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Abstract

:

The present paper analyzed the microstructural characteristics and the mechanical properties of a Ti–Nb–Zr–Fe–O alloy of β-Ti type obtained by combining severe plastic deformation (SPD), for which the total reduction was of εtot = 90%, with two variants of super-transus solution treatment (ST). The objective was to obtain a low Young’s modulus with sufficient high strength in purpose to use the alloy as a biomaterial for orthopedic implants. The microstructure analysis was conducted through X-ray diffraction (XRD), scanning electron microscopy (SEM), and high-resolution transmission electron microscopy (HRTEM) investigations. The analyzed mechanical properties reveal promising values for yield strength (YS) and ultimate tensile strength (UTS) of about 770 and 1100 MPa, respectively, with a low value of Young’s modulus of about 48–49 GPa. The conclusion is that satisfactory mechanical properties for this type of alloy can be obtained if considering a proper combination of SPD + ST parameters and a suitable content of β-stabilizing alloying elements, especially the Zr/Nb ratio.
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1. Introduction


For more than a decade, the metastable β-titanium alloys have been considered the most promising biomaterials for load bearing implants manufacturing due to low Young’s modulus, high strength, and good ductility, a combination that can assure a suitable processability [1,2,3,4,5]. To achieve the right level of properties, there are some important requirements that must be met. One of the requirements refers to the selection of β stabilizing alloying elements. Aside from the β-stabilizing character, the biocompatibility function of these elements is very important in addition to that of titanium. From this perspective, Nb, Zr, and Ta are considered able to be used without limit due to their non-cytotoxicity character [6,7]. On the other hand, Mo and Fe can be used to a limited extent [6,8,9]. The most appreciated is Nb, which also has the strongest β-stabilizing character and high biocompatibility [1,2,10].



Another important requirement refers to the reduced costs, which imply not only a proper fabrication method with a reduced buy-to-fly ratio, but also a reduced content of expensive chemical components as Ta is. From this point of view, Fe is a good alternative being more accessible [8,9,10,11]. Therefore, many studies have tried to replace expensive Ta with Fe also considering that Ta has a very high melting temperature (TtopTa = 2996 °C) comparative to the above enumerated, making the alloy synthesis and homogenization difficult [6,8,9,11,12].



The next demanding condition for the β-Ti alloy design refers to obtaining the minimum possible elastic modulus to avoid the so-named “stress shielding effect”. The differences in elastic modulus between the bone and the metallic implant may lead to revision surgery [1,2,3,4,5,13,14]; thus, most research efforts have been centered on reducing the elastic modulus of the implant alloy. There have been some progress in this direction: while conventionally/commonly used α- or (α + β)-Ti alloys (including consecrated Ti-6Al-4V) exhibit a modulus of about 100–110 GPa, β-Ti alloys exhibit moduli of around 55–70 GPa [15,16,17,18,19,20], which is much closer to the elastic modulus of cortical bone (approximately 30 GPa) [21]. Associated with the Young’s modulus should be a sufficiently high yield strength, which, for the β-Ti alloy, seems to be quite a difficult requirement as the yield strength generally has medium values for the β-single microstructure [6].



Consequently, in terms of the requirements described above, the Ti–Nb–Zr–Ta system has proven to be very suitable, especially in terms of good biocompatibility and low Young’s modulus [22,23,24,25]. For the last few years, the Ti–Nb–Zr–Fe system has also been reported with good results [9,10,11,26,27,28,29], being a less expensive alternative. However, the ways/modalities to achieve the above-mentioned properties/requirements for these metastable β-Ti alloys are still being debated; there are three that have been the most exploited and explored.



One of them refers to finding the optimal chemical composition range of alloying elements that can satisfy the combination of characteristics: a high biocompatibility and β-stabilizing character, the capacity of decreasing the Young’s modulus with simultaneous increase of the yield strength, and the capacity to suppress the martensitic transformation (β→α″) by lowering the temperature Ms in order to obtain the single β-phase. Considering that many elements can determine only a gradual level of these characteristics, there is a need to find a proper balance/range of the envisaged alloying elements to obtain the best combination of alloy characteristics. From this perspective, there are some appreciated approaches that have been tried to optimize the composition based on electronic theory that use the Bo–Md diagram [30] and the simple calculation of the e/a ratio (valence electrons per atom) [31]. All these reported theoretical results/calculations have proven to be very useful for alloy design, but in general terms, for more exact tailoring/optimization of the necessary chemical compositions, the experimentally results of real alloys has been always more efficient/appreciated. Therefore, finding an optimal chemical composition that can accomplish the above enumerated requirements still represents a challenging experimental attempt.



