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Abstract

:

The growth of the elderly population is urging for more suitable biomaterials to allow the performance of better surgical and implant procedures and accelerate the patient’s healing because the elderly are more vulnerable to orthopedic and dental problems. β-phase Ti alloys can improve the mechanical properties of implants by reducing their elastic modulus and, consequently, the effects of stress shielding within bones. Therefore, the objective of this article is to study a novel ternary β-phase alloy of Ti10Mo8Nb produced by an electric arc furnace and rotary forge. The microstructure and mechanical properties of the Ti10Mo8Nb alloy were investigated in order to evaluate its suitability for biomedical applications and compare its characteristics with those present in Ti-alloys commerced or widely researched for prosthetic purposes. A tensile test, Vickers microhardness test, use of microstructure of optical microscopy for examination of microstructure, X-ray diffraction and hemolysis analysis were carried out. Thus, the Ti10Mo8Nb alloy showed suitable properties for biomedical applications, as well as having the potential to reduce the possibility to occur stress shielding after prosthetic implantations, especially for orthopedics and dentistry.
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1. Introduction


The growth of the elderly population is a stimulating aspect for the advancement and diversity of novel biomaterials. A United Nations report indicates that the population over 60 years of age is expected to increase from 302 million in 2019 to 366 million in high-income countries in 2030 [1]. This information is consistent with the increase in this group even in countries whose socioeconomic structure is different. While in 2000 for 76.6% of the countries the elderly population did not represent 7% of their individuals, from 2050 onwards 57.5% of the countries will be considered aged societies (with an elderly population greater than 14%) [2,3,4]. It is therefore estimated that by 2050, approximately 1.5 billion people will be over 60 years of age. These numbers are supported, among other secondary elements, by the improvement in people’s health conditions [5].



Therefore, advances in tissue engineering and biomaterials have collaborated to assist in patient recovery. Among the areas benefiting from technological developments are orthopedics and dentistry, which have the elderly population as a vulnerable group due to the emergence of bone pathologies (e.g., osteoporosis that affects bones and teeth) [6]. Nevertheless, many materials used for bone grafting have significant restrictions that lead to new fractures within a period of up to 10 years for 60% of operated patients [7]. Such problems are potentiated once it is verified that at least 10% of patients have a slower recovery process due to factors related to age and diabetes [8]. Furthermore, for prosthetic dental implants, despite the high survival rates for fixed dental prostheses and implant-retained overdentures, common complications are observed during or after procedures, such as crown and ceramic fractures. These problems are correlated to materials properties that differ from the metallic and ceramic parts of implants, as well as to biological dental structure [9].



Thus, it is necessary to propose more suitable biomaterials to allow the performance of better surgical and implant procedures and accelerate the patient’s healing. Biomaterials span the groups of metallic, ceramic, polymeric and composite materials. Metals are highlighted in most orthopedics and dental applications because of their mechanical properties that allow restoring or stabilizing areas of the musculoskeletal system [10].



However, metallic devices might have a higher modulus of elasticity than bones, leading to the loss of bone tissue over time [10]. In this way, metals typically used in medicine such as titanium are reformulated by adding stabilizing β elements to their alloys [11]. Such elements allow a reduction in the elastic modulus, preventing bone resorption, while still ensuring considerable mechanical and chemical resistance characteristics of the alloy. Such alloys are formulated in a ternary way by combining titanium with Nb, Mo, V, Ta, Zr and Sn, for example [12,13].



On such elements, niobium was seen as interesting to replace, mainly, vanadium as an element of metal alloys (e.g., Ti6Al4V) used in the recent past for prosthetics. Vanadium in its elemental state is considered toxic and it is being correlated to cases of neurological disorders (e.g., Alzheimer’s) and organ inflammation [14,15]. Niobium, on the other hand, does not show this toxicity, although it maintains the same effect as a β stabilizing agent [16,17]. Moreover, the production of niobium has a strong relationship with Brazil, since the country has 16 million tons of that material, accounting for 91% of its production globally. It is also estimated that such reserves allow the supplementation of that material to the world for four centuries. Thus, studies related to the use of niobium favor both the development of more adequate biomedical devices and have a direct impact on the Brazilian production chain and global supplementation [18]. Another element that is used in biomedical applications is molybdenum. It was widely investigated for biomedical application because it has appropriate mechanical properties and biocompatibility, as well as being a strong stabilizer of β-phase for concentrations higher than 10% [19,20,21,22].



