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Abstract

:

Ti alloys contemplating the simultaneous addition of Fe and Nb are available in the literature as Fe enhances the strength and Nb improves the biological behaviour of Ti. Nevertheless, casting has been the main manufacturing process, the Nb content is normally ≥10 wt.%, and no tensile properties are available. In this study, Ti-5Fe-xNb alloys (x = 2, 6, and 9 wt.%) were produced via powder metallurgy, which is more energy efficient than casting, with the aim of understanding the relationship between the mechanical behaviour and the microstructural changes brought about by the progressive addition of a greater amount of Nb. This study shows that the increment of the Nb content reduces the densification of the alloys, as the relative density decreases from 98.2% to 95.0%, but remarkably increases the volume fraction of the stabilised β phase (14→36%). Accordingly, the Ti-5Fe-xNb alloys are characterised by Widmanstätten microstructures, which become finer for higher Nb contents, and progressively higher mechanical properties including yield stress (725–949 MPa), ultimate tensile strength (828–995 MPa), and hardness (66.5–67.6 HRA), but lower elongation to fracture (4.0–5.1%). It is found that the ductility is much more influenced by the presence of the residual pores, whereas the strength greatly depends on the microstructural changes brought about by the addition of the alloying elements.
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1. Introduction


The conventional choice of materials for structural implants has been stainless steel and Co-Cr alloys. However, these alloys posed severe threat as they have been found to be carcinogenic [1]. Hence, Ti alloys have been regarded as an effective alternative as they are known for their superior biocompatibility, excellent corrosion resistance [2,3], and high strength compared to other metals [4]. Further, Young’s modulus of Ti alloys is the lowest when compared to other metallic biomaterials. Ideally, Young’s modulus of an implant should be as close as possible to that of the human bone (10–30 GPa) [5] to avoid the stress shielding effect where the implant tends to bear a higher load than the adjacent bone. This results in the resorption of the adjacent bone, a phenomenon known as aseptic loosening [6]. Current Ti-based materials used in biomedicine are Ti and the Ti-6Al-V alloy. Their main limitations are not high enough strength for structural implants and the release of cytotoxic/neurotoxic metallic ions, respectively. Specifically, recent reports of toxic Al+ and V+ ions being released into the bloodstream have been linked to severe cases of neurodegenerative disorders such as Alzheimer’s disease [7]. Consequently, researchers have focused on producing Al and V free alloys, viz. Ti-15Mo [8], Ti-29Nb-13Ta-4.6Zr [9], Ti-Mn [10], and various other alloys have been developed as an alternative to conventional Ti alloys [11].



The characteristic allotropic nature of Ti provides the flexibility of designing new alloys with enhanced mechanical and biological performance through microstructural control. In particular, the alloying elements added to Ti are classified into α-stabilisers (Al, O, N, etc.), β-stabilisers (V, Mo, Nb, Fe, etc.), and neutral (Sn and Zr). These elements will increase, decrease, or slightly affect the allotropic phase transformation, known as β transus, contributing to the stabilisation of either the low temperature hcp α or the high temperature bcc β phase [12,13]. Beyond a critical composition (βc), the β phase can be fully stabilised at room temperature. For instance, the βc value for Mo is approximately 10 wt.%, meaning that adding 10 wt.% of Mo to Ti results in a fully stable β structure at room temperature. The stabilising power of the different alloying elements is commonly taken into account by means of the Molybdenum Equivalent (MoE) parameter [14]. Based on literature, an MoE ≥ 15 is required to produce fully stable β Ti alloys whilst α + β alloys Ti alloys are obtained for 8 ≤ MoE ≤ 15. However, as reported hereafter, in literature there are at least two different equations proposed to calculate the MoE parameter [15,16], where the weighting factors were obtained in quenched alloys:


MoE = 1.0 [Mo] + 0.67 [V] + 0.28 [Nb] + 2.9 [Fe] + 0.77 [Cu] + 1.11 [Ni] + 1.54 [Mn]



(1)






MoE = 1.0 [Mo] + 1.25 [V] + 0.28 [Nb] + 1.93 [Fe] + 1.54 [Cu] + 2.46 [Ni] + 2.26 [Mn]



