitated α phase) due to the absence of solute partitioning effect [8].



The microstructure of α + β and β titanium alloys depends on alloy composition, thermomechanical, and heat treatments. The different microstructures guarantee the mechanical properties required for biomedical application (elastic modulus, strength, fatigue, fracture toughness) and affect wear and corrosion behavior. Not always mechanical and corrosion performances match together. In this case, in order to improve the corrosion resistance of the alloy and extend the service life of implants, surface coatings need to be applied [22,50].




3. Electrochemical Corrosion of Ti Alloys in a Biological Environment: Overview


Metals and alloys’ interactions with aqueous biological environments may cause damages to the metallic biomedical implants and undesired release of metal ions according to spontaneous electrochemical phenomena. In this section, a basic overview of the electrochemical corrosion processes and their occurrence in the body environment is provided.



The electrochemical corrosion processes at the surface of metal need to satisfy two essential conditions, namely, that (i) the metal is totally or partially covered by an electrolyte layer and (ii) the interface of metal–electrolyte is present in oxidated species thermodynamically liable to electrochemical reduction. As shown in Figure 4, the electrochemical process is the sum of the anodic reaction of metal oxidation and the reduction reaction of hydrogen ions and/or molecular oxygen, namely, the typical oxidated species present in a humid and aerated environment. The two half-electrochemical reactions can be schematized as follows:



Oxidation:


M → Mz+ + ze−



(1)







Reduction:


z/4 O2 + ze− + z/2 H2O → zOH−



(2)




and/or


zH2O + ze− → z/2 H2 + zOH−



(3)







Global reaction:


M + z/4 O2 + z/2 H2O → Mz+ + 4OH−



(4)




and/or


M + zH2O →Mz+ + z/2 H2 + zOH−



(5)







The two half-reactions occur at different areas of the metal and the closure of the electric circuit is possible due to the ionic transport through the aqueous electrolyte and the electron transport through the metallic substrate (Figure 4a). The two electrochemical reactions are independent and physically delocalized; however, their reaction rates, expressed in terms of electric current, are the same when the electrolyte solution and the alloys have a high ionic conductivity. The half reaction (1) generates an electric field and the produced metal cations need to pass through the electrical double layer toward the bulk of the solution. The double layer is generated every time metal is immersed in an aqueous solution because of the arrangement of charges at the metal surface, and it is modified upon polarization. As shown in the sketch of Figure 4b, relating to a corroding metal, electrons are accumulated in the metal anodic areas due to metal oxidation, positive charges in the metal cathodic areas where reduction takes place (Equation (2) or (3)), and excess of anions or cations that are rearranged in the solution according to charge compensation. In particular, anions are transported toward the anodic sites and cations toward the cathodic sites. The potential barrier generated across the double layer, the nature of ions, and pH strongly affect the kinetic of the process and the products formed by metal oxidation (kinetic and pH-dependence aspects relating to titanium corrosion are detailed below in the discussion of Figure 5).



Understanding if a particular metal or alloy is resistant in the body environment is essential for the design of biomedical plants and prothesis. A parameter that significantly affects the corrosion of a metal alloy is the pH of the solution. Through the use of Pourbaix diagrams [49,51], we can perform a visual inspection of the metal immunity, corrosion, and passivity fields in a potential pH plane at 25 °C, as reported in Figure 5a, for the aerated titanium–water system. The diagrams are constructed on the basis of thermodynamic chemical and electrochemical equilibrium reactions involved in the corrosion process as functions of potential and pH and are not able to provide kinetic information.



Typically, the occurrence of corrosion phenomena can be avoided by several thermodynamic or kinetic protection methods [52]. For biological implants, corrosion protection is typically realized by coating, i.e., the physical interposition of a corrosion-resistant layer between the alloy and the corrosive solution. For general applications, the coating often consists of (i) a metal chemically different from the substrate that has a sacrificial role, (ii) a metal oxide formed by oxidation of the metal–alloy substrate, or (iii) an organic compound. For the applications in the human body, corrosion protection starts from the choice of the material, which must be a biocompatible metal, or an alloy predisposed to the formation of resistant oxide layers on its surface by oxidation. Additionally, its repassivation capability in the bioenviroment where it will be implanted is fundamental. These considerations have led to extensive use of titanium and its alloys.



In the case of titanium and its alloys (and many other metals with active–passive behavior, such as Cr, Ni, and Al), a corrosion-resistant passive coating is naturally formed on their surface by oxidation of titanium in presence of the oxygen of the air. However, the oxide coating can be also induced by electrochemical and other oxidation processes to increase the thickness and modify the morphochemical properties of the layer improving corrosion resistance before implantation (see Section 4). The corrosion resistance of metal alloys, i.e., their ability to passivate and repassivate in body fluid environments, is primarily studied by recording and analyzing the polarization curves in the corrosive environment. By looking at the theoretical polarization curve E-log |i| illustrated in Figure 5b and relating to a general metal or alloy with active–passive behavior in a specific solution, it can be immediately observed that the metal dissolution (corrosion), the formation of a passive metal oxi(hydroxide) coating, and its stability are strongly dependent of the electrochemical potentials at which the alloy is polarized. In fact, by increasing the polarization potential (black curve in Figure 5b) of the metal alloy, the curve E-log |i| shows a linear trend in agreement with the Tafel equation. In that zone, the kinetic of the process is controlled by the charge transfer at the metal surface (M → Mz+ + ze−), and the alloy is actively corroding. Proceeding with the potential increase, the current density reaches a maximum value (icr) at the Flade potential (Eflade) at which the metal oxide begins to form.
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Figure 5. (a) Potential pH diagram for the Ti–H2O system at 25 °C. Reproduced under the Creative Commons Attribution License from [51]. (b) Theoretical passivation potentiodynamic polarization curves relating to a general metal or alloy with a typical active–passive behavior in a corroding environment. Epass = passivity potential, Eflade = Flade potential, Ecorr = corrosion potential, Etrans = transpassivity potential, ipass = passivity current density, icrit = critic current density. (c) Experimental passivation potentiodynamic polarization curves relating to a Ti-20Nb-13Zr alloy processed at different consolidation temperatures in a simulated body fluid medium. Reproduced under the Creative Commons Attribution License from [53]. 
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Then, at the passivation potential (Epass), the current density drastically decreases to a minimal value (ipass), and the alloy enters in the passivation zone, where a compact and corrosion-resistant oxide layer is uniformly formed at the surface, and the current density ideally remains constant to the passivation value (ipass). In the case of titanium, different crystalline and oxidation forms of titanium oxide (amorphous, rutile, anatase) can be formed in the passivation zone depending on the applied potential and temperature, as illustrated in Figure 6. In the same Figure, we can also observe the different corrosion phenomena caused by potential increases or decreases and by temperature treatments in acidic conditions. By increasing temperature over 70 °C, rutile formation is favored within a certain threshold. After that breakdown takes place and the oxide film is broken in some areas where a local thickening occurs, the process of localized corrosion begins in these points, bringing about the crevice corrosion phenomena. Similarly, at room temperature, a severe increase of potential causes a similar effect that produces pitting corrosion.
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Figure 6. Scheme showing the properties of the passive film on titanium as a function of potential and temperature. EOC = open circuit potential. Adapted from [54], copyright (2017), with permission from Elsevier. 
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The presence of a coating on the metal alloy surface decreases the kinetics of the electrochemical reactions to insignificant values of the corrosion current density. Of course, physicochemical and morphological features of the coating have an essential role in determining the corrosion resistance in the selected biological environment. The role played by the coating can be more complex than a simple inert physical separation between the two “reagents” (metal and electrolytic solution). The nature of the metal alloy is usually selected according to its capacity to form passivation film in the aggressive solution.