The second modality explored to meet the above requirements for β-Ti alloys used for implants is to introduce oxygen alongside the alloying elements. Here, however, some uncertainties regarding the influence degree of two dichotomous manifestations of the oxygen still persists: on one hand, oxygen is considered a α-stabilizing element with respect to the β-transus temperature, which increases with oxygen addition [32]; on the other hand, the β-stabilizing nature of oxygen is more often taken into account and reported on considering its strong interstitial strengthening character [4,5,6] that can thus inhibit stress-induced martensitic transformation (β→α″) [33,34,35,36]. It seems that the first manifestation is less influential than the second one if a sufficiently high content of β stabilizing elements is taken into account, since the reports on the second direction of manifestation are more numerous [7,11,33,34,35,36,37,38].



The third tried modality of achieving suitable properties for metastable β-Ti alloys refers to thermo-mechanical processing of the alloy (i.e., the application of a severe plastic deformation (SPD) combined with a solution treatment (ST)). This approach seems to be very effective considering that, first of all, SPD is a powerful reducer of the grain size until ultrafine or even nanometer dimension [39,40,41]; by this, the Young’s modulus can strongly decrease with yield strength enhancing. Second, ST can keep the single β-phase if applied in the super β-transus variant [42]. From this perspective, there are some encouraging reports, but on particular alloy compositions. For example, for the Ti–Nb–Zr alloys combination [43] in the SPD + ST state (without expensive Ta), the modulus varies between 59–70 GPa for a Nb content around 35 wt.%. If adding Fe for the Ti–35Nb–10Ta–(Fe) alloy combination [44], the elastic modulus is about 75 GPa with a bending strength of 853 MPa. Referring to the role of Fe, early reports have shown that more than 2.5% Fe is discouraged due to detrimental mechanical performances [45,46] (too high strength, modulus, and fragility). Thus, it is considered now that Fe can be used as a minor alloying element (<2% wt.) [47], based on works [9,48] (Ti–Nb–Zr–Fe alloys) and [49] (Ti–Nb–Fe alloys) that report promising results. In 2009, [50] showed for the alloy Ti–28Nb–13Zr–0.5Fe wt.% (ST + water quenching-w.q.) a yield strength of 800 MPa, elongation of 13%, and an elastic modulus of 60 GPa with a microstructure composed of β-grains. In addition, Zr is an excellent ω-suppressor [47]. Concerning the Ti–Nb–(Ta)–Zr–Fe–O family alloys, with Fe and O additions, only a few reports [11,51,52,53] have shown that in the cold-rolling (CR) status or after a (CR and ST) combination, the Young’s modulus is about 60–90 GPa and the ultimate tensile strength-UTS between 900 and 1350 MPa, depending on the processing parameters.



Finally, there are some directions to follow to achieve the best requirements for the β-Ti alloys, but there are not enough explored all together, and their combination and influential degree are still raising problems for good optimization, with more or less success. A key issue is the selection of the technological parameters to be applied: the total deformation degree for SPD and the ST parameters (heating temperature, maintaining time, and quenching speed) on the one hand, and both coupled with sufficient high amount of β-stabilizing elements and an enough content of oxygen on the other hand.



Consequently, the present paper proposes a β-Ti alloy of Ti–Nb–Zr–Fe–O type with the purpose to obtain a lower Young’s modulus by combining the above-mentioned possible modalities: (a) use of a large amount of β-stabilizing elements with high biocompatibility and Fe replacing Ta; (b) addition of oxygen; and (c) application of SPD and ST with optimized parameters. By this, the intention is to offer new data concerning the possibility of improving the mechanical properties for a promising particular composition of a β-Ti alloy intended to be used for hard tissue orthopedic implants.