(2)







Fe and Nb are two ideal alloying elements to develop Ti alloys. In particular, Fe is one of the strongest β-stabilisers (see MoE parameter’s equations) with high diffusivity in Ti. Therefore, literature on the addition of Fe to Ti was primarily developed using powder metallurgy [17,18,19], where the addition of Fe enhances the densification and improves the mechanical properties of Ti. The addition of Fe to Ti while using casting has been far less studied [20] as a consequence of the higher density of Fe, which tends to sediment during solidification. Conventionally, the amount of Fe is limited to less than 7 wt.% to avoid the formation of TiFe-based intermetallic phases. The addition of Nb to Ti is documented in the literature as Nb is a non-toxic biocompatible element that increases surface acidity, stimulates cells’ processes, and reduces electro-kinetic potential, thus promoting cell adhesion and proliferation [21]. Moreover, favourable attachment, proliferation, and differentiation of L929 and MG-63 cells in the cast of Ti-45Nb alloy have been reported as a satisfactorily cytotoxic evaluation [22]. Casting has been the main manufacturing route for Ti-Nb alloys, where the Nb content was varied between 5 wt.% and 35 wt.% to study the microstructural evolution and the associated performance [23,24,25,26]. Despite their intrinsic advantages such as less waste and higher energy efficiency, fewer studies considered powder metallurgy as a manufacturing method, and exclusively compositions with high Nb additions (i.e., ≥10 wt.%) were reported [27,28,29]. Regarding Ti-Fe-Nb alloys, few studies are available [30,31,32,33,34], where the primary limitations are that no tensile properties have been reported. The amount of Nb is generally ≥10 wt.% [31,32,33,34] and the advantages of powder metallurgy have not been exploited.



Therefore, the aim of this study is to understand the relationship between the mechanical behaviour, tensile properties in particular, of Ti-5Fe-xNb alloys and the changes induced by the increment of the Nb content (i.e., x = 2, 6 and 9 wt.%), which is kept below 10 wt.%. Consequently, the changes in physical properties, phase constitution, and microstructural evolution are linked to the mechanical behaviour. The Ti-5Fe-xNb alloys are designed, using Equations (1) and (2), to be processed via powder metallurgy to exploit its intrinsic benefits.




2. Materials and Methods


2.1. Raw Materials


The characteristics of the elemental Ti, Fe, and Nb powders used as starting materials in this study are shown in Table 1. Figure 1 displays the SEM micrographs of their morphology, which is, irregular, spherical, and angular. The size and morphology of each elemental powder has been chosen to favour good mechanical interlocking and sinterability, which are highly dependent on the powders’ features [18,35].




2.2. Processing Route


The Ti-based alloys studied (i.e., Ti-5Fe-xNb) had a constant Fe content (i.e., 5 wt.%) and a variable Nb content (i.e., 2, 6, and 9 wt.%). The respective powder blends were homogenised in the V-mixer at a frequency of 45 Hz for 30 min at room temperature prior to uniaxial warm pressing using a 100-ton hydraulic press at 600 MPa at a temperature of 200 °C. Warm pressing was chosen over cold pressing aiming to achieve high green density values in the cylindrical samples of 40 mm diameter and approximately 18 mm height. It is worth mentioning that no lubricant was intentionally added to reduce contamination, but the walls of the die were lubricated with a graphitic coating. The green bodies were heated up to 1300 °C in a vacuum furnace (ZSJ—20 × 20 × 30) and isothermally held for 2 h for sintering. The vacuum level was set to 10−3 Pa, and the heating and cooling rates were set to 10 °C/min.




