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Abstract

:

Very often, pure Ti and (α + β) Ti-6Al-4V alloys have been used commercially for implant applications, but ensuring their chemical, mechanical, and biological biocompatibility is always a serious concern for sustaining the long-term efficacy of implants. Therefore, there has always been a great quest to explore new biomedical alloying systems that can offer substantial beneficial effects in tailoring a balance between the mechanical properties and biocompatibility of implantable medical devices. With a view to the mechanical performance, this study focused on designing a Ti-15Zr-2Ta-xSn (where x = 4, 6, 8) alloying system with high strength and low Young’s modulus prepared by a powder metallurgy method. The experimental results showed that mechanical alloying, followed by spark plasma sintering, produced a fully consolidated (α + β) Ti-Zr-Ta-Sn-based alloy with a fine grain size and a relative density greater than 99%. Nevertheless, the shape, size, and distribution of α-phase precipitations were found to be sensitive to Sn contents. The addition of Sn also increased the α/β transus temperature of the alloy. For example, as the Sn content was increased from 4 wt.% to 8 wt.%, the β grains transformed into diverse morphological characteristics, namely, a thin-grain-boundary α phase (αGB), lamellar α colonies, and acicular αs precipitates and very low residual porosity during subsequent cooling after the spark plasma sintering procedure, which is consistent with the relative density results. Among the prepared alloys, Ti-15Zr-2Ta-8Sn exhibited the highest hardness (s340 HV), compressive yield strength (~1056 MPa), and maximum compressive strength (~1470). The formation of intriguing precipitate–matrix interfaces (α/β) acting as dislocation barriers is proposed to be the main reason for the high strength of the Ti-15Zr-2Ta-8Sn alloy. Finally, based on mechanical and structural properties, it is envisaged that our developed alloys will be promising for indwelling implant applications.
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1. Introduction


At present, in the field of prostheses, hip revision surgeries are expected to increase by a total of 137% between 2005 and 2030, whereas knee revision surgeries will increase by 602% in the same period. Therefore, in the pursuit of circumventing the surge of costly and painful post-implant surgeries, the life span of the indwelling implant must also be further increased. The life expectancy of the implant can be increased by enhancing its mechanical properties, such as strength, wear, and fatigue resistance [1,2,3].



From the viewpoint of load-bearing characteristics, metallic alloys have also been widely preferred over nonmetallic biomaterials such as polymers because, intriguingly, metallic alloys offer a higher load-bearing capacity when utilized in the manufacturing of artificial joints for hips and knees. The higher load-bearing capacity and superior wear resistance have made Ti and its alloys indispensable in implant applications [4,5].



Among traditional metallic alloys, such as stainless steel and cobalt-based alloys, α-Ti and especially (α + β)-Ti-6Al-4V alloys are an enticing class of metallic materials with higher specific strength (σ/ρ) and offer a synergistic combination of mechanical and physical properties that can recapitulate natural bone. In particular, the Ti-6Al-4V alloy is considered an α-β alloy that contains 6 wt.% aluminum as the α stabilizer and 4 wt.% vanadium as the β stabilizer. That said, using (α + β) Ti-6Al-4V-based alloys is precarious for the long-term efficacy of indwelling implants, mainly due to challenges associated with cell-mediated cytotoxicity that are mainly due to the release of toxic aluminum (Al) and vanadium (V) ions. Hence, based on biocompatibility aspects, it is highly important to develop Al- and V-free Ti-based alloys with mechanical properties closer to or higher than classical Ti-6Al-4V alloys [6,7,8].



Pure titanium (CP) occurs in a variety of allotropes. These allotropes differ widely in their crystal structure, density, and microstructural features. At the β transus temperature (approximately 885 °C), this phase is transformed into a body-centered cubic (BCC) crystal structure called the β phase. At room temperature, pure titanium has a hexagonal close-packed (HCP) crystal structure, named the α phase [9]. The α-type Ti alloy is formed by CP titanium with the addition of α-stabilizer elements such as aluminum (Al) and tin (Sn). Typically, high strength and hardness are major mechanical attributes of α-Ti alloys. Alloys that are in the β bcc phase contain significant amounts of beta stabilizer or isomorphous additions, such as molybdenum (Mo), tantalum (Ta), niobium (Nb), and vanadium (V). The fundamental mechanical characteristic of β-type Ti-based alloys is lower mechanical strength than the conventional (α + β) type of Ti-based alloys [9]. To date, through extensive compositional designs, five types of multicomponent biomedical Ti-based alloys have been discovered, which are designated as α, near-α, α + β, near-β, and β alloys [9,10,11,12,13,14,15,16,17].



The increase in strength in most metallic alloys is attributed to the precipitation strengthening phenomenon, which is controlled by factors such as the precipitate size, coherency, and strength (or hardness) of the precipitate. Precipitation strengthening occurs by two mechanisms: the shearing mechanism or the Orowan bypass mechanism, depending on many factors, including the precipitate size, coherency, antiphase boundary (APB) energy, and strength (or hardness) of the precipitate. Evidently, an important factor for enhancing the room-temperature mechanical properties of dual-phase (α + β)-Ti alloys is directly related to the phase distribution and morphological features of the α-phase structure formed at room temperature [18]. This isothermal phase decomposition is caused by a rapid rise in the free energy of the primary high-temperature BCC phase. For example, when the theoretical composition of the alloy is located near the intersection of the Gibbs free-energy curves of the α and β phases, the difference in free energy between the α and β phases provides a driving force for the direct transformation of the β to α phase in a short time during the cooling process [9,19,20]. Likewise, the physicochemical properties of Ti-based alloys can also be tailored by adjusting the beta-phase stability. In fact, the molybdenum equivalency (MoE) and beta transus temperatures (Tβ) are among the most prevalent theoretical alloy design methodologies, which are widely utilized to predict the tendency of the alpha/beta transus temperature (α/βtrans). Whilst alloys having a compositional design between 0 ≤ MoE < 5 are beta-rich, alloys with 5 ≤ MoE < 10 are near-beta, and alloys with 10 ≤ MoE < 30 are metastable, whereas alloys with MoE > 30 are stable at room temperature [20,21]. The value of Tβ generally decreases with the increasing MoE value. In addition, the bond order (Bo), the energy level of the metal d-orbital (Md), and the ratio of valence electrons/atom (e/a) can be exploited in other kinds of titanium-based alloys as well [22,23,24].