2. Materials and Methods


2.1. Synthesis and Thermomechanical Processing of the Studied Alloy


The obtained chemical composition for the studied Ti-Nb-Zr-Fe-O alloy (R&D company, Bucharest, Romania) is (wt.%): Ti—57.16%; Nb—34.18%; Zr—7.60%; Fe—0.90%; O—0.16%.



The synthesis of the alloy was based on the use of a levitation induction melting furnace FIVE CELES-MP25 (Five’s Group Company, Paris, France) with a nominal power of 25 kW and a melting capacity of 30 cm3 with a high vacuum of 10−4–10−5 mbar. During synthesis operation, an intensified stirring of the melted alloy was applied. To obtain a high chemical homogeneity, the re-melting of the ingots was performed twice.



To obtain a quality-homogenized precursor (Figure 1), the as-cast alloy was processed as follows: (a) cold rolling (CR) with a relative reduction of ε = 20% using a Mario di Maio LQR120AS rolling-mill (Mario di Maio Inc., Milano, Italy); the applied rolling speed was 3 m/min; no lubrication was required and an ultrasonic bath (CNCworld.ro, Arad, Romania) of ethylic alcohol (ChimReactiv S.R.L., Bucharest, Romania) at 60 °C was used to clean the as-cast alloy before CR; and (b) homogenization treatment (HT) performed above the β-transus temperature: 1223 K/950 °C/20 min/w.q.; for that, a GERO SR 100 × 500 type oven (Carbolite-Gero Inc., Neuhausen, Germany) was used under high vacuum.



The homogenized alloy was further thermomechanically processed by a combination of SPD using the multi-pass rolling-MPR (Mario di Maio Inc., Milano, Italy) method with two variants of ST. The MPR process was performed using 10 rolling passes with εtot = 90%. For both ST cases, the heating temperature and the cooling medium were similar (1223 K/950 °C and water, respectively), while the holding times were different: 10 min for variant 1 (V-1), and 20 min for variant 2 (V-2). Both STs were performed using same oven as for homogenization.




2.2. Micro-Structural and Mechanical Analysis of the Studied Alloy


For the cutting procedure of the alloy, necessary for obtaining the envisaged specimens, we used a Metkon MICRACUT 200 type machine (Metkon Instruments Inc., Bursa, Turkey) with diamond cutting disks. The resin of a Buehler Sampl-Kwick type (Buehler Company, Esslingen, Germany) was used to fix the specimens. A Metkon Digiprep ACCURA type machine (Metkon Instruments Inc., Bursa, Turkey) was used to abrade the samples with SiC paper-1200 grit (Struers Inc., Cleveland, OH, USA); the subsequent mechanical polishing was performed using a Buehler VibroMet2 machine (Buehler Ltd., Lake Bluff, IL, USA) with diamond pastes of 6, 3, and 1 μm successive parameters (DMT-Diamond Machine Technology Inc., Marlborough, MA, USA), and 0.03 μm colloidal silica (Struers Inc., Cleveland, OH, USA).



The microstructure of the alloy for all studied variants were analyzed using X-ray diffraction (XRD), scanning electron microscopy in back scattering electron mode (SEM-BSE), and transition electron microscopy (TEM).



Conventional X-ray diffraction was performed at room temperature using a Panalytical X’Pert PRO MRD diffractometer (Malvern Panalytical Ltd., Malvern, UK) with a Bragg-Brentano θ/θ geometry and a Cu Kα radiation source (λ = 0.15418 nm, 40 kV, 30 mA). The scanning interval was between 30–80° of the 2θ (°) with a step size of 0.02°. The rolling direction was set to be parallel to the direction of X-rays projected onto the sample surface. The recorded XRD patterns were fitted using the PeakFit software package (version 4.11, Systat Software Inc., London, UK).



The SEM-BSE analysis was performed using a scanning electron microscope (TESCAN VEGA II—XMU type, Tescan Orsay Holding, a.s., Brno, Czech Republic). To observe the alloy texture and grain deformation evolution, the specimens in SPD state were analyzed in the RD-ND cross-section (RD—rolling direction; ND—normal direction).



The TEM analysis was performed using a transmission electron microscope, a TECNAI G2 F30 S-Twin HRTEM (FEI Company, Hillsboro, OR, USA).