2.3. Characterisation


The theoretical density of the alloys was calculated using the rule of mixtures. The green density of the compacts (ρg) was calculated using the mass, which was measured using an analytical scale, and the volume. The density of the sintered samples (ρs) was measured using the Archimedes’ principles. Relative density values were computed by dividing the measured values by the theoretical density of the alloy. Densification (Ψ), which is defined as the ratio of actual change in density to the expected change in density during sintering [35], was calculated using Equation (3):


  Ψ =    (   ρ S    −    ρ G   )     ( 1  −    ρ G   )    × 100  



(3)







XRD was performed using a Philips X’pert diffractometer (Philips, The Netherlands) with Cu Kα radiation operated at 45 kV and 40 mA. An Olympus BX60 optical microscope, equipped with Nikon digital camera (DS-SMc) and a field emission Hitachi S4700 scanning electron microscope (Hitachi, Tokyo, Japan), were used for the metallographic characterisation. For that, the samples were ground using #320, #600, and #1000 grit silicon carbide grinding papers prior to using a Struers Tegramin-25 semi-automatic polisher (Struers, Copenhagen, Denmark). A non-drying colloidal silica suspension was used as the polishing solution. In order to perform the microstructural characterisation, the samples were etched using Kroll’s reagent (4% Hydrofluoric acid, 5% Nitric acid, and 91% distilled water). Uniaxial tensile testing, at least three tensile tests per composition, was performed on an INSTRON 33R 4204 universal testing machine (Instron, Norwood, MA, USA). The cross-head speed was set to 0.1 mm/min. An INSTRON static axial strain gauge extensometer with a gauge length of 10 mm was used to obtain the elongation. The samples were cut into dog-bone shaped tensile samples with a gauge length of 20 mm. Five independent Rockwell hardness (HRA) measurements (LECO Corp., St. Joseph, MI, USA) were performed to calculate the average hardness of the Ti-5Fe-xNb alloys.





3. Results and Discussion


3.1. Density and Porosity


Table 2 shows the relative green and sintered density values of the Ti-5Fe-xNb alloys along with the values of the MoE parameters as calculated by means of Equations (1) and (2). It can be seen that the green density decreases with the amount of Nb added, due to the higher hardness, which is related to the compressibility of the Nb powder particles compared to Ti and Fe. A 2.5% decrease in green density is observed with the addition of Nb from Ti-5Fe-2Nb to Ti-5Fe-6Nb with a further decrease of 0.7% for Ti-5Fe-9Nb. Consequently, the values of the relative sintered density also decrease with the increment of Nb with a decrease of 1.8% and 1.4% as the content of Nb increases from 2 wt.% to 6 wt.%, and to 9 wt.%. Sintering of the samples leads to their densification with an average gain in relative density of 3.9 ± 0.1% reaching values in the 95–98% range, which is typical of powder metallurgy Ti-based materials [27,36]. Therefore, Ti-5Fe-2Nb has the highest relative green and sintered density, which should correspond to the highest densification value, whereas Ti-5Fe-9Nb has the lowest values. As expected, higher values of the MoE parameter are achieved with the progressive addition of Nb, and Equation (2) results in proportionally lower values compared to Equation (1), due to the lower weighting factor of Fe.



Figure 2 shows the relationship between densification and porosity of the Ti-5Fe-xNb alloys as a function of the Nb content. It can be seen that with the addition of Nb the densification of the Ti-5Fe-xNb alloys gradually decreases while the porosity increases as both depend on the features of the initial powders, the green density, and the sintering conditions [28]. Specifically, Nb has a high melting point and is, therefore, the element slowing down the densification of the Ti-5Fe-xNb alloys. For instance, a sintering temperature of 1500 °C was needed to be able to achieve ~5% of porosity (i.e., 95% relative density) in binary Ti-Nb alloys [27]. Romero et al. [37] produced the Ti-5Fe alloy by warm compacting Ti and Fe powders with similar size and morphology to the ones used in the current study. However, uniaxial compaction was done at 400 MPa, which resulted in a slightly higher porosity when compared to Ti-5Fe-2Nb (Figure 2). It can be noticed that due to the absence of Nb, a higher densification was achieved in the Ti-5Fe alloy as the low melting point and high diffusivity of Fe favour densification.