Likewise, to prepare biomedical alloys with various chemical components, there are two customary methods that are commonly utilized, powder metallurgy (P/M) and the conventional fusion method, also known as the ingot metallurgy method (I/M) [25]. When comparing the two preparation methods, indeed, powder metallurgy usually does not require chemical elements to melt, which facilitates the realization of components with less microstructural segregation and uniform mechanical properties [26,27]. Quite recently, additive manufacturing (AM) emerged as a novel preparation method to manufacture multicomponent alloys, but unfortunately, it is a very cost-consuming route, and secondly, it is also not suitable for refractory elements owing to the local fusion of powder particles [28].



More recently, various attempts have been made to improve the mechanical properties of titanium-based alloys by utilizing the powder metallurgical route. D. Zhao et al. [29] produced Ti-22Nb alloys by the metal injection molding method, and they found that after sintering at 1500 °C for 4 h, the MIM Ti–22Nb alloy exhibited a good combination of high yield strength (about 650 MPa) and low Young’s modulus (about 70 GPa). Similarly, E. Yilmez et al. [30,31] fabricated Ti-(25–40) Nb wt.% alloys by the powder metallurgy injection technique, and after an alloying element optimization, the hardness and rupture strength were improved when compared to titanium. In the same context, Kalita et al. [32] investigated the positive effects of Mo and Ta addition in Ti-Nb alloys prepared by mechanical alloying and spark plasma sintering. For example, the Ti-8Nb-2Mo alloy exhibited a yield strength of 806 MPa, a compressive strength of 1505 MPa, and a maximum compressive strain of 22%. Subsequently, from the literature, it is noteworthy that the hybrid powder metallurgy route coupled with high-pressure sintering is more economical because of the short production cycle, and secondly, the hot isostatic pressing (HIP) method is conducted over the α/β transus temperature (~900 °C) under high pressure, which is a very effective strategy for decreasing the porosity and residual stresses in the specimens [33,34,35]. The hardness values of the samples subjected to high-pressure sintering can also be adjusted because as the sintering temperature increases, the hardness is increased due to more refined consolidation, which is attributed to the increase in particle-to-particle bonding, high diffusion rates, and mass movement [36,37].



Despite their alluring attributes, the fabrication of Ti-based alloys by the powder metallurgical method is still moderately researched when compared to the conventional ingot metallurgy method [25,28,30,32,38]. Therefore, to produce alloys for next-generation implants, there is an urgent need to further explore the fabrication of Ti-based alloys by spark plasma sintering technology using the powder metallurgical route. Hence, the target of this work was two-fold. Firstly, on the one hand, the aim was to manipulate the powder metallurgical fabrication method for the fabrication of a fully consolidated high-strength (α + β)-type alloying system on par with traditional α-type CP Ti and (α + β) Ti-6Al-4V alloys. On the other hand, the optimal compositional design strategy was tuned to tailor a biocompatible Ti-15Zr-2Ta-xSn (x = 4, 6, 8) alloying system. To substantiate this fact, the selection of Zr, Ta, and Sn as alloying elements was made because of their widely known superior biomechanical characteristics [38,39,40,41,42].



In addition, a comprehensive investigation of the effect of Sn on the relative density, microstructure, morphology phase composition, microhardness, elastic modulus, and ultimate tensile strength was also undertaken to corroborate the Sn content suitable for improving the microstructural morphology and its resulting impact on the mechanical behavior of our tailored quaternary TiZrTaSn alloying system. The experimental results indicated that adding 8 wt.% Sn to the ternary Ti-15Zr-2Ta alloy has a significant influence on the compressive strength of the prepared alloys, mainly due to the spatial distribution of the α-phase formed during the cooling stage of the sintering cycle. Among the prepared alloys, Ti-15Zr-2Ta-8Sn exhibited the highest hardness (~340 HV), compressive yield strength (~1056 MPa), and maximum compressive strength (~1470); since it does not contain any toxic elements, it is promising for biomedical applications.




2. Materials and Methods


2.1. Alloy Design and Fabrication


Theoretical methods based on beta transus temperatures (Tβ), Bo, Md, and e/a ratio parameters have been imperative tools for ensuring the stability of the β phase at room temperature for Ti-based alloys prepared by powder metallurgical (P/M) and/or ingot metallurgical routes (I/M). The theoretical chemical composition design of our four new alloying compositions with different Sn contents was used. In our theoretical design of the Ti-15Zr-2Ta-xSn (x = 4,6,8) (all in wt.%) alloying system, the calculated values of the beta transus temperatures (Tβ) were found to be above 1000 K, whereas Bo ~2.80 and Md ~2.48, and the average valence electron concentrations of each composition were calculated to be 4. The β transus temperature increased with the Sn content. The calculated values revealed that a Sn content of 2 wt.% in the alloy raises the α + β/β phase transition temperature by 18 °C. Hence, with this compositional design, it is foreseen that the transitional duplex refined structures of the (α + β) phase will be most plausible at room temperature when the specimens are cooled from a single β-phase region. In this work, the raw materials for the preparation of the Ti-15Zr-2Ta-xSn alloying system (x= 4, 6, 8; hereafter, all compositions are given in wt.%.) by the powder metallurgical route were elemental powders supplied by Nanochemazone, Canada, having the following purity and average particle sizes: Ti (purity 99.9%, particle size 10 μm), Zr (purity 99.9%, particle size 5–7 μm), Ta (purity 99%, particle size 10 μm), and Sn (purity 99%, particle size 10 μm). Four specimens for each composition were prepared. A summary of the chemical compositions of the alloying elements in wt.%, along with their designations, is listed in Table 1. Hereafter, Ti-15Zr-2Ta-4Sn will be denoted as Alloy-A, Ti-15Zr-2Ta-6Sn will be denoted as Alloy-B, and Ti-15Zr-2Ta-8Sn will be denoted as Alloy-C.



Next, the powder mixtures of each composition were subjected to mechanical milling in a planetary ball mill (Pulverisette7, FRITSCH) with a forged steel ball. A constant ball-to-powder mixture ratio was maintained during the ball-milling experiment for a horizontal rotation velocity of 150 rpm for 1hr. This step was performed to obtain a fine size and uniform distribution of the elemental powders.



To obtain reasonable consolidation, all ball-milled mixed powder specimens were subjected to high pressure (HP) in the spark plasma sintering (SPS) process. The merits of the frequency induction heat sintering furnace (HFIHS) method are that it reduces the sintering time and also consolidates the powder mixtures without the addition of a binder. Thus, our production process for powder-metallurgical-route-oriented fabrication is encompassed in the following main steps: 4 gm samples of the pure Ti, pure Zr, pure Ta, and pure Sn powder were pressed into four graphite dies. Each die had a diameter of 10 mm and a length of 200 mm. The die of each alloying composition was subjected to the high-frequency induction heat sintering (HFIHS) process. The parameters, such as sintering temperatures, times, pressures, and heating rates, were carefully chosen for the sintering of our alloying powders to achieve a superior density. After this stage, powders were loaded in electrically conducting graphite. The die was then subjected to an HFIHSF heating process at a rate of 100 K/min with a 5 min holding time and an applied load of 40 MPa. The weights of Ti and Ti-Zr powders were equal (4 gm) to obtain similar thicknesses when uniaxial pressure was applied. This was to conform to the solidified sample as per the dimensions of the die. The chamber was evacuated until it reached a vacuum of 1 × 10−3 Torr. After sintering, the samples were left to cool down and then removed from the die.