Although the use of niobium and molybdenum dates from the 1970s, studies of the microstructure of alloys with these elements are relatively recent [16]. Suresh S. et al. (2022) studied the effect of the concentration of niobium, molybdenum and chromium in titanium alloys, identifying that the porosity of the material is reduced and its mechanical properties improved with the addition of 8% Nb and 3% Mo–Cr to the alloy [23]. Suesawadwanid N. et al. (2022) investigated ways to improve the stress shielding effect on medical implants and observed that the ductility of the alloys was increased for high stabilizing β insertion, as in tests with Ti25Nb [24]. The results presented in the literature, however, are still limited to the correlation of the effects of different concentrations of stabilizing β elements on the material’s microstructure and, consequently, on its properties. These aspects are fundamental for proposing better solutions for biomaterials used as implants.



Thus, the objective of this article is to study a novel ternary β-phase alloy composed of titanium, molybdenum and niobium (Ti10Mo8Nb) produced by an electric arc furnace and rotary forge. The microstructure and mechanical properties of the Ti10Mo8Nb alloy were investigated and compared to the characteristics present in commercially prosthetic alloys used nowadays in order to propose a more suitable biomaterial for orthopedic and dental implants.




2. Materials and Methods


2.1. Alloy Processing of Ti10Mo8Nb


The samples of Ti10Mo8Nb alloy were obtained from the fusion of commercially pure (CP) titanium (Sandinox, Sorocaba, Brazil, 99.8% of purity), molybdenum (Sigma-Aldrich, Jurubatuba, Brazil, 99.9% of purity) and niobium (Sandinox, Sorocaba, Brazil, 99.9% of purity) in an electric arc furnace (LABMET, Campinas, Brazil) with inert atmosphere (argon gas) and crucible of water-cooled copper. Before melting, the metals were cleaned using chemical pickling in a solution formed by 50 mL of H2SO4 (98%) 20 mL of HF (48%), 20 mL of HNO3 (70%) and 10 mL of distilled water and weighed according to the composition studied. The ingot obtained with the melting was remelted 7 to 10 times in order to homogenize the alloy, turning it over before each time. The solubilization treatment was carried out in a tubular oven (LG&E, Louisville, KY, USA). The ingot was vacuum encapsulated in a quartz tube due to the reactivity of titanium with oxygen. The homogenization of the ingots was carried out at 1200 °C for a period of 24 h.



The ingots were cold-formed in such a way that there was a decrease in the diameter of the sample in the order of 20% in diameter. Rotary forging was carried out (equipment by FENN Torin, East Berlin, CT, USA) using models 6F (2² to 3/8²) and 3F (1/2² to 1/8²), with a speed of 1700 rotations per minute (rpm), 30 CV (HP). The ingots (in bar format after rotary swaging) were subjected to the solubilization heat treatment at 950 °C for 2 h, followed by rapid cooling in water. Thus, the ingots were sectioned into cylindric discs.




2.2. Tensile Test


Tensile test was managed in order to compare the mechanical properties of the Ti10Mo8Nb alloy with commercially pure (CP) Ti, Ti7.5Mo, Ti15Mo and Ti6Al4V. The test responses are critical for the development of biomedical implants due to the body load applied [24]. Five cylindrical tensile specimens were machined from Ti10Mo8Nb alloy in accordance with ASTM 638 EM. The uniaxial tensile tests were performed at room temperature on a servo-hydraulic testing machine (Instron, São José dos Pinhais, Brazil) and crosshead speed of 8.33 × 10−6 m/s−1 according to ASTM E 8M standard. The average values for ultimate tensile strength, yield strength at 0.2% offset, Young’s modulus and elongation were determined.




2.3. Microhardness Evaluation


Microhardness was evaluated in order to visualize material wear that has impact on prothetic development and aging of the material inside the body [25]. The Vickers microhardness test (HV) was carried out in accordance with ASTM E 384 using a microhardness tester (Shimadzu, Tamboré, Brazil). The microhardness tests were carried out on the 4 specimens. For each specimen, 9 measurements were made on HV and HB hardness scales, with a load equal to 200 g of force and lasting 10 s. The microstructure and the topography of the alloy after Vickers hardness test were investigated by optical microscope (Olympus, Tokyo, Japan).