The Gatan MicroTest-2000N-type machine (Gatan Inc., Pleasanton, CA, USA) with a strain rate of 1 × 10−4 s−1 was used to perform the tensile tests. The tensile test specimens had a “dog-bone” shape with a calibrated part as follows: 2 mm width, 0.8 mm thickness, and 10 mm gauge length. Based on the obtained data, the stress-strain curves for each processing variant were determined based on which the average values of the mechanical characteristics were also obtained: the ultimate tensile strength (σUTS); yield strength (σ0.2); the elongation to fracture (εf); the elastic modulus (E); and the elastic energy (We). For each mechanical characteristic, the standard deviation (SD) was also calculated.





3. Results and Discussions


3.1. The Reason for Selecting the Thermomechanical Processing Parameters


The β-titanium alloys are considered greatly workable in cold and annealed condition due to the presence of a single β-phase with bcc (body centered cubic) structure at ambient temperature. The studied alloy was a β-metastable alloy due to the used β-stabilizing alloying elements (Nb mainly, and Fe). The reason for applying the combination of the SPD and ST is to obtain an integral β-structure with improved mechanical properties that can lead to the use of the alloy as a biomaterial for orthopedic implants. For that purpose, it is necessary to apply the ST above the β-transus temperature (the so named “super transus solution treatment”) for a set time and rapid cooling of the sample until room temperature. The β-transus temperature (Tβ) represents an important parameter for selecting the heat treatment temperatures. The Tβ value strongly depends on the alloying elements: α-stabilizers increase Tβ, β-stabilizers decrease Tβ, while the neutral elements do not change Tβ [42]. Equation (1) to find the Tβ value is given below [32]:


Tβ = 882 + 21.1 × (Al%) − 9.5 × (Mo%) + 4.2 × (Sn%) − 6.9 × (Zr%) − 11.8 × (V%) − 12.1 × (Cr%) − 15.4 × (Fe%) + 23.3 × (Si%) + 123 × (O%) (°C)



(1)







For the present studied alloy, the calculated Tβ is:


Tβ = 882 − 6.9 × (Zr%) − 15.4 × (Fe%) + 123 × (O%) = 882 − 6.9 × (7.60%) − 15.4 × (0.9%) + 123 × (0.16%) = 835.38 °C



(2)







Figure 2 represents the schema of the applied SPD and ST processes for the studied alloy with established parameters for both V-1 and V-2 variants. According to [42], the super transus solution treatment for β-Ti alloys comprises a heating of the alloy with about 30–60 °C above Tβ (for the present case it means of about 900 °C). Meanwhile, for similar alloys with almost the same amount of Nb, a ST above Tβ has been successfully applied with 950 °C as the heating temperature, followed by quenching [12,54,55,56,57]. As a result, for the present study, we decided to also establish the ST temperature at 950 °C with a holding time in two variants: 10 min (V-1) and 20 min (V-2). The reason is that for a longer holding time, the risk/possibility arises of obtaining a large/coarse β-grain, a fact that would be detrimental for the final mechanical properties. The quenching medium was water to keep the single β-phase at room temperature. The reason is that the single β-phase facilitates the down-stream cold working operations [12], hence the metastable β-alloys were supplied in the ST-ed condition.



For the microstructural analysis, it will be also useful to find the temperature for starting the martensitic transformation (Ms), and to calculate the Moeq parameter, which represents a generally accepted parameter to characterize the stability of the β-phase for a disposed chemical composition [42,54].



The formula from [58] can be used especially for β-Ti alloys with high β stability to calculate the Ms. Thus, for the studied alloy, the calculated Ms (K) is:


Ms (K) = 1156 − 17.6 × (wt.% Nb) − 41.2 × (wt.% Zr) = 241.312 K = −31.688 °C = ~−32 °C



(3)







Concerning the Moeq parameter as a measure of the β-stabilization level of the alloying elements, the equation for its determination, according to [12,59], is as follows:


Moeq = 1.0 × (wt.% Mo) + 0.67 × (wt.% V) + 0.44 × (wt.% W) + 0.28 × (wt.% Nb) + 0.22 × (wt.% Ta) + 2.9 × (wt.% Fe) + 1.6 × (wt.% Cr) − 1.0 × (wt.% Al)



(4)