After the high-pressure spark plasma sintering (HFIHS) procedure, the densified specimens were ground by sandblasting to remove the remnants of graphite and/or surface inclusions formed on the surface of the specimens. Next, the specimens were subjected to density measurements. All specimens were accurately weighed in both air and deionized water using a Sartorius SECURA224-1s electronic balance with an accuracy of 0.001 mg. The density measurements were performed by following the Archimedes principle, which is commonly known as the buoyancy method. In our case, during the theoretical density calculation, the rule of mixtures was followed for each specimen while taking a theoretical density of 4.86 g/cm3 for the Ti-15Zr-2Ta-4Sn alloy, 4.90 g/cm3 for the Ti-15Zr-4Ta-6Sn alloy, and 4.95 g/cm3 for the Ti-15Zr-2Ta-8Sn alloy specimen [43].




2.2. Microstructural Characterization and Phase Constituent Analysis of the Prepared Alloys


The phase constituent analysis and microstructure observations of each sintered bulk alloy specimen after HFIHS were studied using optical microscopy (OM) and X-ray diffraction analysis (XRD). Firstly, for microstructural and phase constituent analyses, samples were taken from all four alloys across the cross-sectional surfaces of the specimens. A diamond cutting disc was mainly used to cut the sintered alloys, and the surfaces of the specimens were also made flat by a rotary disc machine. Before microstructural and phase constituent analyses, the surface of each specimen was thoroughly prepared to tweak the mirror-like surface finish. This was carried out by the following sequential steps. The specimens were first mounted in Bakelite powder (Buehler, Lake Bluff, IL, USA). Then, the specimens were ground with silicon carbide paper up to 1000 grids in water. Finally, each alloy specimen was polished using Al2O3 particles with particle sizes of 6 μm to 0.5 μm. For microstructure observations and phase constituent analysis, the following equipment and specifications were utilized. Phases of alloys were identified through X-ray diffraction (XRD) at a scanning speed of 2°/min while using an X-ray diffractometer (D-8 Discover, Bruker, Berlin, Germany) with CuKα monochromatic X-ray radiation, a tube current of 15 mA, and a voltage of 30 kV. An Olympus optical microscope (Olympus BX51M, Tokyo, Japan) was used to observe the grain size and morphological analysis of the precipitated phase in the densified bulk specimens. The surfaces of the specimens were etched by using Kroll’s reagent (92 mL of water, 6 mL of nitric acid, and 2 mL of hydrofluoric acid).




2.3. Mechanical Characterization of the Alloys


To determine the mechanical properties, microhardness and compression tests were performed. The hardness of the polished cross-section surfaces of specimens was measured using a Vickers micro-indenter hardness testing machine (WOLPERT UH930, Wilson Hardness, Shanghai, China). The equipment has a diamond-shaped indenter. This test was conducted with a 500 g indentation load for 10 s time. Each alloy specimen was indented at seven different positions, and average values were recorded. A compression test was carried out on the cylindrical specimens of the sintered alloys at room temperature. Cylindrical specimens had dimensions of about 6 mm in diameter and 10 mm in height. The test was conducted using a computer-controlled electronic universal testing machine (INSTRON 5984) with a cross-head speed of 0.5 mm min−1 and a strain rate of 2.5 × 10−3 s−1, mainly to evaluate the maximum compression strength of the specimens.





3. Results and Discussion


3.1. Evaluation of Density of the Prepared Alloys


As discussed in the previous section, the theoretical density of all specimens was calculated using the concept of the rule of mixtures, and the actual density of the specimens was calculated by Archimedes’ principle [35,43]. The values of the relative density of Alloy A, Alloy B, and Alloy C prepared by the powder metallurgical route are listed in Table 2.



From Table 2, it is inferred that due to the synergistic combination of high induction heated sintering and the Sn effect, a fully consolidated structure was achieved by the powder metallurgical route. Indeed, the HFIHS process promoted a densified solid structure with a relative density of 99% in all sintered specimens. It is worth mentioning here that the role of Sn in improving the sintering reaction should also not be neglected. This is because Sn, when compared to other elements, increases the driving force in the sintering process, mainly due to a decrease in surface energy. The driving force during the sintering process comes from the surface of the powder mixture particles. The surface energy is regarded as the governing factor in the consolidation of the powder mixture because it mitigates the neck formation between the powder particles and accelerates the solid-state diffusion process and densification rate. A similar effect of an increase in the density of the powder mixture has also been confirmed in Ti-Nb-Sn alloys [20].




3.2. Microstructural Characterization and Phase Constituent Analysis of the Prepared Alloys


Figure 1 displays the microstructural characterization of Alloy A, Alloy B, and Alloy C prepared by the powder metallurgical route. From the optical micrograph, as shown in Figure 1, the volume fraction of the α phase gradually increased with the increase in the Sn content (i.e., from Alloy-A to Alloy-C). It has been claimed that when the theoretical compositional design of alloys is located near the intersection of the free-energy curves of the α/β phases, the variation in the free energy between the two phases, that is, α and β phases, provides the driving force for the direct transformation of high-temperature β to the equilibrium α phase in a short time when compared to alloys that are designed with variables having higher beta-phase stability [20]. Thus, based on the microstructural results, it is assumed that with the addition of Sn from 4 wt.% to 8 wt.%, the conversion of the high-temperature β phase to the α phase by virtue of the spinodal phenomenon was because of more drastic furnace cooling [44,45]. Due to the high heating and cooling rates involved in the HIFHS process, grain growth did not occur in any of the sintered specimens. Meanwhile, when comparing the microstructural features of all four specimens, it can be broadly observed that all of the alloys exhibited Widmanstätten, in which the dark phase represents α, and the white phase represents β. It is noted that a very consolidated microstructure is confirmed, and a very small number of Kirkendall-type residual pores [45] are also visible in Figure 1. Nonetheless, the lack of evidence of a microstructural porosity observation in our prepared alloys validates our relative density measurements, as listed in Table 2. Interestingly, with the gradual change in Sn content, the morphology of the equilibrium phases in the alloys changed from the elongated sheet-like structure to a cross-lamellar structure to micron-scale, very fine-width pointed characteristics, as labeled in Figure 1. The major features of the α precipitate formed in all specimens are typically very diverse, and they can be subdivided into a typical thin-grain-boundary α phase (αGB), lamellar α colonies, and an acicular αs-type precipitate phase [46,47]. In our case, it is plausible that the burst increase in the precipitate could be attributed to the continuous furnace cooling after HFIHS. Since all specimens were cooled normally to room temperature, the distribution of the alpha phase is mainly dependent on our processing method [47,48]. Typically, when comparing the microstructural morphologies of Alloy-A (having 4 wt.% Sn) and Alloy-C (having 8 wt.% Sn), it is evident that Alloy-4 exhibits diverse and composite morphological characteristics ranging from a thin-rain-boundary α phase (αGB) and lamellar α colonies to acicular αs precipitates, as shown in Figure 1. Among the prepared alloys in this study, the number and the density of the lamellar αs phases were remarkably higher in Alloy-C. The diversity of the thin-grain-boundary α phase (αGB), lamellar α colonies, and acicular αs precipitates emerged owing to the solution treatment being above the β transus for a short time plus subsequent cooling after HFIHS. It was established that the elicitation of the micro-constituents in our fabricated alloys was also strongly dependent on the HFIHS parameters [48,49,50,51].