Of course, the shape of the passivation curve and the values of the characteristic potentials and currents change with the environmental conditions (pH, anions nature and concentrations, temperature, and microorganisms). For example, Figure 5c reports the effect of the consolidation temperature on the passivation curves relating to a Ti-20Nb-13Zr alloy in a simulated body fluid medium [53].



The polarization of the alloy at relevant potentials able to grow highly resistant oxide coatings can be performed before implantation by electrochemical growth (see Section 4 for alternative methods) of highly performant oxides in relevant electrolytes. However, the ability of the body fluid to provide the right repassivation conditions that bring the alloy to the passivity thermodynamic and kinetic existence field is crucial. The capability of the biological environment to repassivate the alloy is fundamental to repair possible damages provided by localized corrosion effects during implantation. In fact, during the corrosion process (active state), the metal can protect itself by repassivation. Protective metal oxides can electrochemically form on the metal surface if the coupled cathodic process (O2 or H+ reduction) generates a corrosion potential higher than the equilibrium potential of the anodic reaction of oxide formation. Therefore, the composition of the solution is crucial for corrosion resistance and repassivation processes, and the most important parameters to be monitored are pH and halogen concentration.



In the human body, the water content can be up to 60% of its total mass. The body fluids can be intracellular or extracellular, such as blood, lymph, cavities, and channels of the brain and spinal cord and body tissues. They can be intracellular (about 70%) and extracellular fluid (about 30%). Body fluids contain many electrolytes, such as H+, Na+, K+, Ca2+ and Mg2+cations, and OH−, HCO3−, Cl−, PO43−, and SO42− anions. Their presence greatly affects the cell membrane potentials and osmolarity of body fluids, determining the goodness of many bodily functionalities such as metabolism. The normal temperature of body fluid is 37 °C. Therefore, biomedical implants should be designed by considering their possible corrosion at this temperature for all their time of functioning.



Corrosion events can have a general or localized extension on the surface of the alloy. In the first case, the electrochemical reactions interest the whole surface of the metal in a uniform way, generating a slow and constant corrosion rate that does not affect the performance of the alloys. In the second case, the distribution of the anodic and cathodic areas and their rate are not uniform: at some points, the metal oxidizes very quickly, producing significant damages along with the alloy dept (pitting). It mainly occurs in presence of chloride ions.



Electrochemical corrosion, coupled with mechanical stress, can produce scratching, weakening, and cracking of the components of the biomedical implant [55]. These types of corrosion are shown in Figure 7 for titanium implants in the oral cavity. Galvanic corrosion and pitting are, in general, the most common; nevertheless, fretting and wear are specifically involved in Ti-6Al-4V alloys [56]. Localized corrosion principally occurs at connections of modular joint replacement components [57] and when galvanic couples are formed, for example, Ti and Ti-6Al-4V alloy [58].



There is a body of work on the corrosion of biomedical implants. For further details, refer to the numerous reviews reported in the literature [60,61,62,63,64,65,66] and references therein.



In the following sections, we specifically discuss the techniques used to modify the surfaces of Ti-6Al-4V and beta-Ti alloys by growing a passive oxide coating (Section 4) and the most important literature results showing the corrosion resistance of such passive films in bioenvironments (Section 5).




4. Passive Layers on Biomedical Ti-6Al-4V and β-Ti Alloys


The biocompatibility and durability of biomedical Ti alloys strictly depend on the microstructure, chemical composition, and mechanical strength of the surface coating [5]. The surface treatment of Ti alloys before implantation is a crucial step to improve the corrosion and wear resistance and the biofunctionality of the resulting coating. Several techniques can be applied to obtain biocompatible and corrosion-resistant coatings on Ti alloys. In this review, we focus on improvements in the corrosion resistance properties of the passive coatings considering that also the other two requirements (biocompatibility and wear resistance) must be satisfied at the same time. In fact, in some cases, the procedures carried out to grow more or less corrosion-resistant titanium oxide coatings on the alloy are simultaneously finalized to improve the titanium ability to induce apatite formation on its surface in simulated body fluid (SBF) [67]. In fact, titanium oxide is biologically inactive and the presence of hydroxyapatite on the surface favors the osseointegration of the implant, which is extremely important, especially in orthopedic applications.



4.1. Electrochemical Passivation


In natural conditions, titanium is covered by a native oxide film of some nanometers [68], which can be increased by electrochemical anodization at a rate of about 2–3 nm V−1 [69,70,71,72,73].



Electrochemical passivation of Ti alloy by anodization (Figure 8A,B) is one of the most useful and extensively studied processes [74] to increase the thickness and improve the morphology (compact oxide or nanotubes arrays, Figure 8) of the passive layer [75].



The electrochemical technique is a low-cost and rapid technique, allowing an easy growth of the passive layer on the metal surface and precise control of its thickness, composition, morphology, and general properties by means of a simple regulation of the electric process parameters and electrolyte composition and pretreatments of the electrode surface [76,77,78,79]. Many research studies are focused on the research of the best electrochemical parameters for obtaining Ti alloys’ passive layers with the right thickness, morphology, corrosion stability, and bioactivity for biomedical application [80,81].
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Figure 8. (A) Scheme illustrating the anodizing setup used to grow passive Ti oxide layers on Ti or Ti alloys. (B) A barrier layer or porous nanotubular layer can be obtained depending on the electrolyte’s nature. Reprinted from [82], copyright (2007), with permission from Elsevier. (C) FE-SEM micrographs of NTs diameter and length on Ti–6Al–4V at (a,b) 20 V, (c,d) 25 V, (e,f) 30 V at 30 °C, (g,h) 20 V at 45 °C, and (i,j) 20 V at 55 °C. Reprinted from [83], copyright (2020), with permission from Elsevier. 
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Anodic nanotubular titania coatings (Figure 8B,C) are of great recent interest for biomedical applications [84] due to many advantages, namely, (i) they increase adhesion and functionality of the osteoblast cell [85], (ii) they favor the hydroxyapatite formation [86] and tissue integration [87], and (iii) they improve cellular interactions because of the high surface area available for protein adsorption and antibacterial agents [88]. In addition, the strong bond between the coating and metal characteristic of electrochemical anodization protects the oxide film from delamination processes [29]. Shape, diameters, and thicknesses of titania nanotubes coatings grown by electrochemical oxidation can be widely tuned by regulating the concentration of the electrolyte, type of solvent, and electrolyte, anodizing electrical conditions, as shown in Figure 8C (detailed information relating to Ti-6Al-4V and β-Ti alloys can be found in Refs. [89,90]). In general, the composition of the formed anodic oxide layer is consistent with the alloy composition and alloying elements ratio [91]; however, more details on these aspects can be found in [84] and references therein.



