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Abstract

:

Titanium has many limitations in coverage and frequency of application due to its expensive alloying elements and complex manufacturing process. The biocompatible Ti-Mo-Fe ternary beta titanium alloys were designed by replacing high-cost beta-stabilizer elements (V, Nb, Zr, etc.) with low-cost Mo and Fe elements. In addition, it was attempted to obtain a low-cost, high-strength beta-titanium alloy with 800 MPa or more by applying the powder metallurgy process technology to the Ti-Mo-Fe alloy system. The added Mo element has the effect of reducing the elastic modulus of the titanium alloy without reducing its strength. In this study, Ti-Mo-Fe alloys designed with different Mo contents were fabricated using a powder metallurgy process and analyzed in connection with microstructural properties, phase changes, and mechanical properties. As Mo contents are increased, the α-lath thickness of Widmanstätten decreases and the size of prior β grain decreases. It was confirmed that the hardness and tensile strength were excellent and were compared with the ingot material of the same alloy system.
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1. Introduction


Titanium has excellent specific strength and corrosion resistance and is widely used in aerospace, the defense industry, and biomaterials [1,2,3,4,5]. In particular, titanium has lower elastic modulus and higher specific strength than cobalt alloys, stainless steel, alumina, etc., and is widely used as biomaterials. However, commercially pure titanium (c.p. Ti) has comparatively low mechanical properties, such as tensile strength, making it unsuitable for certain applications. Further, it has been reported that the aluminum contained in a commercial titanium alloy, Ti-6Al-4V, can cause Alzheimer’s disease [6], and vanadium can cause allergies and serious complications due to the release of toxic ions [7]. Therefore, it is required to develop biocompatible beta-titanium alloys in order to replace these components [8] and, at this time, niobium, zirconium, tantalum, and molybdenum are attracting attention as alloy elements that are not harmful to the human body [9]. Actually, many beta-titanium alloys, such as Ti-3Zr-5Fe-5Mo, Ti-14Mn, Ti-10Fe-10Ta, Ti-27Nb-7Fe-8Cr, Ti-33Zr-3Fe-4Cr, and Ti-7.5Mo, have been recently developed.



In fact, a beta-titanium alloy has excellent heat treatment characteristics compared to the   α + β   alloy and represents an increase in elongation due to its BCC structure, including a low elastic modulus, and then is used not only in biomaterials but also in various other fields. However, the  β -stabilizer elements, tantalum, niobium, and zirconium, inevitably increase costs due to their expensive price, resulting in many restrictions on the use of beta titanium [10,11]. Thus, several studies have been actively conducted to replace expensive alloy elements, such as tantalum, niobium, and zirconium, with inexpensive elements (Fe, Mo, Mn, etc.) [12,13].



Iron, an inexpensive element, has a strong  β -stabilizer effect and a good reinforcing effect on non-toxic and non-allergic titanium alloys [14]. In addition, it is reported to improve the sintering reaction of titanium alloys [15] because it represents a faster diffusion rate than the atom of titanium itself in the  β  phase as a rapidly diffused element [16]. Likewise, molybdenum is a biocompatible β-stabilizer element and when molybdenum is added to a titanium alloy, it has been reported to have high corrosion resistance [17,18,19,20], lower the elastic modulus, and increase the strength [21].



The titanium alloy obtained through the existing ingot metallurgy (IM) process results in significant process costs, such as multiple vacuum remelting, alloying additions, homogenization, hot deformation and annealing, etc. [22]. However, it is relatively easy to manufacture complex parts in a powder metallurgy (PM) process [23], and simpler work processes and facilities are used for comparing it with the ingot process. In addition, unlike the ingot process, Ti and alloy elements are heated to a temperature lower than the melting point, which has the advantage of significantly reducing costs [24,25].



Therefore, this study designed a biocompatible Ti-Mo-Fe high-strength beta-titanium alloy and applied the powder metallurgy process technology using hydrogenation–dehydrogenation (HDH) titanium powder to ensure excellent price competitiveness. Further, changes in the microstructure of the Ti-xMo-4Fe (x = 3.4, 5) powder alloys with different Mo contents were examined and then it was evaluated and analyzed in connection with mechanical properties. The results were compared with the properties of ingot alloys of the same alloy system.




2. Materials and Experiment


2.1. Alloy Design and Preparation


The Ti-xMo-4Fe (x = 3.4, 5) designed in this study is presented in the phase stability map (    B o  ¯  −   M d  ¯    map), Figure 1 [26]. The     B o  ¯  −   M d  ¯    map is a theoretical approach to the design of titanium alloys established by Morinaga et al. [27] and consists of two parameters. In addition, it can be clearly divided into  α  phase,   α + β  , and  β  phase according to the alloy composition, and when the value of Bo increases in the  β  phase and the value of Md decreases, it becomes a stable state. The Bond order (    B o  ¯   ) is a value representing the covalent bonding strength between the titanium and alloying elements and it is reported that as     B o  ¯    increases, the elastic modulus tends to decrease [28]. The Metal d-orbital energy level (    M d  ¯   ) is correlated with the electronegativity in the element. These two parameters can be calculated using the following Equation (1).