2.4. Microstructural Characterization


The microstructure of the alloy after the tensile test was examined by optical microscopy (MO). Thus, the grain size and the physical characteristics of the Ti10Mo8Nb alloy were investigated. The samples for the microstructural characterization were ground, polished and etched with Kroll’s reagents (5 mL HF, 10 mL HNO3 and 85 mL H2O. Prolab, São Paulo, Brazil).




2.5. Fractography


For the study of fractography, scanning electron microscopy (SEM) was used to determine the cause of failure and the relationship between the failure mode and the microstructure of the material under analysis. The specimens submitted to traction were evaluated in order to analyze the fracture behavior. For the technique, SEM (Zeiss EVO LS-15, Jena, Germany) was used.




2.6. X-ray Diffraction Analysis


The phase identification was performed for identifying the presence of β-phase in the ternary alloy, using X-ray diffraction (XRD) equipment from Carls Zeiss model EVO MA (Jena, Germany) 15 at room temperature with Cu Kα radiation operated at 40 kV and 30 mA and 2θ in the range 10–90°.




2.7. Hemolysis


The hemolysis test was conducted in order to evaluate the in vitro cytotoxicity of the material and identify if it has compatibility to be placed invasively in the body without presenting a destructive response to blood cells. The test was performed following the ASTM F756-08 standard, with samples of Ti10Mo8Nb and CP Ti sterilized by UV for 30 min and subsequent application of 10 mL of 0.9% saline solution on the samples placed inside falcon tubes with anticoagulant of sodium citrate (3.2%). The positive control group was made with the addition of 0.2 mL of blood in 10 mL of distilled water and the negative control group was made with the addition of 0.2 mL of blood in 10 mL of 0.9% sodium chloride. A 0.2 mL solution made with 4 mL of blood with 5 mL of 0.9% saline solution was placed on the Ti10Mo8Nb and CP Ti samples, then stored in an oven at 37 °C for 1 h and then centrifuged for 5 min at 2500 rpm (model BE 4000 brushless). The absorbance reading was taken in a spectrometer using a wavelength of 540 nm.





3. Results and Discussion


In this study, the ingots of the β-phase ternary Ti10Mo8Nb were produced in disk format by arc furnace and rotary forge, as specified in the methodology. Thus the analysis of the microstructure and mechanical properties of the alloy could be carried out in order to assess its suitability for prosthetic purposes in orthopedic and dental areas. According to the standards ASTM E 8M and ASTM 638 EM, the specimens were machined and subjected to uniaxial tensile loading along their axes and registered in Table 1. The result showed that the Ti10Mo8Nb alloy exhibits higher tensile strength and yield strength values only than CP Ti. When compared to other titanium alloys currently studied for biomedical applications, the alloy showed lower tensile and yield strength. With a significantly higher plastic deformation than all others titanium alloys presented in Table 1, the Ti10Mo8Nb alloy reached 35%, which can be explained by the presence of Mo and Nb capable of improving the plasticity of the material [26,27].



The elastic modulus of the Ti10Mo8Nb alloy (91.0 + 1.0 GPa) was considered relatively high compared to other titanium alloys. However, it is lower than CP Ti and Ti6Al4V alloy, which was considered in the recent past an applicable alloy for biomedical applications. Mo and Nb alloying elements added to titanium are classified as β-phase stabilizers, which is identified as the phase with the lowest modulus of elasticity among the existing phases in titanium alloys [19,24,26,28]. From Table 1, it is also possible to observe that the Ti7.5Mo alloy (α-phase) exhibits the lowest elastic modulus value. This fact can be explained by the presence of the ω phase in the β-phase alloys, which occurs due to the fast cooling of the alloy and is facilitated by high concentrations of Mo, as with the Ti15Mo alloy. The ω phase can change the properties of the materials by improving the tensile strength and, on the other hand, reducing the plasticity and ductility of the materials (ω phase 1 and ω phase 2) [29,30].



The analysis of the modulus of elasticity possible from Table 1 is essential for reducing the effect of stress shielding in orthopedic and dental implants. Stress shielding occurs because bone, which supports the load by itself, now has the implant as a co-participant element in the load-carrying capacity. Therefore, as specified by Wolff’s law, the decrease in the stress over the bone causes a loss of mass and it becomes more fragile, thin and porous. Moreover, the occurrence of stress shielding occurs primarily due to differences in the modulus of elasticity of the implant and bone [31,32]. It is known that cortical bone, which is more compact and dense, has a typical modulus of elasticity between 2–30 GPa, as well as trabecular bone, which is more porous and spongy, and has a modulus of elasticity between 0.01–4.5 GPa. Thus, the production of implantable materials with a modulus of elasticity closer to that of bones favors the prevention of stress shielding and, consequently, bone tissue resorption [28,31,32,33,34].