Modeling of nanotubular structure, diameter, and length can be developed based on oxidation parameters and the environment. The research history on this topic can be divided into generations characterized by the use of different solutions of anodization. In the first generation, the nanotubular titanium oxide layer was obtained using HF, in the second, electrolytes consisting of NH4F and NaF. The third-generation nanotubes were developed in electrolytes based on glycol, changing the geometry of nanotubes in hexagonal. In some cases, chloride electrolytes produce an anodized called rapid breakdown anodization (RBA) with thinner nanotubes, which does not require too much time, making it an easy option [92].



The corrosion resistance of Ti alloys coated by a nanotubular layer of titania is mainly related to the barrier layer located at the bottom of the porous structure in direct contact with the metal [93,94] where the titanium oxide is thermodynamically more stable and protective against metal ions dissolution (Figure 8B).




4.2. Thermal Oxidation


Coatings of high corrosion-resistant biomedical titanium oxide can also be obtained by thermal oxidation. The morphology of these oxides is typically porous, and the thickness is quite high, in the order of 10–20 μm [95]. The mechanical and chemical stability, thickness, and crystallinity of oxide layers grown by thermal oxidation on Ti and Ti alloys are strictly dependent on the process temperatures (higher than 200 °C), time, and mode of cooling. Higher temperatures and longer times generally strongly increase the hardness and roughness of the oxide layers in both CP-Ti and Ti alloys. Additionally, fast cooling decreases the adhesive strength, friction characteristics, and wear and fatigue resistance [96].



TiO2 anatase is converted into rutile, which possesses a lower capability to release ions [22] and greater biocompatibility [97]. In order to decrease the longtime of alloy processing and equipment costs of this method, a novel fabrication process in which thermal oxidation, cutting, and surface modification are integrated has been recently developed [98].




4.3. Plasma Electrolytic Oxidation


Plasma electrolytic oxidation (PEO), also named micro-arc oxidation (MAO), occurs when a metal is electrochemically anodized at high applied voltages at which micro-arc phenomena can take place. These phenomena occur in the transpassivation region of Figure 5b, in which the current density notably increases, becoming responsible for the dielectric breakdown of the TiO2 passive layer. At the breakdown voltage, the metal surface is exposed to the solution at some points where the hydroxide ions react with Ti ions very rapidly to grow again the titanium passive film and repair the passive coating. This technique is interesting because the newly formed titania passive layer has many advantageous features, namely, (i) it has a porous structure strongly adherent to the metal that enhances the biological activity and (ii) its surface has Ti-OH functional groups and oxygen vacancies that can improve the biological and antibacterial ability, respectively [99]. In this case, the method is also reported as “ion implantation”. In addition, the PEO process provides the opportunity to incorporate calcium and phosphorus ions into the oxide layer by opportunely regulating the composition and concentration of the electrolyte. The incorporated Ca and P ions were even crystallized into hydroxyapatite or other calcium phosphates by a hydrothermal treatment. Proper selection and combination of composition and temperature of the electrolyte, alloy composition, voltage, current density, time of deposition are necessary to obtain corrosion resistance and biofunctionality at the same time in a single process [100,101].



For example, the use of high potentials improves on the one hand, the Ca and P ions incorporation into the coating promoting the formation of apatite [97], and on the other hand, it deprives the coating compactness by generating porosity, cracks, and inadequate adhesion. The last effect favors implant corrosion because corrosive ions can easily reach the inner thin barrier layer underlying the porous structure where the attack is facilitated.



Pretreatments of the alloy by anodization in relevant electrolyte before PEO can also be performed to improve the corrosion resistance of the inner layer by increasing its thickness and/or its density.





5. Electrochemical Biocorrosion of Passive Coatings on Ti-6Al-4V and β-Ti Alloys


5.1. Methods


Results obtained by Web of Science, PubMed, and Science Direct databases were used to select relevant papers for Section 5.4 and Section 5.5 according to different keywords coupling (i) biomedical AND beta-titanium AND corrosion, (ii) biomedical AND Ti-6Al-4 V AND corrosion, (iii) beta-titanium AND biocorrosion AND passive film, and (iv) Ti-6Al-4 V AND biocorrosion AND passive film. After reading the abstract of the found products, research papers reporting data on electrochemical corrosion of titanium alloy in simulated body fluid and passive layer formation were selected, while papers that did not report electrochemical polarization curves or corrosion mechanisms were excluded.




5.2. Overview


The passive film formed on the surface of titanium alloys occurs when it is exposed to oxygen, air, or some aqueous solution; this layer has a thickness of nanometers and it can be easily damaged [102,103], but that damage can be reestablished by itself in presence of oxidant conditions [104].



The surface of the material provides very important properties to cell differentiation, maturation with osteogenic capacity, and ensuring the adherence of cell implant. The production of TiO2 layer on the surface material occurs also when titanium alloys are immersed in body fluids although some surface treatments have been developed, e.g., plasma electrolytic oxidation or anodized, to create TiO2 layers with specific properties such as adherence and compactness [105].



The chemical composition of oxides grown on Ti-6Al-4V or β-Ti alloys is directly correlated with the osteointegration process and the retard of itself due to the number of metal ions (Ti, Zr, Al, V, Nb, etc.) those could create interference by a cytokine osteolytic [106,107]. The purpose of surface modification in Ti alloys is to maximize bioactivity; when exposed to natural tissue, providing surface treatment could provide better osseointegration and bioactivity, with the latter avoiding bacterial adhesion on implant surface [108].



Taking into account that corrosion behavior is one of the most important challenges for biostability and biocompatibility, the electrochemical behavior of passive layers will depend on the electrolyte; for this reason, it is necessary to characterize Ti alloys with surface treatments in physiological environments because, in those type of alloys, a high corrosion resistance implies that metal ions will not be introduced in the bloodstream [82,109].




5.3. Biochemical Environments Encouraging Ti-Alloy Passive Layer Corrosion


As highlighted in a recent review, the impact of corrosion products on implant durability and human healthiness is strictly dependent on the biological environment [7,110]. The presence of some chemical compounds, such as strong acids or chloride and fluoride, or bacteria that produce organic acids can irremediably attack the oxide layer of the titanium-based implant, beginning the corrosion process. For example, rubbing with several high concentrated acids causes damages to the Ti-6Al-4V surface, as observed by Wheelis et al. [111]. At low pH, the presence of halogens increases the risk of corrosion because of the incorporation of such anions in the passive film formed in the biological solution. Titanium grade II or IV immersed in saliva containing fluoride ions shows pitting corrosion with several patterns [112]. On the contrary, the Ti-6Al-4V alloy exhibits generalized and thus slower and safe corrosion. The biological environment should not combine high acidity and high fluoride content to guarantee a low corrosion rate. For pure titanium, the maximum range value of sodium fluoride has been identified to be about 200–9000 ppm, corresponding to a pH of 3.5–7.0 [113]. Additionally, the surface metallurgy of titanium is demonstrated to be more influenced by 35% hydrogen peroxide than 16% carbamide peroxide [114]. Another interesting result is the ability of albumin and H2O2, both of which are contained in a peri-implant environment, to increase the corrosion rate of titanium grade IV at human body pH and temperature conditions [115]. Often, the concentration of a corroding species is fundamental in determining the corrosion phenomena; for example, Ti-6Al-V disks result in being locally attacked by 0.2% chlorhexidine digluconate, while they are immune at lower concentrations. Additionally, the electrochemical potential of the alloy can be affected by the presence of bacteria favoring corrosion. In this case, the release of titanium can be visually observed by a dark tissue discoloration in tissues adjacent to medical implants [116].