For the present case, the resulted Moeq is:


Moeq. = 0.28 × (34.18% Nb) + 2.9 × (0.90% Fe) = 12.1804%



(5)







Conforming to [12], β-Ti alloys with calculated Moeq between 10–30% are metastable and, in addition, heat treatable and deeply hardenable. Thus, the studied alloy with a Moeq of 12.18% seems to also be metastable, conforming to this calculation; following the next experimental analysis, this fact will be proven below. Thus, when characterizing/analyzing the alloy microstructure, the two parameters of Ms and Moeq will be considered as useful landmarks for future correlations with experimental data (i.e., the XRD analysis and also SEM/TEM imaging).




3.2. Micro-Structural Analysis of the Studied Alloy


The microstructural analysis of the studied alloy was done for all of the experimental variants using XRD, SEM, and TEM analysis. Figure 3 provides the XRD spectra for all variants of the studied alloy. The main common denominator for all XRD variants was the presence of the peaks corresponding only to the β-phase. The intense (110)β, (200)β, and (211)β diffraction peaks of the β-phase with bcc structure, space group Im3m, were labelled according to ICDD no. 04-002-8708 [60].



Thus, based on Figure 3, it can be stated that XRD analysis demonstrates the β-stabilizing character of the alloying elements used (~42% in total, without oxygen), even after the application of SPD (Figure 3c) or ST (Figure 3d,e) during which there is a risk of secondary precipitation such as α, α′, ω, or α″-martensite, which may endanger the mechanical properties by increasing the fragility/resilience [61,62,63,64]. These phases are unfavorable to the processability of the material.



Possible precipitation of the orthorhombic α″ martensite or hexagonal α′ in the β matrix can considerably lower the modulus values and improve ductility, but with a corresponding strength decrease. The XRD spectra from Figure 3c did not reveal the presence of α″ diffraction peaks, meaning that stress-induced-martensitic (SIM) transformation does not occur due to high β phase stability. The (110)β peak intensity for the SPD sample was 200 a.u. (Figure 3c), which is half of the value corresponding to the alloy sample in the homogenized state (Figure 3b). This is due to well-known phenomena—the crystal lattice distortion and the dislocation density increase during the SPD process. For the present case, it seems that the Moeq value is sufficiently high to ensure a high β-stabilizing character without the risk of forming α or α′, and the temperature Ms is sufficiently low to prevent the precipitation of α″ martensite during SPD by SIM transformation.



In contrast to the influence of α″ precipitation, the possible formation of the athermal ω phase during ST is correlated with a rise in strength, reduced ductility, and, in most cases, an unsatisfactory increase in elastic modulus [42]. However, knowing that the addition of about 5–7 wt.% of Zr to Ti–Nb/Mo–Fe alloys represents a sufficient quantity to suppress the formation of athermal ω precipitates during ST (water quenching) [47], it can be concluded that the Zr content (7.6 wt.%) from the present case, alongside other alloying elements, would be sufficient to ensure this desideratum. This finding corroborates all of the above presented results.



Continuing the microstructural analysis with SEM images, Figure 4 corresponds to the alloy in the cast and homogenized state, respectively. Figure 5 corresponds to the alloy processed by SPD (90%) and Figure 6 to the alloy processed by the combination [SPD + ST] with two variants V-1 and V- 2. Figure 4 proves once again that the alloy consists only of the β-phase due to the structure formed only from equiaxed grains of the β-phase. The determined average dimensions of the β grains were 122 μm for the as-cast specimen, and largest for the specimen in the homogenized state of 148 μm due to the grain expanding during the homogenization treatment. It should be noted that other scientific reports have also indicated the single β-phase for almost comparable chemical content (high β-stabilizing elements) and similar thermomechanical processing [12,34,37,44,61,62].



After the homogenization treatment, the studied alloy was processed by SPD-MPR with a total deformation degree of εtot = 90%. The SEM images of the obtained microstructures correspond to Figure 5, which indicates a strong texture on the rolling direction β grains. For the present case, as a result of a very high degree of deformation, the observed deformation products seemed to be twin bands or shear bands with large misorientation angles, marked with yellow in Figure 5c. It is well-known that the SPD process with high deformation degree, as here, can induce/provoke the apparition of the stress-induced martensite α″. However, this phenomenon does not occur here, proven by the above XRD spectra. Additionally, it is well-known that the twin/shear bands can help to further fragment and refine the grain during the process of SPD [61,62]. Indeed, the XRD spectra for the sample processed by SPD had much smaller diffraction peaks compared to the precursor homogenized sample, proving by this a serious diminution of the grain dimension.