3.2. Phase and Microstructural Analysis


From the XRD spectra shown in Figure 3, it can be seen that the hcp α and bcc β phases are the main phases composing the Ti-5Fe-xNb alloys. Ti-5Fe-2Nb has the lowest amount of β phase, which then increases for the higher amount of Nb as reflected by the higher relative intensities of the β phase peaks of Ti-5Fe-6Nb and Ti-5Fe-9Nb. It is worth noticing that the presence of a small amount of α’’ phase was also detected in Ti-5Fe-9Nb, which has been previously reported for Ti alloys containing a high amount of Nb [38]. The metastable ω phase in arc melted and vacuum suction cast Ti-3Fe-10Nb and Ti-3Fe-15Nb were detected by Chaves et al. [34]. The α’ phase in cast Ti-5Nb-1Fe and Ti-5Nb-2Fe and the ω phase in cast Ti-5Nb-2Fe and Ti-5Nb-3Fe was detected by Hsu et al. [30]. Lee et al. [24] showed that Ti-Nb alloys with less than 15 wt.% Nb are characterised by the presence of a distorted hexagonal structure α’. The formation of the α’’ phase in Ti-7Fe-xNb alloys has also been reported during quenching of the samples as a result of the high cooling rate [39].



The differences in phases detected are related to both the composition and the processing conditions where casting is generally characterised by higher cooling rates than sintering. Quantification of the volume fraction of the α (Vf-α) and β (Vf-β) phases from the XRD spectra of Figure 3 indicated that Vf-β increases from ~14% to ~28% and then to ~36% as the amount of Nb is increased from 2 wt.% to 6 wt.% and then to 9 wt.%. Based on the XRD patterns and the volume fraction data, it can be stated that all Ti-5Fe-xNb alloys can be regarded as α + β or metastable β alloys.



Figure 4 shows the optical and SEM micrographs of the Ti-5Fe-xNb alloys where it can be seen that all alloys are characterised by Widmanstätten microstructures [40]. As the amount of Nb added is increased, prior β grains of comparable size are found within the alloys as seen from the optical micrographs (Figure 4a,c,e). Moreover, a remarkable refinement of the size of the α + β lamellae as well as of the interlamellar spacing as a consequence of the greater amount of stabilised β phase is also obtained as seen from the SEM micrographs (Figure 4b,d,f). The microstructure of Ti-5Fe-2Nb and Ti-5Fe-6Nb is similar to that of Ti-10Nb and Ti-15Nb produced by vacuum pressure type casting system [24].



Furthermore, the Ti-5Fe-xNb alloys have comparable microstructure to that of the Ti-10Nb and Ti-20Nb alloys produced by casting followed by furnace cooling to 600 °C and final air cooling to room temperature [23]. The results of the microstructural analysis of Figure 4 also show that a small amount of isolated spherically shaped residual pores are present in the microstructure of the Ti-5Fe-xNb alloys, which is typical of the last stage of sintering. The micrographs of Figure 4 also confirm that the Ti-5Fe-xNb alloys belong to the α + β or metastable β category as opposed to the fully stable β alloys as indicated by Equation (1), which could have been used aiming to create fully stable β Ti-5Fe-xNb alloys. Hence, it is worth mentioning that the MoE parameter from Equation (2) seems to be more accurate to design new Ti-based alloys via powder metallurgy, which is generally characterised by low cooling rates.




3.3. Mechanical Properties


Representative stress-strain curves of the Ti-5Fe-xNb alloys and the associated micrographs of the fracture surface are shown in Figure 5. A general increase in the tensile strength, both in terms of yield stress and ultimate tensile strength, results from the incremental addition of the Nb content, whereas the uniform elongation progressively decreases. The tensile curves of the Ti-5Fe-xNb alloys show both elastic as well as plastic deformation before non-catastrophic failure regardless of the chemical composition. Consequently, fractographic analysis mainly shows a ductile fracture surface. Specifically, the Ti-5Fe-xNb alloys fail through intergranular fracture along the α + β lamellae, which gives a rough dimple-like appearance, as well as intergranular fracture of the α grain boundaries. The latter leads to the formation of tear ridges, which become more pronounced as the amount of Nb in the Ti-5Fe-xNb alloys increases. It is worth noticing that dimples are also present in the fracture surface, especially for the Ti-2Fe-5Nb alloy. Comparable fracture surfaces to the Ti-5Fe-2Nb and Ti-5Fe-9Nb alloys were, respectively, reported by Zhao et al. [27] for the Ti-10Nb alloy produced by metal injection moulding and by Hsu et al. [30] for the Ti-2Fe-5Nb alloy manufactured via casting.