5.4. Electrochemical Biocorrosion of Passive Coatings on Ti-6Al-4V


As discussed in detail in previous sections, passive coatings are naturally formed in the body fluid or pre-formed by relevant surface treatments on the titanium alloy surface (Section 4). In this section, we report the main results concerning the electrochemical biocorrosion of passive coatings on Ti-6Al-4V alloys with and without the preliminary growth of a thick oxide layer on their surface by analyzing the factors controlling the corrosion process.



In the work of Alves et al. [117], it is proved that the solution temperature and immersion time are key factors in regulating the corrosion resistance of Ti-6Al-4V alloys. The electrochemical results show that at 25 °C Ti-6Al-4V and Ti-6Al-4V ELI are superior with respect to Ti CP4 in terms of corrosion resistance. In fact, Ecorr and icorr recorded in Hank’s solution show that Al and V alloying elements reduce the dissolution rate of the passive layer formed in the solution. On the contrary, at 37 °C (human body temperature value), the results are inverted, and the passive film on Ti-6Al-4V becomes less resistant than that of titanium due to local corrosion processes accelerated by the presence of chloride ions in Hank solution. Both vanadium [117] and aluminum ions can be found in the electrolyte [42,118]. Additionally, the effect of immersion time is to shift Ecorr to more positive values, located in the passivation zone at both temperatures. This result indicates the growth of a protective passive layer on the alloy surface during the immersion time. Both alloys show a large passivation range in the potential vs. log i current density plot after 5 min of immersion (Figure 5b). The formation of oxide layers on TiCP4 and Ti-6Al-4V after immersion in simulated body fluid (SBF) is proved by the electrochemical impedance spectroscopy (EIS) technique [117]. EIS spectra relating to Ti-6Al-4V in SBF show one time constant at 25 °C indicative of a single oxide barrier layer, while at 37 °C, the spectra show two time constants attributed to the formation of a passive layer constituted by a compact inner barrier and a porous outer layer [117], composed essentially of titanium oxide (TiO2) with a composition transient region between the two layers [119]. The effect of temperature and time of immersion in the SBF solution on the morphology and thickness of the passive layer grown on titanium and Ti–6Al–4V alloy is schematized in Figure 9. In the sketch of Figure 9c, the principle of NTs formation is reported. The growth of the double structure proceeds according to three stages: (i) first, a compact oxide layer grows on metal surface in contact with an electrolyte, (ii) then, the initiation of pores or a slight pitting process on the oxide layer occurs, and (iii) finally, NTs arrays from pits or pores are formed.



The EIS technique possesses the ability to reveal the morphology and corrosion resistance of the layer showing in the Nyquist plot two separated arcs, i.e., time constants, corresponding to the outer layer (porous or NTs layer) at high frequencies and the inner layer at low frequencies. This event is known as the double-layer effect. The revelation of pores o NTs through an in situ technique is important because the morphology quality (distribution of nanotubes/pores uniformity) modifies the electrochemical parameters of corrosion. The number of time constants detected in EIS experiments depends also on solution temperature. Some authors report that at 25 °C EIS analysis shows only one time constants, while at 37 °C, the double-layer effect appears [120,121,122,123]. The presence of a constant phase element (CPE) element in the circuit used to fit the experimental EIS plots describes a process of nonuniform current distribution or a possible dispersion of time constants on electrode surface [124,125,126]. This effect can also occur due to the difference in phase of Ti-6Al-4V alloy since NTs are not uniform, being porous in the beta phase and nanotubular in the alpha phase [126]. Orazem and Tribollet [124] characterized Ti-6Al-4V using EIS and showed a double-layer structure that increases corrosion resistance when it is treated at the surface. In this study, the authors conclude that for a better protective layer, it is necessary to increase the percentage of oxygen and to decrease that of nitrogen.



The influence of the alloy composition and microstructure on the corrosion resistance of Ti6-Al-4V has been also evaluated [127]. Potentiodynamic analysis reveals that icorr decreases using Ti-6Al-4V and Ti6Al4V-ELI alloys instead of pure titanium in phosphate-buffered solution (PBS) with and without the addition of bovine serum albumin (BSA). The introduction of Al and V in the titanium metal is beneficial toward the active and passive dissolution of titanium and significantly reduces the wear accelerated corrosion under tribocorrosion conditions. Ti-6Al-4V alloy with α+β phase microstructure shows a wear resistance strongly higher than that of the Ti Grade 2 α phase microstructure under normal load of 5 N and sliding speed of 20 mm/s. The effect of BSA is quantified in a negligible increase of corrosion current density for Ti-6Al-4V and Ti-6Al-4V ELI alloys and a decrease for pure Ti (Grade 2 and Grade 5). Mainly, the addition of BSA increases the passivation current for both the materials with respect to the pristine PBS solution.



The corrosion resistance of Ti-6Al-4V alloy has been also studied after coating by an oxide layer grown by PEO [128]. The electrochemical behavior of the coated alloys was studied by potentiodynamic polarization, and the results showed that coated samples have corrosion potentials more positive than uncoated titanium. The measured corrosion current density of PEO coated titanium is lower than uncoated Ti with values of 121.58 nA/cm2 against 494.5 nA/cm2, meaning that corrosion kinetic is slower in coated titanium. Therefore, as shown in Figure 10, the Ecorr of coated titanium is higher than the uncoated sample, meaning that coated samples need more energy to begin the corrosion process [128].
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Figure 9. (a,b) Scheme showing the effect of solution temperature and time of immersion in SBF on the formation of a passive layer on (a) Ti and (b) Ti–6Al–4V alloy. Reprinted from [117], copyright (2009), with permission from Elsevier. (c) Growth of a nanotubes array on titanium metal. Republished with permission of Royal Society of Chemistry from [120]; permission conveyed through Copyright Clearance Center, Inc. Improved Figure. 
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A two-step plasma electrolytic oxidation (hybrid PEO coating) with alkali treatment (AT) has also been investigated for bioactive and biocorrosion-resistant alloys. Nabavi et al. [123], in 2019, studied the effect of this technique on the biocorrosion resistance of Ti-6Al-4V (grade 5) and CP-Ti (grade 1) substrates. The first step of PEO in a mixture of trisodium orthophosphate and sodium citrate solution aims to improve corrosion resistance, while the second step of PEO is performed in calcium acetate and sodium phosphinate monohydrate solution to increase bioactivity due to the incorporation of calcium and phosphor in the protective layer. The alloys were subjected to structural, morphological, and electrochemical characterizations. The electrochemical results in the SBF solution are mainly correlated to the ability of the second PEO step to grow a compact layer. Potentiodynamic polarization and morphological results showed that the corrosion current density strongly depends on the morphology and compactness of the coating. Samples subjected to long times of PEO show large pores that facilitate the penetration of ions, and the passivation range is reduced. EIS analysis reveals a double-layer structure known to exhibit two-time constants in the Nyquist plot [129,130] in which the inner layer dominates the low-frequency range, and the outer and porous layer describes the high frequencies. When the author used a hybrid PEO coating, a three-time-constant behavior appears, showing the presence of another outer porous layer. This behavior is represented in Figure 11, with typical Randle circuits accepted in the literature [123]. For this reason, it is convenient to seal NTs when a PEO is applied. Further, X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR) analyses corroborate the surface formation of hydroxyl groups and their involvement in the bioactivity improvement of the alloy.