After SPD processing, both samples were subjected to two variants of ST (V-1 and V-2) with the same heating temperature (950 °C) and quenching medium, with 10 min as holding time for V-1 and 20 min for V-2. Figure 6 shows the SEM images of the resulting microstructures formed only from the equiaxed single β-phase. The average dimension of the grain size was measured using the intercept method and were ~72 μm for V-1 and ~94 μm for V-2. The selected ST parameters for both V-1 and V-2 variants led to the entire recrystallization of the β-phase from SPD status. Comparing both images from Figure 6 in terms of grain size, it appears that the extra 10 min for the corresponding ST holding time with variant V-2 versus V-1 produced an increase with about 23% of the β grain dimension; In addition, the grains were more dimensionally homogeneous. Furthermore, the obtained β grains were small in size, which represent a good premise to obtain a higher strength compared to the homogeneous state; this aspect will be analyzed in the following. Even if the holding time is longer than 20 min, the premise of obtaining a single β-phase remains if considering a super-transus ST with water quenching and a high amount of β-stabilizing elements.



To verify the formation of a single β-phase detected by XRD spectra and visible in SEM images, a HRTEM study was carried out on samples corresponding to V-1 and V-2 variants of the applied ST. Figure 7 shows the bright field image and the corresponding selected-area electron diffraction (SAED) patterns. The bright field images corresponding to both ST variants were clean of precipitates and the SAED patterns showed distinct spots of the β-phase only.




3.3. Mechanical Properties Analysis of the Studied Alloy after SPD and ST Processing


To evaluate the mechanical properties, tensile tests were performed for the V-1 and V-2 samples. The resulted strain-stress curves are indicated in Figure 8. Table 1 shows the average values for the ultimate tensile strength (UTS); yield strength (YS); elongation to fracture (εf); elastic modulus (E); and elastic energy (We).



In Table 1, the values of the Young’s modulus, around 48–50 GPa, show an encouraging level for all states of the experimented alloy. With regard to the YS and UTS values, starting with the homogenized state for which the UTS and YS values were at a medium level, they increased significantly for the SPD/MPR state (the values almost double) and remained at a high level after the ST (V-1 and V-2) (Figure 9), with only a small decrease. Figure 9 also indicates the good combination of the obtained mechanical properties for the V-1 variant of SPD + ST, with the lowest modulus of 48.6 GPa.



The GATAN MicroTest-2000N-type machine used for the present experiments was not equipped with an external extensometer. The machine measures the sample elongation as grips position displacement. The evaluation of the Young’s modulus was performed based on the displacement data measured as a function of grips position. Considering that the displacement measurements can take into account the compliance/stiffness of the machine and gripping technique in addition to the sample deformation, the results for the Young’s modulus values may be slightly lowered in some cases. Therefore, a future verification/assessment of the present results using complementary techniques can be important. However, it should be emphasized that in this case, the stiffness could only be high because the loads were very small; also, the measurement accuracy was less than 1 N.



For the studied alloy, the elastic energy (We) is a very important parameter as this biomaterial is usually used for orthopedic implants in the range of elastic deformation [56]. In the case of hyper-elastic alloys, the stress-induced martensite transformation can be displayed in the stress-strain curve; therefore, it is more reasonable to calculate the cyclic dissipation energy under cyclic loading than the elastic energy [56,65,66]. However, for the studied alloy, which did not present the stress platform of martensite transition due to very low Ms (Ms = −32 °C), the calculated elastic energy (We) is an important parameter for analyzing the capabilities to work in the range of elastic deformation. The elastic energy (We) can be assessed using Figure 8 by applying Equation (6) from [56]:


We = ½ (σe × εe)



(6)




where σe and εe are the values from stress-strain curve (Figure 8).