     M d  ¯  =   ∑   i = 1  n  X i ·  (  M d  )  i   ,     B o  ¯  =   ∑   i = 1  n  X i ·  (  B o  )  i   



(1)







Using Equation (1), the values of the Metal d-orbital energy level (    M d  ¯   ) and Bond order (    B o  ¯   ) of the Ti-3.4Mo-4Fe (hereinafter referred to as TMF 34) alloys were 2.39 and 2.79, respectively. Further, the values of the Ti-5Mo-4Fe (hereinafter referred to as TMF 54) alloys were 2.38 and 2.79, respectively.



The objective of this study is to compare the alloy designed in this study by applying the powder metallurgy (hereinafter referred to as P/M) and ingot metallurgy (hereinafter referred to as I/M) processes. In the case of the powder alloy, the HDH titanium powder was used to further reduce the cost of the titanium alloy. The powder used in P/M represented sizes of Ti (<25 μm), Mo (1~2 μm), and Fe (5~7 μm), which were blended and bound according to Ti-xMo-4Fe (x = 3.4, and 5 wt.%). It was blended using a mixer, pressed with a force of 200 kg/cm2 for 15 s using a hydraulic press, and then the resulting bulk compacts were sintered in a sintering furnace for 5 h at 1250 °C. It was then furnace cooled to room temperature. Further, in order to compare it with ingots having the same alloy composition, ingots having a composition of Ti-xMo-4Fe (x = 3.4, 5) with a diameter of 14 mm were fabricated through applying a vacuum arc remelting method using Ti with 99.9% purity, Mo with 99.95% purity, and Fe with 99.5% purity. In the case of the porosity of the alloy applied to P/M, it was derived using Equation (2) [29].


  P =  [  1 −  (   ρ   ρ 0     )   ]  × 100  



(2)




where  ρ  and    ρ 0    represent the apparent density and theoretical density in the P/M alloy measured using the Archimedean method. The number of pores was measured using an optical microscope.




2.2. Microstructural Characterization


In order to compare and analyze the microstructure of the designed alloys, Ti-xMo-4Fe (x = 3.4, 5 wt.%), the specimen was cut perpendicular to the longitudinal direction. The specimen was hot mounted for fine polishing and was finely polished using abrasive papers of #220~#2000, abrasives of 6 μm, 3 μm, and 1 μm, and colloid silica. Then, the specimen was etched by mixing 100 mL of distilled water (H2O) with 2 mL of nitric acid (HNO3) and 2 mL of hydrofluoric acid (HF). Using an optical microscope (OM, BX53M, Olympus, Tokyo, Japan) and an electron back-scattered diffraction pattern analyzer (EBSD, JSM-7100F, JEOL, Tokyo, Japan), the changes in microstructures according to the process method and Mo content were observed.




2.3. Mechanical Properties


The Vickers hardness test and room temperature tensile test were conducted to evaluate mechanical properties at room temperature. The hardness test was conducted using a Vickers hardness tester (HM-200, Mitutoyo, Kawasaki, Japan) and the average value excluding the maximum and minimum values was calculated by measuring 12 points while maintaining 1 kgf outward from the center of the designed alloy specimen for 15 s. The room temperature tensile test was conducted with a strain rate of 1 ×     10   − 3    /s by processing it with a tensile specimen standard of ASTM subsize using a room temperature tensile tester (Room Temperature Tensile Machine, BESTUTM-10MD, Ssaul Bestech, Seoul, Korea).





3. Results and Discussion


3.1. Microstructural Characterization


The microstructures of the designed P/M alloys are presented in Figure 2a,b. Due to the furnace cooling after the sintering process, Widmanstätten, in which the dark α and light  β  phases were generated in a layered pattern in all P/M alloys and pores, were also observed. In the case of the inside of TMF 34 I/M,   α + β   lamellar Widmanstätten structures were observed and the α phases precipitated within the equiaxed  β  grain inside of the TMF 54 I/M.



In the case of the I/M alloy, the lamellar Widmanstätten microstructure with a α + β was observed in TMF 34 I/M, and in the case of TMF 54 I/M, the α-phase precipitated inside equiaxed β grain had different structures (Figure 2c,d). In the case of the Widmanstätten structure, cracks are first generated at the boundary of colony or grain boundary α-phase and it is reported that cracks are propagated in this way and its tensile ductility is low [30]. In the equiaxed structure, cracks occur mainly at the interface of α/β, resulting in high strain. Therefore, it is expected that TMF 54 I/M with the equiaxed structure represents higher strain than TMF 34 I/M with the α + β lamellar Widmanstätten.