Lario et al. [131] studied the effect of nanotopography and annealing on the corrosion resistance of the Ti-6Al-4V ELI alloy. Different TiO2 surfaces and nanotubes have been coated on Ti-6Al-4V ELI by electrochemical anodization and the electrochemical corrosion resistance investigated in 1 M NaCl solution. TiO2 nanotubes arrays show better corrosion resistance than the native oxide layer due to the higher surface area and amorphous crystal structure. TiO2 nanotubes thermal treatment has the effect to remove fluoride ions that favor localized corrosion and stabilize the anatase phase. The corrosion potential measured by potentiodynamic polarization has a lower value for anodized than bare Ti alloy. EIS results confirm that anodic anodization of Ti-6Al-4V ELI alloy permits the growth of a thick oxide compact layer at the base of the nanotubes array (see Scheme of Figure 8b), guaranteeing high corrosion resistance [131].



The research trend to increase the corrosion resistance of Ti-6Al-4V alloy goes toward the fabrication of uniform and highly ordered nanoporous layer by anodic oxidation. In fact, this technique allows the self-organizing of the porous and nanotubes arrays on the alloy and the obtainment of a highly ordered structure by relevant regulation of the anodization parameters, electrolyte nature, and concentration, surface treatments. By reducing the defects of the porous layer, corrosion can be firmly decelerated. In a very recent study [132], electrochemical anodization has been employed to produce uniform self-organized nanoporous oxide layers (with pore average diameter of 90 nm) on the Ti-6Al-4V surfaces in ethylene glycol electrolyte containing ammonium fluoride and lactic acid. Corrosion resistance evaluated in NaCl medium strongly increases, compared to the bare Ti-6Al-4V specimen, and a further improvement is recorded after thermal annealing. In Figure 12, the ordered porous morphology (panel a) and the corresponding great increase in corrosion potential (panel b) can be observed.




5.5. Electrochemical Biocorrosion of Passive Coatings on β-Ti Alloys


In a very recent review [9], the corrosion electrochemical properties of uncoated beta titanium alloys have been compared to uncoated Ti-6Al-4V. The results collected in the literature are referred to the uncoated state and showed good stability and corrosion protection for Ti-6Al-4V and beta-alloys. The good corrosion protection has been correlated to the properties of the oxide layer formed in situ in the biological environment, in particular, the presence of niobium, tantalum, and zirconium oxides in beta-Ti alloys and the modulus of elasticity and the good adherence of the oxide in Ti-6Al-4V alloys. Therefore, it is expected that a high-quality film opportunely grown on the alloy surface could transform the beta-titanium alloys into the best option to reach a biocompatible goal. To achieve this aim, the following relevant literature results of the last years on beta-Ti alloys coated by a protective oxide before corrosion experiments are discussed. Beta-Ti alloys promise challenges because of the nontoxic elements and the benefits to human osteoblasts [133]; for this reason, it is of great importance to understand how the growth of an oxide coating before or during implantation can improve corrosion resistance in bioenvironmental solutions.



It is well accepted that the addition of Nb metal enhances the passive behavior of titanium because Nb covers the anion vacancies in the titanium oxide crystal lattice [134]. The passive film constituted by Ta2O5 and Nb2O5 has more stability and high corrosion resistance in comparison to conventional Ti-6Al-4V alloys. Additionally, NbTaTi alloys possess a lower modulus than titanium due to the presence of β phase [135]. Thus, most of the β-Ti alloys’ studies are focused on the development of β-Ti alloy by the addition of Nb, Ta, Mo, Fe, and other alloying metals able to confer relevant properties to the material.



With the aim to discuss the mechanism of active corrosion of bare TiTaNb alloys in SBF, we report a recent study [136] in which TiTaNb medium entropy alloys (MEA) films are proposed as a promising coating material for biomedical applications. The results show mechanical and biocorrosion resistance superior to Ti-6Al-4V alloys. The active corrosion current density in SBF recorded by polarization curves is highly lower than Ti-6Al-4V, as confirmed by EIS analysis that shows the highest insulating, capacitive, and charge-transfer-resistance parameters. In addition, TiTaNb MEA films have higher hardness, higher wear resistance, and greater biocompatibility. The mechanism of corrosion and formation of a protective film in SBF is schematized in Figure 13 and supported by XPS results.



The bare Ti alloy undergoes active corrosion soon after immersion in SBF by injections of Ti2+, Ta5+, and Nb5+ ions in the solution, and simultaneously, the associated cathodic reduction of water with the production of hydroxyl groups occurs (panels b, c). The local increase of pH suddenly induces the formation of intermediate metal hydroxides that are then converted into oxides (reactions in panel b). After that, the formation of sites of nucleation converts into the growth of a passive oxide layer that at the end of the process reaches a thickness of about 6 nm (panel d). Another study directly compares the corrosion behavior of bare Ti–6Al–7Nb and Ti–6Al–4V ELI alloys in SBF solution [122]. Ti–6Al–7Nb alloy exhibits slower corrosion kinetics than Ti–6Al–4V ELI due to the presence of Nb that improves the oxide stability on the surface. By EIS analysis it can be concluded that for short times of immersion, a barrier layer is formed for both alloys. On the contrary, a double porous layer oxide is formed for long immersion times in SBF solution.



Stated these results, further improvements can be surely obtained by performing on β-Ti alloys a passive treatment before implantation aimed to increase the thickness and the stability of the coating. Many papers are reported on the anodic growth of nanotubular coating of beta alloys of Ti binary and Ti ternary [137,138], Ti-Nb [139,140], Ti-Ta-Zr [141], and Ti-Nb-Zr [142], TiNbTa [143], and TiNbTaZr [144]. Navarro Laboulais et al. [145] studied a novel β-Ti alloy (Ti35Nb10Ta-xFe) and the effect of iron concentration in the alloy and anodizing parameters on the passivation kinetic. As expected for barrier film anodic growth [146], the passive film thickness is directly proportional to the applied potential with a growth rate of 2–4 nm V−1. The microstructure of the alloy is confirmed to be mainly composed by β phase, and the residual α phase reduces as the Fe content increases. A rise in Fe amount also affects (i) the porosity of the alloy showing pores sizes in the range of the iron powder used in the sintering process, (ii) the growth rate of the passive film, which decreases due to a higher energy barrier for ionic conduction in the oxide, and (iii) the mechanical resistance with elastic module near to the bone. Thus, the addition of iron to β-Ti alloys is promising in low aggressive environments when the mechanical resistance is crucial.