Furthermore, the composition of binary, ternary or quaternary alloys with stabilizers α, α + β or β helps to reduce the elastic modulus. The β stabilizer is identified to ensure lower alloys’ elastic modulus. In the case of the proposed alloy, Mo is an isomorphic β element that can, above all, improve the mechanical strength of the alloy, as can be seen in the face of CP Ti characteristics in Table 1 [28].
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Table 1. Tensile test data of the Ti alloys for comparing their mechanical parameters [35,36,37,38,39].






Table 1. Tensile test data of the Ti alloys for comparing their mechanical parameters [35,36,37,38,39].





	
Alloys

	
Yield Strength (MPa)

	
Tensile Strength (MPa)

	
Elastic Modulus (GPa)

	
Elongation (%)

	
References






	
Ti10Mo8Nb

	
691 ± 110

	
884 ± 75

	
91 ± 1

	
32 ± 8

	
This study




	
CP Ti

	
523 ± 11

	
673 ± 11

	
108 ± 4

	
24 ± 1

	
Bocchetta P. et al. (2021), Sneddon S. et al. (2021),

Weng W. et al. (2021),

Souza B. L. et al. (2017), Ho W. et al. (2008)




	
Ti7.5Mo

	
737 ± 18

	
1019 ± 15

	
70 ± 3

	
16 ± 1




	
Ti15Mo

	
745 ± 13

	
921 ± 19

	
84 ± 1

	
25 ± 2




	
Ti6Al4V

	
999 ± 13

	
1173 ± 17

	
113 ± 10

	
6 ± 1









In view of the smallest cross-section of the sample, the applied force and the deformation suffered by the specimen, the result is the graph in Figure 1, which indicates the stress and deformation of the alloy. It presents an average strain of 32% until its rupture under a stress peak of 889 MPa. Sneddon S. et al. (2021) obtained the stress–strain relationship for Ti6Al4V alloy with 14.5% of strain under maximum stress of 1.02 GPa. Weng W. et al. (2021) evaluated that a CP Ti (grade 4) alloy presented an elongation to failure of 15% under a stress of 550 MPa. Their results are similar to those obtained by Ho W. et al. (2008). Therefore, comparing the stress–strain responses obtained by Ti10Mo8Nb alloy with the others alloys presented a better ductility behavior. According to Alabort E. et al. (2022), improvements in alloy ductility are valuable for microstructure engineering and it produces a consequent improvement in the implantable products that should carry out great loads in dentistry and orthopedics.



The measure of Vickers microhardness of the Ti10Mo8Nb alloy had an average HV of 342.4, as is shown in Figure 2. A literature review was carried out to compile other Vickers microhardness values of the Ti alloys.



Based on studies performed by Weng W. et al. (2021), Rezende M. C. R. A. et al. (2017) and Xu et al. (2008), in alloys of the ternary TiMoNb system, the Vickers microhardness value tends to decrease as the niobium content increases. The experimental alloy Ti10Mo8Nb hardness of 342.4 HV is in agreement with the hardness values obtained by Xu et al. (2008), with an intermediate value for the hardness found for the Ti10Mo7Nb and Ti10Mo10Nb alloys. According to Wandra R. et al. (2022), β-phase Ti alloys with low surface hardness are problematic for orthopedic implants, because they might fail when a contact of metal-on-metal is established for an articulated prosthesis. Therefore, the result of 343.4 HV for Ti10Mo8Nb represents the highest one obtained for all alloys, demonstrating its advantages for biomedical applications.



As can be seen in Figure 2, the hardness of Ti10Mo8Nb alloy is higher than CP Ti, Ti7.5Mo, Ti15Mo and Ti6Al4V. Kaouka et al. (2017) report in their studies that researchers have admitted the association between wear resistance and hardness of materials, and that the greater the hardness, the greater the wear resistance of the biomaterial. Moreover, the optical micrographs (Figure 3) showed that the grain structure has an average width of 200 µm and its β grains have sub-grain boundaries, whose grain characteristic was also observed in the study led by Weng W. et al. (2021) and Rezende M.C.R.A. et al. (2017). The grain size has a direct influence on the material’s hardness and can be considered an element to justify the Ti10Mo8Nb hardness higher than for the other alloys.