Figure 6 shows the average mechanical properties of the Ti-5Fe-xNb alloys as a function of the Nb content. In agreement with the representative stress-strain curves (Figure 5a), the yield stress and the ultimate tensile strength monotonically increase with the amount of Nb added, ranging between 725 ± 25 MPa and 949 ± 29 MPa, and 828 ± 14 MPa and 995 ± 13 MPa, respectively. Therefore, Ti-5Fe-2Nb and Ti-5Fe-9Nb show the lowest and highest tensile strength values. Consequently, the addition of Nb causes the hardness to increase linearly, and the ductility to decrease from 5.1 ± 0.4% to 4.0 ± 0.7%. Romero et al. [37] reported the ultimate tensile strength (i.e., 835 MPa) and elongation to fracture (2.1%) of the Ti-5Fe alloy produced by conventional powder metallurgy, which is also shown in Figure 6. This means that Ti-5Fe-2Nb has similar tensile strength, but higher ductility compared to the Ti-5Fe alloy as a result of the addition of Nb and the slightly higher relative density value (Table 1). The addition of 6 wt.% and 9 wt.% of Nb leads to a further increase in UTS of 17% and 30% compared to Ti-5Fe-2Nb.



The increment of the resistance to plastic deformation and the associated reduction of the ductility of the Ti-5Fe-xNb alloys shown in Figure 6 is the compromise between the different effects brought about by the addition of Nb. Specifically, the higher the amount of Nb, the lower the relative sintered density and the finer the Widmanstätten microstructure due to greater Vf-β. A lower relative sintered density value means a greater amount of porosity within the microstructure, where pores reduce the load-bearing cross-section and constitute stress concentration sites [41], leading to a reduction of the tensile properties. A finer Widmanstätten microstructure means finer α + β lamellae as well as smaller interlamellar spacing and, thus, more boundaries hindering the movement of dislocations typical of grain refined structures [42]. In order to gain better insight on the actual factor controlling the mechanical behaviour, the average tensile properties of the Ti-5Fe-xNb alloys are, therefore, plotted in Figure 7 as a function of relevant parameters.



The variation of the tensile properties as a function of the relative density of the sintered Ti-5Fe-xNb alloys (Figure 7a) shows that the yield stress and the ultimate tensile strength decrease while the ductility increases as the amount of porosity decreases. This indicates that porosity has a greater impact on the ductility of the Ti-5Fe-xNb alloys rather than on their strength, as the latter is also meant to increase with the increment of the relative density. With respect to the variation of the tensile properties as a function of the MoE parameter (Figure 7b) and the Vf-β (Figure 7c), the Ti-5Fe-xNb alloys become progressively stronger and less ductile. This is due to the solid solution strengthening induced by the presence of a greater amount of Nb atoms dissolved within the Ti lattice, as Nb has complete solubility in both the α and β phases, and the related microstructural changes. Specifically, the stabilisation of a greater amount of stronger β phase and the creation of increasingly finer lamellae with progressively smaller interlamellar spacing boosts the impediment of the movement of the dislocations.



Figure 7d shows the comparison of the yield stress/elongation pairs of the Ti-5Fe-xNb alloys with the literature [27,37,43,44]. It can be seen that the Ti-5Fe-xNb alloys have better overall properties with respect to the sintered Ti-5Fe and Ti-5Al-2.5 alloys, although the latter has higher strength than Ti-5Fe-2Nb. In comparison to sintered Ti-xNb alloys (x = 10, 16, and 22 wt.%), the Ti-5Fe-xNb alloys have always much higher strength and better elongation, with the exception of the Ti-10Nb alloy. The higher strength is due to the strengthening contributions brought about by the presence of Fe. With respect to common wrought α + β alloys such as Ti-6Al-4V and Ti-6Al-7Nb, the Ti-5Fe-xNb alloys have higher strength, with the exception of Ti-5Fe-2Nb, but lower ductility. The latter is due to the expected higher amount of oxygen content derived by the use of a hydride-dehydride powder to produce the Ti-5Fe-xNb alloys as well as due to the presence of the residual pores left by the sintering process. If needed, the ductility could, therefore, be enhanced by post-processing the Ti-5Fe-xNb alloys by means of hot isostatic pressing or thermomechanical deformation processes aiming to seal the residual porosity.