The corrosion protection of Ti alloys can be improved by coating the alloy with thick oxide layers before implantation. The thickness can be improved by anodizing the alloy in relevant aggressive solutions able to partially solubilize the oxide allowing the formation of a porous nanotubular structure, that, as stated in Section 4, also favors the biological interactions with the solution with good osseointegration [147,148]. Some studies indicate that the main limitation of this technique is the low adhesion of the anodized nanotubes arrays on titanium surface [92,149,150] that favors corrosion. However, this inconvenience appears when the anodizing electrolyte contains a high concentration of fluoride acid because it can attack the barrier oxide underlying the nanotubes layer. The adhesive strength of the nanotubes can be also increased by changing the anodizing mode. For example, a three-step procedure consisting of (i) potentiodynamic polarization from open circuit potential to the end potential, (ii) potentiostatic polarization at the end potential for a selected time, and (iii) potentiodynamic polarization to return to the open circuit potential has been proved to be successful [151]. A recent study [152] shows that the growth of a nanotubular oxide layer on Ti10Mo8Nb beta alloy by electrochemical anodization in an electrolyte composed of glycerol–water with low content of NH4F allows a great adherence to the metal surface due to the electrochemical mechanism of passivation. In fact, the Ti10Mo8Nb alloy hydrolyzes in the electrolytic solution, forming a passive layer constituted by a mixed oxide (TiO2−Nb2O5−MoO2) at the metal–oxide interface and chemically dissolve at the oxide–solution interface.



Hernández-López et al. [106] investigated the corrosion resistance of porous oxides anodically grown on Ti13Nb13Zr alloy in PBS solution. Anodizing is performed in 1 M H2SO4 and 34.5 mM HF electrolyte. As expected, they found that nonanodized samples present higher corrosion rates in PBS solution than the anodized ones. Additionally, the passivity current density related to the nanoporous layer formation is strongly lower than that relating to the oxide grown on Ti13Nb13Zr by simple immersion in SBF [22]. They found a good correlation between the EIS results and interpretation in terms of the nanostructure, thickness, corrosion resistance, and the SEM/TEM microstructural examination and electrochemical measurements.



The observations of Ti-13Zr-13Nb alloys preanodized at low HF concentration show a fine nanotubular structure with long nanotubes and different features depending on the phase (α and β). In phase β, nanotubes are smaller and shorter than in phase α, inducing possible localized corrosion phenomena [153,154,155]. Their corrosion resistance has been evaluated in the standard Ringer’s solution by changing pH through HCl. The increase of corrosion resistance due to the anodic nanotubular oxide is connected to the high thickness of the film and the negligible infiltrations of the electrolyte into the nanocavities of the oxide structure well adherent to the alloy.



As discussed in Section 4, the PEO technique allows improving the surface bioactivity by the inclusion of Ca and P elements in the oxide layer. Kassem and Choe [156] studied the capability of PEO to produce good porous material for bioimplant applications using a β-Ti-Nb binary alloy at different Nb content. As reported in Figure 14, potentiodynamic polarization analysis in 0.9% NaCl shows the beneficial effect of PEO and Nb content on the corrosion parameters and passive film stability. The increase in Nb content affects the passivation behavior up to the formation of a double-layer oxide structure. The best performance is ascribed to the alloy β-Ti-30Nb that shows the lowest corrosion and passivation current density.



Ti-20Nb-10Zr-5Ta alloys immersed in Hank’s solution presented passivation with high potential levels up to 10 V; this behavior is attributed to the addition of Nb and Zr and generated O2 evolution. In 0.9% wt.% NaCl, the alloy presents passivation with a reactive surface after 10 h of exposition. After 24 h, the surface is less reactive and presents lower corrosion current density because a more stable passive layer is formed after long times of immersion [71].



The characterization of Ti-Nb-Zr-Ta alloy coated by PEO and compared with Ti CP and Ti-6Al-4V alloys were studied by Cordeiro in 2018. EIS characterization related to surfaces treated by PEO in electrolytes of calcium acetate and glycerophosphate showed a diffusion system in SBF solution (Figure 11a); meanwhile, uncoated material surfaces showed only one time constant (Figure 11b). Ti-Nb-Zr-Ta and Ti-6Al-4V alloys present a similar behavior better than Ti CP [157]. Coated alloys have values of impedance modules of four orders higher than uncoated material. According to Cordeiro et al. and their discussion with other authors, high values at high frequencies indicate a dielectric property of porous or nanotubes structures, while an increase of frequency values in low frequencies range means a barrier effect [157,158,159,160,161,162]. When samples are in PP characterization, coatings present higher Ecorr and lower icorr than uncoated samples, meaning better corrosion resistance. Ti-6Al-4V coated samples show an anodic breach instability on the metal surface, while Ti-Nb-Zr-Ta coated alloys exhibit a more stable behavior [157].



Finally, it is noteworthy that the possible combination of anodization process and PEO technique is a good strategy to assign excellent biocompatibility, bioactivity, and corrosion resistance to β-Ti alloys at the same time. Mazigi et al. [163] demonstrated that using this double procedure, Ti-35Nb-3Zr alloy acquires performance similar to conventional biomedical Ti-6Al-4V alloy (Figure 15). The biocompatibility experiments on Ti-35Nb-3Zr show similar results to Cp-Ti. In the bare condition, conventional Cp-Ti and Ti-6Al-4V have lower corrosion current density (of 30%); however, it can be observed that the passivation current density is lower for Ti-35Nb-3Zr alloy due to the benefits of niobium and zirconium to the oxide. After the combination of (i) electrochemical anodization to grow a nanoporous layer and (ii) calcium phosphate deposition by PEO, the corrosion performance of Ti-35Nb-3Zr alloy notable enhances at the level of Ti-6Al-4V alloy.



Jaquez et al. [164,165] studied the behavior of titanium alloys (Cp-Ti, Ti-6Al-2Sn-4Zr-2Mo, and Ti-6Al-4V) in the presence of acid solutions and Hank’s through potentiodynamic polarization and electrochemical noise. Statistical methods indicated that the passive layer created on Ti alloys surfaces is unstable; this condition is notable for Ti-6Al-2Sn-4Zr-2Mo in NaCl solution.





6. Outlook and Future Perspectives


This review reports and discusses the developments of Ti-6Al-4V and β-Ti alloys for biomedical applications by considering their microstructures, corrosion resistance, and passive layers. As they are used as biomedical implants, the essential interactions between the implants and human body environments are introduced. Due to the detrimental effect of Al and V, nontoxic β-Ti alloys are therefore developed. The primary alloying elements in most β-Ti alloys are Nb, Ta, and Zr, which are both β-stabilizer and biocompatible elements for the human body. According to the content of β-stabilizer, different microstructures, such as ω, β, and β′ phases, are found in different β-Ti alloys.



Afterward, the reason accounting for the good corrosion resistance of Ti and Ti alloys in body fluid is specified, which is attributed to the stable oxides formed on their surfaces. Therefore, the electrochemical corrosion of Ti alloys in a biological environment is significantly reviewed. Understanding if a Ti alloy with good corrosion resistance in the body environment is essential for the design of biomedical implants.