Figure 3 shows an observation of the Inverse pole figure (IPF) map for analyzing the Widmanstätten observed in the P/M alloys. The thickness of the Widmanstätten  α -lath of TMF 34 P/M was measured to be 12.289 μm and the thickness of the Widmanstätten  α -lath of TMF 54 P/M was measured to be 10.547 μm. It can be seen that as the Mo content increases, the thickness of the Widmanstätten  α -lath becomes thinner. Mo is one of the  β -stabilizer elements and the temperature in the  β  transformation point decreases. In this study, when furnace cooling is performed after the sintering process at 1250 °C, the exposure time to the  β  transformation temperature increases according to the increase in the Mo content. Therefore, the fraction rate of the  β  phase increases, and accordingly, it is determined that the thickness of the Widmanstätten  α -lath decreased as the time of exposure to the α phase decreased. In the practical observation of the EBSD phase map of the TMF 34 and TMF54 alloys, it was confirmed that the fraction rate of the α phase decreased from 56% to 50.4% and the fraction of the  β  phase increased from 44% to 49.6% (Figure 4).



Figure 5 shows the pore analysis table observed in the P/M alloys. Small pores below 10 μm are mainly due to the ‘Kirkendal’ effect in powder metallurgy and are caused by atomic mutual diffusion during a solid-phase sintering process [31]. While pores with sizes of 40 μm or more were not observed in TMF 34 P/M, pores with sizes of 40 μm to 45 μm were observed in TMF 54 P/M. As a result of analyzing the pore distribution, the pore fraction rate increased by about 1.4% from 2.1% to 3.5% as the content of Mo increased. This is due to the low-diffusion coefficient of Mo and the diffusion rate of Mo in Ti particles is slower than that of Ti itself. Therefore, the addition of Mo interferes with the sintering reaction and is sensitive to the formation of Kirkendall pores [31,32]. Thus, the pore fraction rate of the TMF 54P/M alloy was measured to be 1.4% higher because the Mo content of TMF 54P/M was increased more than that of TMF 34P/M. In addition, it is known that the low diffusivity of Mo interferes with the movement of the particle boundary and affects grain refinement [33].



According to the IPF map in Figure 6, schematized by measuring the misorientation of the TMF design alloy, the size of the prior  β  grain decreased from 226.55 μm to 211.99 μm when the Mo content increased from the actual TMF 34 P/M to TMF 54 P/M. The prior  β  grain size is an important factor that can significantly affect mechanical properties. Because it relies significantly on the prior  β  grain size, the grain control is essential. In fact, it is known that the maximum tensile strength and yield strength increase according to the decrease in the prior  β  grain size [34].




3.2. Mechanical Properties


Figure 7 shows the results of measuring Vickers hardness for four types of TMF  β  alloys manufactured according to the alloy composition and process method. In the case of the P/M alloy, it was determined that the hardness values of TMF 34 P/M and TMF 54 P/M were 397.5 Hv and 396.5 Hv, respectively, which slightly decreased when the Mo content increased. In general, it is known that as the Mo content increases, the hardness value increases due to the solid-solution strengthening effect [35], but when the Mo content increases, the hardness value increases due to the decrease in the thickness of Widmanstätten  α -lath and the pore fraction increases (2.1% → 3.5%). As a result, the effect of decreasing the hardness value was largely affected and it is considered that the hardness value of TMF 54 P/M was similar to the hardness value of TMF 34 P/M.



In addition, in the case of the I/M alloy, the hardness values of TMF 34 I/M and TMF 54 I/M are 422.1 Hv and 414.8 Hv, respectively, where the hardness value of TMF 34 I/M is slightly higher than that of TMF 54 I/M. In the case of TMF 34 I/M, it is an α + β lamellar Widmanstätten microstructure. In the case of TMF 54 I/M, it is a relatively soft α-phase precipitated in the equiaxed  β  grain. Therefore, in the case of the I/M alloy, the hardness value of TMF 34 I/M was measured higher than the hardness value of TMF 54 I/M. In addition, the P/M alloy has a hardness value lower than that of I/M with the same composition and the hardness of the P/M alloy is decreased due to pores in the P/M alloy. Thus, it is considered that the hardness value of the P/M alloy is lower than that of the ingot alloy.



The tensile stress–strain curves obtained from the room temperature tensile test conducted on four types of the TMF beta alloys are shown in Figure 8 and the tensile characteristic values (yield strength, ultimate tensile strength, and elongation) measured from the curve are shown in Table 1. All P/M alloys were fractured before the yield point, and mechanical strength and elongation were measured lower than those of the I/M alloys. This shows that the fracture occurred before the yield point due to pores and the fracture surface shows a cleavage fracture form in all P/M alloys. It can be seen that cracks started from these pores (Figure 9a,b). In addition, the ultimate tensile strength of TMF 54 P/M was 815.27 MPa, which was higher than that of TMF 34 P/M. The cause is considered to be the influence of the prior β grain size and the strength increases according to the Hall–Petch equation because the prior β grain size is small [36].