The typical fracture that occurred in specimens of Ti10Mo8Nb alloys was subjected to a uniaxial tensile load. The fracture occurred after necking the area in relation to the applied load. This fact is related to the critical shear stress that is reached under these loading conditions. The SEM fractographs of the heat-treated Ti10Mo8Nb alloys, after the tensile tests at room temperature, are shown in Figure 4. The results indicated the presence of spherical microcavities called dimples on the fracture surface of the specimen, which are related to regions that exhibited plastic deformation. It is important to note that the tensile stresses occur along the cross-section of the specimen, as the transverse expansion takes place and the dimples are then generated in that direction, characteristic of the behavior of ductile materials [40]. An irregular and fibrous appearance on the fracture surface of the Ti10Mo8Nb alloy was also observed, and the crack runs in the direction where the molybdenum-rich precipitates were found.



For the XRD obtained for the analyzed ternary alloy, intense and major Ti-β peaks were identified. In addition, the crystallographic plane of this Ti-β-phase was also indexed to these minority peaks, which were stabilized with the increase in the amount of Mo and Nb in the nominal composition of the alloys [25]. It was also observed that the Ti-β peaks were shifted towards lower diffraction angles, as illustrated in Figure 5, suggesting that Mo and Nb atoms may have been dissolved in these crystalline structures. The intensity of the peaks is consistent with findings available in the literature for the Ti-alloy composed of Mo and Nb with close concentrations [41,42]. According to its Mo-equivalence (% Moeq) of 12.24%, which is higher than 10.0%, it is classified as a β-metastable alloy [43,44]. Moreover, the peak marked at 51.5° and 79.5° can be related to the ω phase.



The hemolysis rate shown in Figure 6 represents the biocompatible response of the alloy, indicating an element of its suitability or not for biomedical implants. It is observed that there was no significant statistical variation between the alloys and both presented a hemolysis rate lower than 1%, considered an acceptable range for biomaterials [45]. Although other tests must be carried out to evaluate in greater detail the biocompatible behavior of the alloy, this result presented in hemolysis is relevant to indicate the suitability of the material regarding its inexpressive cytotoxicity and non-response to the destruction of blood cells.




4. Conclusions


In this study, a ternary β-phase Ti10Mo8Nb alloy was created and its microstructure characteristic and mechanical properties were evaluated for the assessment of its suitability for biomedical applications through fractography, microhardness, XRD, SEM and tensile analyses.



The route and parameters used for the preparation of Ti10Mo8Nb alloys produced homogeneous materials. The β-phase was preferentially formed in the heat-treated Ti10Mo8Nb alloys. The increase in the amount of the β-phase in the nominal composition and in the microstructure of the alloy has contributed to improving the values of Vickers microhardness, yield strength, elastic modulus, compressive strength limit and rupture strength of these alloys, in relation to commercially produced Ti alloys. The fractographic analysis has indicated that the plastic deformation regions were reduced for the heat-treated Ti10Mo9Nb alloy, due to the greater amount of Mo precipitated regions. As a response to the mechanical tests, the alloy showed that its elastic modulus was higher than for other alloys such as Ti7.5Mo and Ti15Mo. This is related to the concentration of Nb and Mo stabilizing β elements. Finally, the hemolysis test indicates a low cytotoxicity response of the material and its appropriate biocompatible response.



Therefore, the Ti10Mo8Nb alloy showed suitable properties for biomedical applications, as well as having more advantageous characteristics than commercially produced Ti and other binary or ternary alloys, mainly reducing the possibility of occurring stress shielding after prosthetic implantations, especially for orthopedics and dentistry.
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Figure 1. Stress–strain average curve of the Ti10Mo8Nb alloy obtained from the tested samples. 
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Figure 2. Microhardness of the Ti10Mo8Nb alloy, CP Ti, Ti15Mo, Ti7.5 Mo and Ti6Al4V are shown for comparison based on Ho W. et al. (2008) results. 
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Figure 3. Optical micrographs of Ti10Mo8Nb show typical morphology of β-phase Ti alloys grains. 
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Figure 4. Ti10Mo8Nb alloy fractography from different magnifications showing the microcavities (dimples) on its surface. 
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Figure 5. XRD of the Ti10Mo8Nb alloy with Ti-β peaks highlighted. 
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Figure 6. Hemolysis test for Ti10Mo8Nb and CP Ti. 
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