Figure 2 shows the XRD profiles of Alloy A, Alloy B, and Alloy C prepared by the powder metallurgical route. Firstly, it can be observed that no peaks corresponding to Ta, Zr, or Sn elements were indexed in any of the XRD profiles. This means that all of the specimens were densified wholly in a solid state, and all of the powder alloying elements completely diffused into the matrix during the four sequential stages of sintering in the high-frequency induction heat sintering (HFIHS) production route. This observation is consistent with the relative density results mentioned previously. Secondly, Alloy A, Alloy B, and Alloy C prepared by the powder metallurgical route specimens were all composed of α and β phases. The XRD patterns of Alloy A, Alloy B, and Alloy C prepared by the powder metallurgical route exhibited well-defined peaks at 2θ values of 35, 38, 40, and 53, which are indexed to be from the (100)α, (002)α, and (102)α planes with hcp crystal structures, and a single peak from the (110) β plane with a bb crystal structure was also indexed at a 2θ value of 40 [7,52,53]. This indicated that the addition of Sn allowed more of the α phase to form during furnace cooling after the HIFHS process. Our XRD results for all of the alloys were in good agreement with the microstructural observation results, as shown in Figure 1. It can be seen that the alloys had typical α + β phases only, and no peaks corresponding to oxides or nitrides were observed in the XRD profiles, revealing that their contents are low and will have a negligible effect on the mechanical properties of the alloys. However, in our case, it is assumed that the mechanical properties of our presently studied (α + β) Ti-15Zr-2Ta-xSn (x = 4, 6, 8) (all in wt.%) alloying system will be very sensitive to the morphology of the precipitation phases formed after the HIFHS process [54].




3.3. Mechanical Characterization of the Prepared Alloys


Figure 3 displays the Vickers hardness values of Alloy-A, Alloy-B, and Alloy-C prepared by the powder metallurgical route. From the hardness results, it can be observed that when the Sn content was increased from 4 wt.% to 8 wt.%, the average hardness values increased from 315 to 342 HV. It is widely known that, in the case of biphasic microstructures, in addition to the typical solid solution strengthening phenomenon [55,56], the hardness values also strongly depend upon the abundance of harder phases within the matrix. For instance, in the case of Ti-based alloys, the β phase has less resistance to deformation when compared to the α phase. Hence, in our case, it can be concluded that, firstly, the solid solution strengthening effect attributed to the Sn content and the increase in the diverse volume fraction of the α phase [20,53,54,55,56,57] had a key influence on increasing the hardness of Alloy-C when compared to Alloy-A and Alloy-B. The favorable effect of second-phase precipitation in the matrix for improving the hardness values of Ti-based alloys is a very well-known phenomenon. In recent years, numerous studies have been conducted for tuning the process parameters of Ti alloy fabrication and also exploring new compositional designs to form favorable microstructural morphologies that can be useful in improving the mechanical properties of Ti-based alloys produced by P/M techniques. For example, Bolzoni et al. [57] discussed the relationship between the processing parameters and the properties of representative Ti-based materials. Indeed, with the adjustment of the sintering temperature and sintering time, a high value of 336 HV (Vickers hardness) was achieved in the Ti-6Al-7Nb alloy. Coherently, the reason for achieving higher hardness was partially similar to the present study; they also claimed that the increase in the hardness value is associated with a duplex (α + β) structure and the attainment of a superior relative density through the optimization of sintering parameters. Although we believe that hardness measurement is a key parameter to assess the wear performance of the materials, for the assessment of functional stability, the measurement of compressive strength is also very crucial.



The representative compressive stress and strain curve values of Alloy-A, Alloy-B, and Alloy-C prepared by the powder metallurgical route are shown in Figure 4. In addition, the specific mechanical compressive properties and their relationship with microstructural features are also summarized in Table 3. It can be observed that with the increase in the Sn content from 4 wt.% to 8 wt.%, the yield strength and compressive strength tended to increase monotonically. The yield strength and compressive strength of Alloy-A with 4 wt.% were 713 MPa and 1215 MPa. With the addition of 6 wt.% Sn, the yield strength and compressive strength of Alloy-B increased to 850 MPa and 1330 MPa, respectively. When the Sn content further increased to 8 wt.%, the yield strength and compressive strength of the alloy further increased to 1170 MPa and 1450 MPa, respectively, as seen in Figure 4. However, in parallel, the fracture strain decreases when the Sn content is increased in the Ti-15Zr-2Ta-xSn (where x = 4, 6, 8) alloying system. Based on previous studies, it can be argued that the increases in the yield and mechanical compressive strength of our alloying system are mainly attributed to the synergistic effect of two well-known strengthening mechanisms; i.e., the solid solution strengthening effect arose from Sn addition and the precipitation strengthening mechanism [17,20,21,44,56,57]. Thus, from the current understanding and based on the microstructural observation, as shown in Figure 1, it is anticipated that the higher compressive strength of Alloy-4 is due to a large number of α/β interfaces within the matrix generated by the ultra-fine α phase precipitation [58]. This large number of interfaces successfully impeded the dislocation motion during mechanical loading at room temperature. There are several past studies corroborating that the concentration or confinement of defects, such as dislocations at the αs lamellae and αs/β interface, dictates the deformation modes and/or mechanical behaviors of a dual-phase (α + β) Ti-based alloy. For example, using TEM observations, Wang et al. [59] revealed the presence of a high-dislocation-density structure in the αs lamellae and αs/β interface. On the other hand, the dislocation density in the αp phase was very low due to its limited slip systems at room temperature. Due to this, they affirmed that the dislocations impeded by the α phase increased the strength of dual-phase-45,551 alloys [59,60]. On the other hand, in Table 3, it can also be noticed that the elongation to fracture and elastic modulus have quite the opposite tendency concerning mechanical strength. For instance, with the increase in the Sn content from 4 wt.% to 8 wt.%, the elongation to fracture and elastic modulus yield strength and compressive strength tended to decrease monotonically with the addition of Sn. The increase in the elastic modulus can be explained based on the microstructural analysis as well. It is well known that although the elastic modulus is an inherent property, the elastic properties of biphasic titanium alloys are related to the morphology and fractions of phases in the microstructure [8,20,44,47,53,54,56,60,61]. With the Sn addition, the proportion of the α phase was increased, so the elastic modulus was also increased, which is quite expected in our case. This is because the inherent elastic moduli of α phases with an hcp structure are higher than those of β phases with a bcc structure. It is important to mention that this value of the elastic modulus is still lower than those of commercially available Ti-6Al-4V alloys [4,6,8]. Secondly, the aim of the present study was to increase the compressive strength of a dual-phase (α + β) Ti-based alloy without affecting the elastic modulus through a compositional design. Indeed, recently, research dedicated to improving the strength-to-modulus ratio in existing implants made of alloys using a design approach has rapidly thrived for next-generation biomedical devices [60,61].