4. Conclusions


Ti-5Fe-xNb alloys (x = 2, 6, and 9 wt.%) were successfully produced via the conventional powder metallurgy route. It was found that the addition of the elemental Nb powder decreases the deformability of the powder blend (i.e., lower green density), resulting in a linear decrease of the sintered density for higher Nb additions. Consequently, the densification of the Ti-5Fe-xNb alloys decreases, indicating that the slow diffusivity of Nb due to its high melting point is the primary factor limiting densification. The addition of Nb leads to the creation of alloys characterised by a Widmanstätten microstructure with the interlamellar spacing decreasing for higher Nb contents. Therefore, a general increase in the strength and the hardness associated with a decrease in the uniform elongation is found for higher Nb contents in the Ti-5Fe-xNb alloys. The alloys, consequently, fail through intergranular fracture along the α + β lamellae combined with intergranular fracture of the α grain boundaries. Porosity has a greater impact on the ductility of the Ti-5Fe-xNb alloys rather than on their strength. The increase of the latter is directly related to the volume fraction of stabilised β phase (Vf-β) and so on to the MoE parameter. In general, the Ti-5Fe-xNb alloys have higher strength compared to other Fe- or Nb-bearing sintered binary alloys as well as wrought Ti alloys used in biomedicine.
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Figure 1. SEM micrographs of the elemental powders: (a) irregular Ti, (b) spherical Fe, and (c) angular Nb. 
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Figure 2. Relationship between densification and porosity as a function of the Nb content. Ti-5Fe data from ref. [37]. 
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Figure 3. XRD spectra of the Ti-5Fe-xNb alloys. 
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Figure 4. Optical and SEM micrographs, respectively, of the Ti-5Fe-xNb alloys: (a,b) Ti-5Fe-2Nb, (c,d) Ti-5Fe-6Nb, and (e,f) Ti-5Fe-9Nb. 
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Figure 5. Representative tensile stress-strain curves (a) and micrographs (b–d) of the fracture surface of the Ti-5Fe-xNb alloys: (b) Ti-5Fe-2Nb, (c) Ti-5Fe-6Nb, and (d) Ti-5Fe-9Nb. 
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Figure 6. Average mechanical properties of the Ti-5Fe-xNb alloys: (a) tensile properties, and (b) hardness. Ti-5Fe data from ref. [37]. 
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Figure 7. Average mechanical properties of the Ti-5Fe-xNb alloys as a function of the relative density (a), the MoE parameter as calculated by means of Equation (2) (b), and Vf-β, the volume fraction of phase β (c); and comparison of the yield stress/elongation pairs with literature (d) [27,37,43,44]. Legend: S-sintered, and W-wrought. 
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Table 1. Characteristics of the elemental powders used in this study as per supplier’s specifications.






Table 1. Characteristics of the elemental powders used in this study as per supplier’s specifications.





	Element
	Max Particle Size
	Purity (%)
	Supplier





	Titanium
	200 mesh (<75 µm)
	99.4
	Goodfellow Ltd., Huntingdon, UK



	Iron
	1250 mesh (<10 µm)
	99.0
	Goodfellow Ltd., Huntingdon, UK



	Niobium
	325 mesh (<45 µm)
	99.8
	Alfa Aesar, Auckland, NZ
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Table 2. Values of the relative green and sintered density, and associated MoE parameters, of the Ti-5Fe-xNb alloys compared to Ti-5Fe. Ti-5Fe data from ref. [37].
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	Alloy
	Green Density (%)
	Sintered Density (%)
	MoE (Equation (1))
	MoE (Equation (2))





	Ti-5Fe [37]
	88.0
	97.0
	15
	9.7



	Ti-5Fe-2Nb
	93.8
	98.2
	15.5
	10.2



	Ti-5Fe-6Nb
	91.3
	96.4
	16.6
	11.3



	Ti-5Fe-9Nb
	90.6
	95.0
	17.5
	12.2
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