The calculated We values for the studied alloy after two variants of SPD + ST are listed in Table 1. The elastic energy for V-1 was 11.3 × 106 J/m3 and 9.8 × 106 J/m3 for V-2. Considering that both values considerably exceeded the value corresponding to Ti-6Al-4V alloy as reported as 2.8 × 106 J/m3 in [56], it can be concluded that the studied alloy can be a good candidate for a new biomaterial.



Concerning the key mechanical parameter for the β-Ti alloys—the Young’s modulus—there are several studies [25,67] that indicate e/a (valence electrons per atom) as a dominant factor governing the modulus of bcc transition metals including β-Ti alloys. It has been reported that if e/a decreases, the shear modulus c’ = (c11−c12)/2 and bulk modulus B of a bcc crystal also decrease, causing the β phase to become unstable [25,67,68,69,70,71]. Consequently, if β-stabilizing alloying elements increase, the e/a also increases, meaning a strong stabilization of the β-phase. Conforming to [72], if the values for the e/a ratio are between 4.24 and 4.26, a minimum modulus can be obtained for the β-Ti alloys. For the present case, the value of 4.253 for e/a falls within the reported optimal range. Therefore, the high level of the β-stabilizing elements (~42%) correlated with e/a value represent a good premise to expect a low level of the modulus, as demonstrated by the obtained values. In addition, knowing that a correct appreciation is based on a comparison, Figure 10 compares the Young’s modulus value of the studied alloy (48.6 GPa for V1 variant) to that of other similar β-Ti alloys with close chemical composition and almost similar e/a values (4.24–4.26). By this, the obtained value can be highlighted correctly as a very promising one. Next to each alloy is indicated the UTS value, which is also an important indicator along with the Young’s modulus. A significant increase of this value can be observed with the addition of oxygen in the composition.



Another important observation/comment derives from [43], according to which the Young’s modulus decreases with increasing Zr content and, at a certain Nb content, reaches a minimum value, even if it otherwise increases slowly with increasing Nb content. This sensitivity of the Zr versus Nb content that can influence the obtaining of a suitable modulus leads to the conclusion that the Zr/Nb compositional ratio must be conjugated/adapted very carefully in order to obtain the lowest possible value of the modulus. If considering a range of 0.17–1.2 for the Zr/Nb ratio explored by [43] with encouraging results, it can be presumed that the ratio of 0.22 for the here studied alloy could represent a satisfied premise for a suitable low modulus. In addition, [73] also reported a low Young’s modulus for a Zr/Nb ratio of 1.0, for the Ti-13Nb-13Zr alloy. Thus, the range for the Zr/Nb ratio also seems to have been considered by other studies. With regard to the justification of Fe addition alongside with Nb and Zr, [8] reports that Fe of approximately 2 wt.% increased the strength considerably, preserving both the ductility and Young’s modulus at minor levels. Therefore, if we correlate these data with the Fe content used for the present alloy (0.90 wt.%) and with the obtained modulus value, it can be presumed that the Fe content also helps with these encouraging results.



Concerning oxygen, many reports referring to oxygen-containing Ti–Nb–Zr–Ta alloys indicate a strong strengthening character of the interstitial oxygen, capable of increasing the resistance of the β matrix and partially suppressing the (β→α″) transformation [74,75,76]. Furthermore, it has been reported that Ms-temperature indicates a loss of approximately 160 K if adding 1 at.% O in the Ti-22Nb alloy [77]. Even if oxygen increases the Tβ temperature (conforming to Equation (2)) but considering the low Ms-temperature (calculated at −32 °C), it can be presumed that the conditions to increase the resistance of the β-phase and thus to decrease the modulus are very promising.





4. Conclusions


Two variants of ST combined with SPD were applied for a Ti–Nb–Zr–Fe–O alloy with the intention of obtaining a low elastic modulus with sufficient high strength. The total reduction of SPD was εtot = 90% and the selected parameters for ST corresponded to a super-transus solution treatment.



The microstructure analyses provided by XRD, SEM, and HRTEM investigations revealed the presence of a single β-phase, proving by this that the amount and the type of β-stabilizing elements were sufficient enough to obtain the stable β-phase necessary for this type of alloy to be used in the range of elastic deformation for orthopedic implants.