In summary, Figure 5 provides a schematic explanation of the effect of Sn on the development of key microstructural morphologies and the resulting mechanical properties of the presently studied alloying system. Firstly, if we consider the compositional effect, it can be plausible to assume that as the Sn content is increased from 4 to 6 wt.%, the formation of the α phase is also increased. As mentioned above and also seen in Figure 1, the volume fraction of the α phase increases monotonically with the increase in the Sn content, which is also highly consistent with the compositional design and fabrication process in the presently studied alloy. Consequently, the reason for the increase in mechanical properties (as shown in Table 3) during hardness testing and compression testing is in accord with our provisional theoretical design approach as well. As per our concept, we believe that the grain size in our alloys is very refined, and therefore, the mechanical behavior of our developed alloys was most likely dominated by the interface interaction mechanism rather than typical constituent-dominated deformation mechanisms, which are commonly observed in coarse-grained alloys. The formation of an intricate interface from the prior β grains upon slowing acts as a barrier for the continuous motion of lattice dislocations, which supplemented the increase in the mechanical strength of our presently studied alloys. Finally, it is noteworthy that in the current trial of a compositional design and fabrication pathway, we were able to determine that the addition of Sn to the ternary Ti-15Zr-2Ta alloy is beneficial in improving the consolidation and densification of the alloy. Simultaneously, the addition of Sn also contributed to the gradual strengthening of ternary Ti-15Zr-2Ta alloys via substitutional solid solution strengthening.



In the future, in addition to the improvement in the strength-to-modulus ratio, in vitro biological studies encompassing the response of Human Umbilical Vein Endothelial Cells (HUVECs) to the Ti-15Zr-2Ta-8Sn alloy in terms of cell viability, cell proliferation, phenotypic marker expression, and nitric oxide release will be the main scope of further investigations.





4. Conclusions


In the present study, we mainly aimed to develop an alloying system by using a coupling design approach, and special heed was paid to using biocompatible alloying elements, such as Ta, Zr, and Sn, and the theoretical calculation model was utilized to facilitate the design and development of the optimal processing route for the desired microstructural outcomes. Secondly, the influence of the microstructure scale and morphology on the mechanical properties of our developed system were also discussed. The following conclusions are summarized:




	
The addition of Sn coupled with an advanced high spark plasma sintering process resulted in the production of a fully consolidated structure. The relative density of all of the prepared specimens was above 99% after the sintering process. The increase in the relative density and the overall smaller pore size of the prepared alloys could have resulted from the higher driving force that comes from the effect of the initial fine powder size of the alloying elemental powders.



	
As expected, optical microscopic observations revealed that the addition of Sn in amounts from 4 to 8 wt.% markedly increased the volume fraction of the α phase in the matrix because Sn is considered to be an α-stabilizing element.



	
Among all of the developed alloys, typically, Alloy-4 exhibited much higher hardness than its presently studied counterparts. Among the prepared alloys, Ti-15Zr-2Ta-8Sn exhibited the highest hardness (~340 HV). The hardness value obtained in this research study might be lower than in the literature but is still higher than bone hardness, with HV = 143.6 ± 19.



	
Phase constituent analysis by XRD analysis revealed two phases (α + β) of the titanium alloy, which is consistent with our theoretical calculations. All of the prepared alloys have mostly alpha-phase peaks, and a β phase is also evident in XRD profiles. The formation of the α phase is related to the composition of the alloys. The α phase is formed during cooling from the temperature range of β-phase stability.



	
The increase in the hardness of the alloys is mainly due to the solute strengthening of the α phase caused by a higher concentration of Sn.



	
A correlation between uniaxial compression test results revealed that the underlying mechanical properties of our dual-phase alloys were sensitive to their composition and the resulting strengthening mechanism, mainly due to the morphological characteristics of the precipitated alpha phase.



	
The precipitation of the acicular secondary α phase in the β matrix is the primary reason for the high compressive strength in our developed alloys. This is because a large number of very fine needle-shaped acicular αs precipitates can generate multiple α/β interfaces that tend to confine the dislocations under applied loading and improve the mechanical strength of the alloy.



	
For specimens with a content of up to 8 wt.% Sn, the compressive yield strength was ~1056 MPa, and the maximum compressive strength was ~1470. This is due to the diversified distribution, as well as the composite structural morphology of the alpha phase precipitated during the cooling of the specimens after the high spark plasma sintering process.



	
Owing to higher compressive strength and improved mechanical properties, the alloying system has good characteristics that may meet the challenges of long-term fracture in bio-implants. In particular, it lacks cytotoxic elements such as V or Al that are used in commercial medical-grade Ti-6Al-4V alloys for orthopedic and dental applications.