Although Ti and Ti alloys have significantly good corrosion resistance in the human body, fretting and wear are specifically involved. In these conditions, the spontaneously formed passive state of titanium is not completely stable, and localized ruptures have been found on a microscopic scale. Consequently, strong degradation due to localized corrosion can occur on the surface of the material due to the reaction with corrosive agents. Therefore, surface modification is often carried out to improve the mechanical, biological, and chemical properties [166]. Therefore, passive and protective layers to be grown on the Ti and Ti alloys before implantation are required. Several surface modification methods, including electrochemical passivation, thermal oxidation, and plasma electrolytic oxidation, as well as the electrochemical characteristics of the produced layers (mainly consisted of TiO2) on Ti-6Al-4V and β-Ti alloys, are introduced [97,167,168,169,170,171,172]. As summarized in Table 3, such-produced passive oxides generally have better corrosion resistance, compared to the naturally formed layers on the counterparts. Meanwhile, such-produced layers may contain some bioactive matter to increase the bioactivity of modified Ti alloys and thereby the affinity to bone cells.



According to the literature survey of this review, our vision is that the future of titanium alloys moves toward the use of β-phase alloys reinforced by anodic coatings. The analyzed research trend suggests that the exploitation of the electrochemical anodization technique, by searching the best conditions to optimize the performance of the oxide film in terms of corrosion stability and biocompatibility for a long time, could arrive at unprecedented goals. The electrochemical anodization technique offers versatility and precise control of the parameters of oxide growth, arriving, for example, at the perfect correlation of the anodizing potential to TiO2 nanotubes size of the passive layer. Thus, intensive studies on the electrochemical processes in human body environments are expected in the next years. When necessary, the coupling of EA and PEO techniques can be adopted since a notable improvement of the coating performance is recorded in some cases. This is another chance that must be taken after the evaluation of costs and benefits. Another valuable approach that should be considered is the combination of experimental and predictive methods. In recent years, advances in machine learning and artificial intelligence immensely decoded and empowered allowed the modeling of the biomedical material interaction with surrounding tissue, providing biomedicine a modern tool to predict the biosafety and efficacy of a metallic implant. Thus, our view is that this theoretical approach could complement the need for the safety of biomedical alloys because potentially deciphers the quantitative nanostructure activity’s relationship to corrosion metal leaching [173] and handles toxicity problems to the surrounding tissue during metal ion leaching from implants [174,175,176].



The importance of the topic, the growing interest in research, and the enormous unexplored potential of this literature review are intended to provide information on the methods of surface improvement by the formation of a corrosion-resistant passive oxide on biomedical Ti alloys in the human body fluids.



There are still some questions for β-Ti alloys used as implants. Further studies are still necessary to guarantee high durability in the human body and the research trend is to investigate β-Ti alloys with nontoxic elements, trying to improve corrosion resistance, mechanical properties, and biocompatibility to outstanding values. Therefore, lattice-structured β-Ti alloys with compatible elastic moduli coated by multifunctional materials, such as nanoceramics [177], may present an interesting future.
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Figure 1. (a) Classification of Ti alloy as a function of β stabilizer concentration. (b) Scheme of metastable (ω + β) and (β′ + β) phase field [32]. 
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Figure 2. Microstructure of Ti-6Al-4V alloy. (a) Lamellar, (b) martensitic, (c) bimodal microstructure with alpha grains (white) and transformed microstructure into prior β grain, and (d) equiaxed alpha grains (white) and intergranular beta at the alpha grain boundary. Panels (a,c,d) reproduced under the Creative Commons Attribution License from [33]. 
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Figure 3. Tensile properties of TNTZ (Ti-29Nb-13Ta-4.6Zr) in a solution state (a) and after aging for 72 h at 300 °C (b), 325 °C (c), and 400 °C (d) [32,45]. 
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Figure 4. Scheme illustrating (a) the electrochemical corrosion process at a metal or alloy surface; (b) double-layer structure on a corroding metal showing inner (IHP) and outer (OHP) Helmholtz planes and related flux of ions (anions toward anodic areas and cations toward cathodic areas) upon polarization. Electrochemical corrosion allows the spontaneous anodic polarization of some areas and cathodic of other areas of the metal–alloy surface. 
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Figure 7. Corrosion forms in titanium-based dental implants are classified into three groups according to the necessary identification technique. Adapted under the Creative Commons Attribution License from [59]. 
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Figure 10. (a) The electrochemical polarization curves recorded in SBF solution at 36.5 °C for the PEO coatings at different deposition times and uncoated Ti-6Al-4V alloy. (b) The variations of the electrochemical parameters of uncoated Ti-6Al-4V alloy and the PEO coatings at different deposition times. (a,b) Reprinted from [128], copyright (2016), with permission from Elsevier. 
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Figure 11. Equivalent Randle circuits used for the interpretation of EIS spectra recorded on Ti6-Al-4V alloy (a) uncoated (b) coated by (up) PEO (down) hybrid PEO. 
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Figure 12. (a) Evans’s diagram of three Ti-6Al-4V samples in 8 g/l NaCl solution. (b) FE-SEM micrograph of a nanoporous oxide grown on Ti-6Al-4V at 100 V in ethylene glycol electrolytes, NH4F, H2O, and lactic acid for 10 min. Reprinted from [132], copyright (2021), with permission from Elsevier. 
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Figure 13. Spontaneous formation of a passive film on β-TiTaNb alloy under corrosion conditions: (a) the alloy is in contact with corrosive SBF solution, (b) a passive layer grows on the alloy surface under corrosion due to Ti, Ta, Nb metals dissolution and subsequent formation of the correspondent metal oxides, and (c) in steady state, passive layer is continuously renewed under corrosion conditions. Adapted from [136], copyright (2020), with permission from Elsevier. 






Figure 13. Spontaneous formation of a passive film on β-TiTaNb alloy under corrosion conditions: (a) the alloy is in contact with corrosive SBF solution, (b) a passive layer grows on the alloy surface under corrosion due to Ti, Ta, Nb metals dissolution and subsequent formation of the correspondent metal oxides, and (c) in steady state, passive layer is continuously renewed under corrosion conditions. Adapted from [136], copyright (2020), with permission from Elsevier.
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Figure 14. (a,b) Potentiodynamic polarization curves of the Ti-xNb alloys before and after PEO treatment, respectively. Passive regions were observed in the case of the PEO-coated Ti-xNb alloys. Reprinted from [156], copyright (2019), with permission from Elsevier. 






Figure 14. (a,b) Potentiodynamic polarization curves of the Ti-xNb alloys before and after PEO treatment, respectively. Passive regions were observed in the case of the PEO-coated Ti-xNb alloys. Reprinted from [156], copyright (2019), with permission from Elsevier.
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Figure 15. Comparing the degradation rate and elastic modulus of the conventional implant materials to the β-Ti-35Nb-3Zr alloy. Reprinted with permission from [163], copyright (2017) American Chemical Society. 
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Table 1. Mechanical properties of Ti and Ti alloys for orthopedic implants. Reprinted from [5], copyright (2019), with permission from John Wiley and Sons.






Table 1. Mechanical properties of Ti and Ti alloys for orthopedic implants. Reprinted from [5], copyright (2019), with permission from John Wiley and Sons.





	Materials
	σ0.2

[MPa]
	σUTS

[MPa]
	E

[GPa]
	ɛmax

[%].