The analyzed mechanical properties revealed promising values for YS and UTS of about 770 and 1140 MPa, respectively, with a low value for the Young’s modulus of 48.6 GPa. The conclusion is that satisfactory mechanical properties for this type of alloy can be obtained by optimizing the combination of SPD + ST parameters and the content of alloying elements, especially the Zr/Nb ratio.
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Figure 1. Integral schema for processing the studied Ti–Nb–Zr–Fe–O alloy. 
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Figure 2. Schema for the thermomechanical processing of the studied Ti–Nb–Zr–Fe–O alloy by severe plastic deformation and solution treatment. 
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Figure 3. The XRD spectra of the studied alloy: (a) the as-cast sample; (b) after the homogenization treatment; (c) after the SPD (90%) processing; (d) V-1: SPD-MPR (εtot = 90%) + ST-1 (950 °C-10 min-w.q.); and (e) V-2: SPD-MPR (εtot = 90%) + ST-2 (950 °C-20 min-w.q.); ST-1: solution treatment-1; ST-2: solution treatment-2. 
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Figure 4. SEM-BSE images of the Ti-34.18Nb-7.6Zr-0.9Fe-0.16O alloy microstructures in the as-cast state (a) and after the homogenization treatment (b). 
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Figure 5. SEM-BSE images of the sample processed by SPD-MPR (εtot = 90%); (a)–(c)—represent the same sample with increasing magnification of the visual field sequences from (a) to (c); yellow mark—shear bands with large misorientation angles. 
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Figure 6. SEM-BSE images corresponding to the studied alloy after SPD and ST: (a) V-1: MPR (εtot = 90%) + ST1 (950 °C-10 min-w.q.); (b) V-2: MPR (εtot = 90%) + ST2 (950 °C-20 min-w.q.). 
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Figure 7. HRTEM images corresponding to both ST variants—V-1 and V-2—applied on the studied alloy: (a) V-1: bright field image and the SAED image observed along the [110]β zone axis; (b) V-2: bright field image and the SAED image observed along the [102]β zone axis. 
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Figure 8. The stress-strain curves of the samples processed by SPD and ST compared to the initial homogenized state. 
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Figure 9. Mechanical properties of the studied alloy for all experimented states; in yellow squares—the promising combination of mechanical properties corresponding to the V-1 processing variant. 






Figure 9. Mechanical properties of the studied alloy for all experimented states; in yellow squares—the promising combination of mechanical properties corresponding to the V-1 processing variant.



[image: Materials 14 03467 g009]







[image: Materials 14 03467 g010 550] 





Figure 10. The Young’s modulus of the studied alloy compared to that of other similar β-Ti alloys. Alloy (1) from [70]; Alloy (2) from [24]; Alloy (3) from [71]; Alloy (4) and (5) from [43]; Alloy (6) from [11]; Alloy (7) from [66]. 
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Table 1. Mechanical properties of the studied alloy: ultimate tensile strength (UTS); yield strength (YS); elongation to fracture (εf); elastic modulus (E); elastic energy (We); SD (standard deviation).






Table 1. Mechanical properties of the studied alloy: ultimate tensile strength (UTS); yield strength (YS); elongation to fracture (εf); elastic modulus (E); elastic energy (We); SD (standard deviation).





	
The Alloy State

	
Mechanical Properties (SD-Standard Deviation)




	
YS (MPa)

	
UTS (MPa)

	
εf (%)

	
E (GPa)

	
We (J/m3)






	
Homogenized alloy

	
552.1 (10.8)

	
760.2 (13.3)

	
20.6 (0.6)

	
49.2 (1.6)

	
4.3 × 106




	
MPR—(εtot = 90%)

	
1011.8 (11.3)

	
1268.6 (16.3)

	
4.8 (0.1)

	
50.3 (1.2)

	
16.6 × 106




	
V-1:

(εtot = 90%) + (950 °C-10 min-w.q.)

	
773.4 (11.2)

	
1142.8 (16.1)

	
9.2 (0.3)

	
48.6 (0.8)

	
11.3 × 106




	
V-2:

(εtot = 90%) + (950 °C-20 min-w.q.)

	
702.3 (10.2)

	
1036.4 (15.8)

	
6.8 (0.2)

	
49.3 (1.1)

	
9.8 × 106
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