Author Contributions


Conceptualization, M.F.I., H.F.A.,Y.A.B. and E.-S.M.S.; Methodology, M.F.I., H.F.A., Y.A.B. and E.-S.M.S.; Software, M.F.I.,Y.A.B.; Validation, Y.A.B.; Formal analysis, M.F.I., H.F.A., Y.A.B. and E.-S.M.S.; Investigation, M.F.I. and Y.A.B.; Resources, M.F.I., H.F.A., E.-S.M.S. and Y.A.B.; Data curation, Y.A.B.; Writing—original draft, M.F.I. and Y.A.B.; Writing—review & editing, M.F.I. and H.F.A.; Supervision, M.F.I. and H.F.A.; Project administration, M.F.I.; Funding acquisition, M.F.I. All authors have read and agreed to the published version of the manuscript.




Funding


The authors are grateful and extend appreciation to the King Salman Center for Disability Research for funding this work through Research Group No. KSRG-2022-033.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets generated during and/or analyzed during the current study are available from the corresponding author upon reasonable request.




Acknowledgments


The authors extend their appreciation to the King Salman Center for Disability Research for funding this work through Research Group no. KSRG-2022-033. We would also like to thank the College of Engineering Research Center and lab facilities at King Saud University in Riyadh, Saudi Arabia.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Park, J.B. Biomaterials: Introduction. In The Biomedical Engineering Handbook; CRC Press: Boca Raton, FL, USA, 2000; Volume 1, pp. IV1–IV8. [Google Scholar]

	



Francis, H.F.; Ma, Q. (Eds.) Titanium in Medical and Dental Applications; A Volume in Woodhead Publishing Series in Biomaterials Book; Woodhead Publishing: Sawston, UK, 2018. [Google Scholar]

	



Temenoff, J.S.; Mikos, A.G. Biomaterials: The Intersection of Biology and Materials Science; Pearson/Prentice Hall: Upper Saddle River, NJ, USA, 2008; pp. 235–258. [Google Scholar]

	



Black, J.; Hastings, G. Handbook of Biomaterial Properties; Chapman & Hall: London, UK, 1998; pp. 16–21. [Google Scholar]

	



Niinomi, M. Recent metallic materials for biomedical applications. Metall. Mater. Trans. A 2002, 33, 477–486. [Google Scholar]

	



Geetha, M.; Singh, A.K.; Asokamani, R.; Gogia, A.K. Ti based biomaterials, the ultimate choice for orthopedic implants-A review. Prog. Mater. Sci. 2009, 54, 397–425. [Google Scholar]

	



Hanawa, T. Recent development of new alloys for biomedical use. Mater. Sci. Forum. 2006, 512, 243–248. [Google Scholar]

	



Niinomi, M. Recent research and development in titanium alloys for biomedical applications and healthcare goods. Sci. Technol. Adv. Mater. 2003, 4, 445–454. [Google Scholar]

	



Collins, P.C.; Welk, B.; Searles, T.; Tiley, J.; Russ, J.C.; Fraser, H.L. Development of methods for the quantification of microstructural features in α+β-processed α/β titanium alloys. Mater. Sci. Eng. A 2009, 508, 174. [Google Scholar]

	



Ijaz, M.F.; Kim, H.Y.; Hosoda, H.; Miyazaki, S. Effect of Sn addition on stress hysteresis and superelastic properties of a Ti-15Nb-3Mo alloy. Scr. Mater. 2014, 72–73, 29–32. [Google Scholar]

	



Ijaz, M.F.; Kim, H.Y.; Hosoda, H.; Miyazaki, S. Superelastic properties of biomedical (Ti-Zr)-Mo-Sn alloys. Mater. Sci. Eng. C Mater. Biol. Appl. 2015, 48, 11–20. [Google Scholar]

	



Ijaz, M.F.; Heraud, L.; Castany, P.; Thibon, I.; Gloriant, T. Superelastic Behavior of Biomedical Metallic Alloys. Metall. Mater. Trans. A 2020, 51, 3733–3741. [Google Scholar]

	



Ion, R.; Ijaz, M.F.; Vasilescu, C.; Osiceanu, P.; Gordin, D.M.; Cimpean, A.; Gloriant, T. Surface characterization, corrosion resistance and in Vitro Bicompatibility of a new Ti-Hf-Mo-Sn Alloy. Materials 2016, 9, 818. [Google Scholar]

	



Ijaz, M.F.; Vasilescu, C.; Drob, S.I.; Osiceanu, P.; Kim, H.Y.; Miyazaki, S.; Gordin, D.M.; Gloriant, T. Electrochemical Characterization of biomedical (Ti-Zr)-Mo-Sn alloy exhibiting large superelastic recovery strain. Mater. Corros. 2017, 68, 1220. [Google Scholar]

	



Ijaz, M.F.; Dubinsky, S.; Zhukova, Y.; Prokoshkin, S.D. Novel electrochemical test bench for evaluating the functional fatigue life of biomedical alloys. JOM 2017, 69, 1334–1339. [Google Scholar]

	



Ijaz, M.F.; Dubinsky, S.; Zhukova, Y.; Prokoshkin, S.D.; Brailovski, V. Effect of Ta addition on the electrochemical behavior and functional fatigue life of metastable Ti-Zr-Nb based alloy for indwelling implant applications. J. Alloys Compd. 2018, 748, 51. [Google Scholar]

	



Wang, K. The use of titanium for medical applications in the USA. Mater. Sci. Eng. A 1996, 213, 134–137. [Google Scholar]

	



Nembach, E. Particle Strengthening of Metals and Alloys; John Wiley: Hoboken, NJ, USA, 1997. [Google Scholar]

	



Majumdar, P.; Singh, S.B.; Chakraborty, M. The role of heat treatment on microstructure and mechanical properties of Ti-13Zr-13Nb alloy for biomedical load bearing applications. J. Mech. Behav. Biomed. Mater. 2011, 4, 1131–1144. [Google Scholar]

	



Ding, C.; Liu, C.; Zhang, L.; Wu, D.; Liu, L. Design of Low-Cost and High-Strength Titanium Alloys Using Pseudo-Spinodal Mechanism through Diffusion Couple Technology and CALPHAD. Materials 2021, 14, 2910. [Google Scholar]

	



Kolli, R.P.; Devaraj, A. A Review of Metastable Beta Titanium Alloys. Metals 2018, 8, 506. [Google Scholar]

	



William, D.N. Using electron/atom ratio in titanium alloy design. J. Mater. Sci. 1975, 10, 1239–1241. [Google Scholar]

	



Ikehata, H.; Nagasako, N.; Furuta, T.; Fukumoto, A.; Miwa, K.; Saito, T. First-principles calculations for development of low elastic modulus Ti alloys. Phys. Rev. B 2004, 70, 174113. [Google Scholar]

	



Abdel-Hady, M.; Hinoshita, K.; Morinaga, M. General approach to phase stability and elastic properties of β-type Ti-alloys using electronic parameter. Scr. Mater. 2006, 55, 477–480. [Google Scholar]