	α-type
	-
	-
	-
	-



	CP-Ti grade 1
	170
	240
	105
	24



	CP-Ti grade 2
	275
	345
	105
	2.20



	CP-Ti grade 3
	380
	445
	105
	18



	CP-Ti grade 4
	480
	550
	105
	15



	(α + β)-type
	-
	-
	-
	-



	T-6Al-4V (annealed)
	825–869
	895–930
	110–114
	6–10



	T-6Al-4V ELI (mil annealed)
	795–875
	960–965
	101–110
	10–15



	T-6Al-4V
	795
	860
	105
	10



	T-6Al-4V
	820
	900
	110
	6



	T-6Al-4V
	585
	690
	100
	15



	β-type
	-
	-
	-
	-



	Ti-13Nb-13Zr (aged)
	836–908
	973–1037
	79–84
	42–44



	Ti-12Mo-6Zr-2Fe (annealed)
	1000–1060
	1060–1100
	74–85
	18–22



	Ti-15Mo (annealed)
	544
	874
	78
	21



	Ti-15Mo-5Zr-3Al (annealed)
	838
	852
	80
	25



	Ti-15Mo-5Zr-3Al (ST)
	1000–1060
	1060–1100
	-
	18–22



	Ti-15Mo-2.8Nb-0.2Si-0.260 (annealed)
	945–987
	979–999
	83
	16–18



	Ti-16Nb-10Hf
	736
	851
	81
	10



	Ti-35.5Nb-7.3-Zr-5.7-Ta
	793
	827
	55–66
	20



	Ti-29Nb-13Ta-4.6Zr (aged)
	864
	911
	80
	13.2



	Ti-24Nb-4Zr-8Sn (Hot rolled)
	700
	830
	46
	15.0



	Ti-24Nb-4Zr-8Sn (hot forged)
	570
	755
	55
	13.0



	Ti-9Mn
	1023
	1048
	94
	19.0



	Ti-6Mn-4Mo
	1090
	1105
	89
	15.0



	Ti-10Fe-10Ta-4Zr
	960
	1092
	-
	6.0



	Ti-12Cr
	-
	760
	65
	18.5



	Ti-36Mb-2Ta-3Zr-0.3O
	670–1150
	835–1180
	32
	6.5–12.9



	Ti-24Nb-0.5O
	665
	810
	54
	22



	Ti-24Nb-0.5N
	665
	665
	43
	13



	Ti23Nb-0.7Ta-2Zr
	280
	400
	55
	33



	Ti-23Nb-0.7Ta-2Zr-1.2O
	830
	880
	60
	14







σ0.2, σUTS, and E, ɛmax are yield strength, ultimate tensile strength, elastic modulus, and ultimate strain. ST = solution treated.
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Table 2. Tensile properties of human cortical bones. Reprinted from [5], copyright (2019), with permission from John Wiley and Sons.






Table 2. Tensile properties of human cortical bones. Reprinted from [5], copyright (2019), with permission from John Wiley and Sons.





	Bone
	Age
	N
	n
	σUTS

[MPa]
	E

[GPa]
	ɛ max

[%]
	ρ

[g cm3]





	Fibula
	41.5
	17
	20
	100
	19.2
	2.10
	1.91



	Fibula
	71
	17
	16
	80
	15.2
	1.19
	1.73



	Humerus *
	15–89
	64
	27
	149
	15.6
	2.20
	1.77



	Humerus **
	15–89
	64
	16
	151
	16.1
	1.90
	1.72



	Tibia
	41.5
	17
	67
	106
	18.9
	1.76
	1.96



	Tibia
	71
	17
	34
	84
	16.2
	1.56
	1.83



	Tibia
	20–89
	28
	123
	156
	23.8
	3.09
	–



	Femur
	41.5
	17
	35
	102
	14.9
	1.32
	1.91



	Femur
	71
	17
	35
	68
	13.6
	1.07
	1.85



	Femur *
	15–89
	64
	29
	141
	15.2
	2.00
	1.90



	Femur *
	15–89
	64
	30
	134
	15.0
	1.80
	1.80



	Femur
	20–89
	33
	178
	132
	16.8
	2.83
	–







N is the number of tested bones and n is the number of samples obtained from the tested bones, σUTS is ultimate tensile strength, E is elastic modulus, ɛmax is ultimate tensile strain, ρ is density, * refers to male and ** to female.
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Table 3. Summary of the corrosion properties of passivated (spontaneous, in situ, or pre-formed oxide coating) Ti-6Al-4V and β-Ti alloys in different fluids.
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	Ti-Alloy
	Passive Layer Formation

(In Situ/Pre-Grown)
	Biological Solution, T (°C), tIMM* (h)
	Corrosion Current Density/μA cm−2
	Corrosion Potential/V vs. Ag/AgCl
	Main Conclusions in Terms of Corrosion Resistance
	Ref.





	Ti6Al4V
	−
	NaCl, 25
	0.043
	−0.538
	Unstable passive layer.
	[165]



	Ti6Al4V
	in situ, NTs
	Hank’s, 25, 168

Hank´s, 37, 168
	0.104

0.164
	−0.297

−0.304
	At 25 °C: Ti and Ti6Al4V are similar.

At 37 °C: corrosion resistance Ti–6Al–4V decreases due to passive film dissolution.
	[117]



	Ti6Al4V
	in situ
	PBS, 25, 0.33

PBS/BSA, 25, 0.33
	0.18

0.75
	−0.497

−0.495
	Ti6Al4V alloy is better than Ti grade2 in PBS and PBS/BSA.

In PBS/BSA, icorr increases for Ti6Al4V and decreases for Ti Grade 2.
	[127]



	Ti35Nb2Ta3Zr
	−
	Hank´s, 37, 2
	0.101
	−0.320
	The high corrosion resistance and satisfactory biocompatibility make the novel Ti35Nb3Zr2Ta alloy a promising biomaterial for surgical implants.
	[159]



	Cp-Ti
	PEO
	AS, 37, 0.16
	5.6 × 10−5
	−0.0546
	PEO surface treatment confers better electrochemical behavior to Ti alloys.
	[160]



	Cp-Ti
	PEO

5 μm thick, porous oxide
	AS at different pH

(3.0, 6.5, and 9.0), SBF, 37, 0.16
	PEO

AS(0.00019)

SBF (0.00014)
	PEO AS(0.15) SBF (0.081)
	PEO improves surface properties and electrochemical stability of Cp-Ti surface due to Anatase/Rutile formation, while increasing protein adsorption.
	[161]



	Ti6Al4V
	PEO
	SBF, 25, 336
	0.488
	−0.118
	Long times of PEO increase pore size and facilitate the penetration of ions; the passivation range is reduced.
	[123]



	Ti6Al4V ELI
	EA

TiO2 NTs
	NaCl, 25
	0.009
	0.13
	EA permits the growth of a thick oxide compact layer at the base of TiO2 NTs array guaranteeing high corrosion resistance.
	[131]



	Ti-Nb-Zr-Ta
	PEO
	SBF, 37, 0.16
	0.24
	0.265
	Electrochemical behavior similar to Ti6Al4V, but with less tendency to transport ions across the oxide film.
	[157]



	Ti-xNb
	PEO
	SBF, 37, 24
	0.006
	−0.353
	PEO coating made on the Ti-30Nb alloy gives great corrosion resistance and good bioactivity
	[156]



	Ti6Al4V
	EA

TiO2 NTs
	NaCl, 25, 0.25
	0.058
	80.28
	Ti6Al4V covered by TiO2 NTs passive layer has higher corrosion resistance compared to the bare Ti6Al4V.
	[132]







tIMM* = immersion time.
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