In the case of the I/M alloy, TMF 54 I/M has the equiaxed  β  grain with a relatively soft microstructure. As mentioned above, in the equiaxed microstructure, it is reported that the slips are strengthened due to the interference in the movement caused by the α phases precipitating inside the equiaxed  β  grain, and not only slips but also twins act as a deformation mechanism, contributing to the increase in elongation [34]. Therefore, the TMF 54 I/M alloys with the equiaxed microstructure represents higher elongation than the TMF 34 I/M alloys with   α + β   lamellar Widmanstätten microstructure. As shown in Figure 9c,d, some dimple structures, which indicate a ductile fracture behavior, were observed on the fracture surface of TMF 54 I/M. However, in the case of TMF 34 I/M, the cleavage fracture surface, a characteristic of brittle fracture behavior, was observed.





4. Conclusions


In this study, ternary beta-titanium alloys with a tensile strength of 800 MPa or higher were designed by replacing alloy elements, Al and V, with biocompatible Mo and Fe. Ti-Mo-Fe alloys were fabricated by applying a powder metallurgy process, and microstructure and mechanical properties according to Mo content were considered. The major results are summarized as follows.



	1.

	
It is possible to secure excellent price competitiveness by successfully developing Ti-Mo-Fe P/M alloys by adding low-cost Mo and Fe, which can fabricate complex parts and reduce costs. The cost of alloying elements is reduced by 81–84% and 63–67% compared to the widely used Ti-6Al-4V and Ti-13Nb-13Zr alloys, respectively. Further, the cost may be further reduced by using HDH powder.




	2.

	
In the case of TMF 34 I/M, an   α + β   lamellar Widmanstätten microstructure was observed, and in the case of TMF 54 I/M, an α phase precipitating inside the equiaxed  β  grain was observed. In the equiaxed microstructure, where cracks occur mainly at the   α / β   interface, deformation can be generated by slips and twins. Further, it is reinforced by the precipitated fine α phase according to an increase in Mo content, showing high tensile strength and elongation in the TMF 54 I/M alloys.




	3.

	
According to the increase in Mo content, TMF 34 P/M → TMF 54 P/M, the thickness of the Widmanstätten  α -lath decreases (12.289 μm → 10.547 μm) and the size of prior  β  grains decrease (226.55 μm → 211.99 μm). For this reason, it was possible to obtain excellent tensile strength of 800 MPa or more, even though the pore fraction increased (2.1% → 3.5%) as the Mo content increased.




	4.

	
Tensile fractures occurred in the elastic region before the yield point due to pores in both the TMF 34 P/M and TMF 54 P/M alloys, and the change in Mo content was analyzed with I/M alloys by the E and  σ  reinforcing mechanisms.
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Figure 1. Bo and Md stability phase map showing the positions of the designed alloys [26]. 
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Figure 2. Optical micrographs of (a) TMF 34P/M, (b) TMF 54 P/M, (c) TMF 34 I/M, and (d) TMF 54 I/M. 
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Figure 3. Inverse pole figure (IPF) maps of (a) TMF 34 P/M and (b) TMF 54 P/M. 






Figure 3. Inverse pole figure (IPF) maps of (a) TMF 34 P/M and (b) TMF 54 P/M.



[image: Applsci 12 07257 g003]







[image: Applsci 12 07257 g004 550] 





Figure 4. EBSD analysis of phase map of (a) TMF 34 P/M and (b) TMF 54 P/M. 
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Figure 5. Distribution of pore size and pore amount in (a) TMF 34 P/M and (b) TMF 54 P/M alloys. 
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Figure 6. IPF maps of prior β grains reconstructed by misorientation criterion and denoising method (a) TMF 34 P/M and (b) TMF 54 P/M. 
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Figure 7. Vickers hardness of TMF 34 and TMF 54 alloys. 
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Figure 8. Tensile stress–strain curve of TMF 34 and TMF 54 alloys. 
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Figure 9. SEM images of the fractured surface of (a) TMF 34 P/M, (b) TMF 54 P/M, (c) TMF 34 I/M, and (d) TMF 54 I/M. 
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Table 1. Tensile properties of TMF 34 and TMF 54 alloys.
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	Yield Strength (MPa)
	Ultimate Strength (MPa)
	Elongation (%)





	TMF 34 P/M
	-
	692.69
	0.60



	TMF 54 P/M
	-
	815.27
	0.79



	TMF 34 I/M
	-
	877.15
	0.82



	TMF 54 I/M
	821.29
	942.51
	4.20
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