	



Fang, Z.Z.; Paramore, J.D.; Sun, P.; Chandran, K.S.R.; Zhang, Y.; Xia, Y.; Cao, F.; Koopman, M.; Free, M. Powder metallurgy of titanium—Past, present, and future. Int. Mater. Rev. 2018, 63, 407. [Google Scholar]

	



Wang, C.; Zhong, W.; Ping, W.; Lin, Z.; Wang, R.; Dai, J.; Guo, M.; Xiong, W.; Zhao, J.-C.; Hu, L. Rapid Synthesis and Sintering of Metals from Powders. Adv. Sci. 2021, 8, 2004229. [Google Scholar]

	



Dos Santos, D.R.; Rodrigues Henriques, V.A.; Alves Cairo, C.A.; Dos Santos Pereira, M. Production of a low young modulus titanium alloy by powder metallurgy. Mater. Res. 2005, 8, 439–442. [Google Scholar]

	



Torralba, J.M.; Alvaredo, P.; Garcia-Junceda, A. High-entropy alloys fabricated via powder metallurgy. A critical review. Powder Metall. 2019, 62, 84–114. [Google Scholar]

	



Zhao, D.; Chang, K.; Ebel, T.; Nie, H.; Willumeit, R.; Pyczak, F. Sintering behavior and mechanical properties of a metal injection molded Ti-Nb binary alloy as biomaterial. J. Alloys Compd. 2015, 640, 393–400. [Google Scholar]

	



Yılmaz, E.; Gökçe, A.; Findik, F.; Gulsoy, O. Assessment of Ti–16Nb–xZr alloys produced via PIM for implant applications. J. Therm. Anal. Calorim. 2018, 134, 7–14. [Google Scholar]

	



Yılmaz, E.; Gökçe, A.; Findik, F.; Gulsoy, O. Metallurgical properties and biomimetic HA deposition performance of Ti-Nb PIM alloys. J. Alloys Compd. 2018, 746, 301–313. [Google Scholar]

	



Kalita, D.; Rogal, Ł.; Berent, K.; Góral, A.; Dutkiewicz, J. Effect of Mo and Ta on the Mechanical and Superelastic Properties of Ti-Nb Alloys Prepared by Mechanical Alloying and Spark Plasma Sintering. Materials 2021, 14, 2619. [Google Scholar]

	



Long, Y.; Wang, T.; Zhang, H.; Huang, X. Enhanced ductility in a bimodal ultrafine-grained Ti–6Al–4V alloy fabricated by high energy ball milling and spark plasma sintering. Mater. Sci. Eng. A 2014, 608, 82–89. [Google Scholar]

	



Sim, K.; Wang, G.; Ju, J.; Yang, J.; Li, X. Microstructure and mechanical properties of a Ti−22Al−25Nb alloy fabricated fromelemental powders by mechanical alloying and spark plasma sintering. J. Alloys Compd. 2017, 704, 425–433. [Google Scholar]

	



Dewidar, M.M.; Yoon, H.C.; Lim, J.K. Mechanical properties of metals for biomedical applications using powder metallurgy process: A review. Met. Mater. Int. 2006, 12, 193–206. [Google Scholar]

	



Li, Z.J.; Dong, A.P.; Xing, H.; Wang, Y.S. Microstructure and mechanical properties of bimodal Ti-Bi alloys fabricated by mechanical alloying and spark plasma sintering for biomedical applications. Mater. Charact. 2020, 161, 110134. [Google Scholar]

	



Guo, S.B.; Chu, A.M.; Wu, H.J.; Cai, C.B.; Qu, X.H. Effect of sintering processing on microstructure, mechanical properties and corrosion resistance of Ti-24Nb-4Zr-7.9Sn alloy for biomedical applications. J. Alloys Compd. 2014, 597, 211–216. [Google Scholar]

	



Mazumder, J.; Qi, H. Fabrication of 3D components by laser-aided direct metal deposition. Proc. SPIE 2005, 5706, 38–59. [Google Scholar]

	



Pascu, C.I.; Nicolicescu, C.; Cioateră, N.; Gheorghe, Ș.; Geonea, I.; Didu, A. Characterization of Titanium Alloy Obtained by Powder Metallurgy. Materials 2022, 15, 2057. [Google Scholar]

	



Mishchenko, O.; Ovchynnykov, O.; Kapustian, O.; Pogorielov, M. New Zr-Ti-Nb Alloy for Medical Application: Development, Chemical and Mechanical Properties, and Biocompatibility. Materials 2020, 13, 1306. [Google Scholar]

	



Wang, X.; Ning, B.; Pei, X. Tantalum and its derivatives in orthopedic and dental implants: Osteogenesis and antibacterial properties. Colloids Surf. B Biointerfaces 2021, 208, 112055. [Google Scholar]

	



Rabadiaa, C.D.; Liub, Y.J.; Zhaoc, C.H.; Wanga, J.C.; Jaweda, S.F.; Wang, L.Q.; Chene, L.Y.; Suna, H.; Zhanga, L.C. Improved trade-off between strength and plasticity in titanium based metastable beta type Ti-Zr-Fe-Sn alloys. Mater. Sci. Eng. A 2019, 766, 138340. [Google Scholar]

	



Standard B311-13; Standard Test Method for Density of Powder Metallurgy (PM) Materials Containing Less than Two Percent Porosity. ASTM: New York, NY, USA, 2014.

	



Xi, F.; Yang, H.; Huang, J.; Yu, J.; He, X. Sn Content Effects on Microstructure, Mechanical Properties and Tribological Behavior of Biomedical Ti-Nb-Sn Alloys Fabricated by Powder Metallurgy. Metals 2022, 12, 255. [Google Scholar]

	



Nakajima, H.; Koiwa, M. Diffusion in titanium. ISIJ Int. 1991, 31, 757–766. [Google Scholar]

	



Tiley, J.; Searles, T.; Lee, E.; Kar, S.; Banerjee, R.; Russ, J.C.; Fraser, H.L. Quantification of microstructural features in α/β titanium alloys. Mater. Sci. Eng. A 2004, 372, 191–198. [Google Scholar]

	



Alluaibi, M.H.I.; Cojocaru, E.M.; Rusea, A.; Șerban, N.; Coman, G.; Cojocaru, V.D. Microstructure and Mechanical Properties Evolution during Solution and Ageing Treatment for a Hot Deformed, above β-transus, Ti-6246 Alloy. Metals 2020, 10, 1114. [Google Scholar]

	



Carman, A.; Zhang, L.; Ivasishin, O.; Savvakin, D.; Matviychuk, M.; Pereloma, E. Role of alloying elements in microstructure evolution and alloying elements behaviour during sintering of a near-beta titanium alloy. Mater. Sci. Eng. A 2011, 528, 1686–1693. [Google Scholar]

	



Itoh, Y.; Miura, H.; Uematsu, T.; Sato, K.; Niinomi, M. Improvement of the Properties of Ti-6Al-7Nb Alloy by Metal Injection Molding. In Advances in Powder Metallurgy & Particulate Materials; Metal Powder Industries Federation: Princeton, NJ, USA, 2007; pp. 52–57. [Google Scholar]

	



Sun, J.; Zhao, J.; Huang, Z.; Yan, K.; Chen, F.; Jian, Y.; Yang, H.; Bo, L. Preparation and properties of multilayer graphene reinforced binderless TiC nanocomposite cemented carbide through two-step sintering. Mater. Des. 2020, 188, 108495. [Google Scholar]

	



Chui, P.F.; Jing, R.; Zhang, F.G.; Li, J.H.; Feng, T. Mechanical properties and corrosion behavior of β-type Ti-Zr-Nb-Mo alloys for biomedical application. J. Alloys Compd. 2020, 842, 155693. [Google Scholar]

	



Liu, J.; Chang, L.; Liu, H.R.; Li, Y.H.; Yan, H.L.; Ruan, J.M. Microstructure, mechanical behavior and biocompatibility of powder metallurgy Nb-Ti-Ta alloys as biomedical material. Mater. Sci. Eng. C 2017, 71, 512–519. [Google Scholar]

	



Hwang, H.-W.; Park, J.-H.; Lee, D.-G. Effect of Molybdenum Content on Microstructure and Mechanical Properties of Ti-Mo-FeAlloys by Powder Metallurgy. Appl. Sci. 2022, 12, 7257. [Google Scholar]

	



Kang, L.M.; Yang, C. A Review on High-Strength Titanium Alloys: Microstructure, Strengthening, and Properties. Adv. Eng. Mater. 2019, 21, 1801359. [Google Scholar]

	



Jin, H.; Shi, S.; Li, J.; Wang, X.; Yang, C. A new β-Ti alloy with good tensile properties by the mixed microstructure characteristics of α phase. J. Alloys Compd. 2022, 925, 166755. [Google Scholar]

	



Maruyama, K.; Yamada, N.; Sato, H. Effects of lamellar spacing on mechanical properties of fully lamellar Ti-39.4mol%Al alloy. Mater. Sci. Eng. A 2001, 319–321, 360–363. [Google Scholar]

	



Bolzoni, L.; Ruiz-Navas, E.M.; Gordo, E. Relationship between Manufacturing and Properties of Vacuum Sintered Ti and Ti-6Al-7Nb. Alloys 2022, 1, 232–242. [Google Scholar]

	



Li, Y.; Yang, C.; Zhao, H.; Qu, S.; Li, X.; Li, Y. New Developments of Ti-Based Alloys for Biomedical Applications. Materials 2014, 7, 1709–1800. [Google Scholar]

	



Wang, T.; Feng, Y.; Liu, X.; Wang, K.; Li, S.; Zhao, F. Phase Composition Effects on Dynamic Behavior and Strain Rate Sensitivity in Metastable β-Ti Alloys. Materials 2022, 15, 4068. [Google Scholar]

	



Boyer, R.; Welsch, G.; Collings, E.W. (Eds.) Materials Properties Handbook: Titanium Alloys, 2nd ed.; ASTM International: West Conshohocken, PA, USA, 1998. [Google Scholar]

	



Alabort, E.; Tang, Y.T.; Barba, D.; Reed, R.C. Alloys-by-design: A low-modulus titanium alloy for additively manufactured biomedical implants. Acta Mater. 2022, 229, 117749. [Google Scholar]








[image: Materials 15 08562 g001 550] 





Figure 1. Optical micrographs of the experimental alloys fabricated by high-pressure spark plasma sintering (HFIHS) procedure. 
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Figure 2. XRD patterns of the experimental alloys fabricated by high-pressure spark plasma sintering (HFIHS) procedure. 
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Figure 3. Vickers hardness values of the experimental alloys fabricated by high-pressure spark plasma sintering (HFIHS) procedure. 
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Figure 4. Compressive stress–strain curves of the experimental alloys fabricated by high-pressure spark plasma sintering (HFIHS) procedure. 
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Figure 5. A schematic explanation showing the effect of microstructure and resulting mechanical evolution of the experimental alloys fabricated by high-pressure spark plasma sintering (HFIHS) procedure. 
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Table 1. The theoretical values and chemical compositions of the designed experimental alloys.
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Alloys

	
Transus (α/β)

(K)

	
Valence Electron Per Atom Ratio

(e/a)

	
Mean Bond Order

(Bo)

	
D-Orbital Energy Level

(Md)

	
Chemical Composition

(wt.%)




	

	

	

	

	
Ti

	
Zr

	
Ta

	
Sn






	
Alloy-A

	
1160

	
4

	
2.80

	
2.48

	
79

	
15

	
2

	
4




	
Alloy-B

	
1153

	
4

	
2.80

	
2.48

	
77

	
15

	
2

	
6




	
Alloy-C

	
1135

	
4

	
2.79

	
2.47

	
75

	
15

	
2

	
8











[image: Table] 





Table 2. Relative destiny of the experimental alloys fabricated by high-pressure spark plasma sintering (HFIHS) procedure.
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	Alloys
	Theoretical Density

(g/cm3)
	Relative Density

(%)





	Alloy-A
	4.86
	99.46 ± 0.16



	Alloy-B
	4.90
	99.55 ± 0.16



	Alloy-C
	4.95
	99.80 ± 0.16
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Table 3. Summary of the mechanical and microstructural characteristics of the experimental alloys fabricated by high-pressure spark plasma sintering (HFIHS) procedure.
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	Alloys
	Compressive Yield Stress (MPa)
	Compressive Stress

(MPa)
	Elastic Modulus

(GPa)
	Fracture Strain

(mm/mm)
	Avg. Hardness (HV)
	Phase Composition
	Precipitation Phase Morphology





	Alloy-A
	713 ± 16
	1215 ± 10
	72 ± 16
	0.22 ± 3
	315
	Fine-grained

α + β
	α + β lamellae + αs



	Alloy-B
	850 ± 9
	1330 ± 13
	80 ± 19
	0.20 ± 5
	338
	Fine-grained

α + β
	α + β lamellae+ αs



	Alloy-C
	1170 ± 12
	1450 ± 17
	90 ± 22
	0.18 ± 5
	342
	Fine-grained

α + β
	αs, + αs+ αGB
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