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Abstract

:

The evolution of microstructure, phase composition and physico-mechanical properties of the biocompatible Ti-39Nb-7Zr alloy (wt.%) after severe plastic deformation by rotary forging (RF) was studied using various methods including light optical microscopy, scanning and transmission electron microscopies, X-ray diffraction, microindentation, tensile testing and investigation of thermophysical properties during continuous heating. The hot-rolled Ti-39Nb-7Zr with initial single β-phase structure is subjected to multi-pass RF at 450 °C with an accumulated degree of true deformation of 1.2, resulting in the formation of a fibrous β-grain structure with imperfect 500 nm subgrains characterized by an increased dislocation density. Additionally, nano-sized α-precipitates formed in the body and along the β-grain boundaries. These structural changes resulted in an increase in microhardness from 215 HV to 280 HV and contact modulus of elasticity from 70 GPa to 76 GPa. The combination of strength and ductility of Ti-39Nb-7Zr after RF approaches that of the widely used Ti-6Al-4V ELI alloy in medicine, however, Ti-39Nb-7Zr does not contain elements with limited biocompatibility and has a modulus of elasticity 1.5 times lower than Ti-6Al-4V ELI. The temperature dependences of physical properties (elastic modulus, heat capacity, thermal diffusivity) of the Ti-39Nb-7Zr alloy after RF are considered and sufficient thermal stability of the alloy up to 450 °C is demonstrated.
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1. Introduction


Several types of titanium alloys (α-, α+β-, β-) are widely used in medicine due to their excellent biocompatibility, low density and high specific strength [1,2,3,4,5]. Commercially pure (CP) titanium with an Hexagonal Close-Packed (HCP) α-solid solution structure and two-phase (α+β)-alloy Ti-6Al-4V ELI [6] are among the most commonly employed materials for medical implant manufacturing. The microstructure of Ti-6Al-4V ELI comprises a minor fraction of β-solid solution (2–10%) with BCC lattice along with the α-phase (90–98%). However, these alloys have several drawbacks in manufacturing implants for orthopedic applications: (1) high modulus of elasticity (100–112 GPa) characteristic of the predominant α-phase structure, which promotes the atrophy of the bone tissue with a lower modulus of (1–30 GPa) adjacent to the implant; (2) low strength characteristics of CP titanium after conventional processing [1], which requires the increased implant sizes and leads to an excessive load on the patient’s organism; (3) the presence of Al and V in the Ti-6Al-4V alloy imposes limitations on the safe usage period of implants, as they can induce undesirable side effects upon dissolution in the patient’s body [7] (e.g., allergic reactions, toxicity, mutagenicity).



To address these shortcomings, extensive research on the development of β-solid solution titanium alloys has been conducted in recent decades [2,3,8,9,10,11,12,13]. The titanium β-alloys are primarily alloyed with biocompatible β-stabilizers (Nb, Mo, Ta) and neutral strengtheners (Zr, Sn) for orthopedic use [7]. Based on several parameters (abundance in nature, density, modulus of elasticity, atomic size, melting temperature [14,15]), Nb and Zr can be considered the most promising alloying elements for titanium β-alloys [16,17]. Despite a number of advantages of β-titanium alloys compared to CP-Ti and two-phase (α+β)-alloys, such as lower modulus of elasticity and absence of toxic alloying elements, these alloys have their own challenges to overcome: higher cost and density, relatively low strength (hardness) and wear resistance of the β-solid solution-based alloys.



One approach to enhance the strength of biocompatible β-titanium alloys is through strain hardening combined with grain refinement, achieved by employing severe plastic deformation (SPD) methods [18,19,20,21]. At the same time, widely used methods of severe plastic deformation, such as high-pressure torsion (HPT), equal-channel angular pressing (ECAP), and multidirectional isothermal forging (MIF), are associated with several significant drawbacks. The main disadvantages of HPT are the small sizes of the processed workpieces and the low durability of the tooling resulting from high loads [22]. MIF has a limitation on the degree of single deformation path due to the loss of workpiece stability at high compression strains. MIF is characterized by the inhomogeneity of deformation and structure across the workpiece cross-section, which requires a large number of processing cycles to be avoided [22]. The drawbacks of ECAP include the relatively small size of the obtained semifinished products, the inhomogeneous structure of the final material, and significant wear of the tooling due to high loads. Currently, traditional metal forming processes are being developed to provide strengthening comparable to SPD methods. Rotary forging (RF) is one such promising metal-forming process [23,24]. RF achieves a compression stress state along the radius of the rotating workpiece by utilizing cyclically converging dies. Its advantages include aspects as follows: (1) the stress distribution in the deformation zone is approaching the scheme of hydrostatic compression, which is most favorable for high technological plasticity at high deformation degrees; (2) semi-finished products with high-quality surfaces and homogeneous microstructure throughout the cross-section can be obtained during RF; (3) high strain rate and impact intensity on the material during RF create conditions for achieving a high-strength state by increasing the density of dislocations and microstructure refinement; (4) reducing the mass of the final product by 35–55% is achievable by increasing the specific strength and fatigue characteristics compared to other traditional metal forming processes (such as rolling, forging, pressing, etc.).



Previous studies devoted to the effect of RF on the microstructure of steels and non-ferrous metals have shown effective refinement of grains and second phases in high-nitrogen steel [25]; improved performance characteristics of the low-carbon steels [26], titanium alpha alloy PT-7M [27], titanium pseudo-beta alloy Ti-15V-3Cr-3Al-3Sn-1Zr-1Mo [28]; and enhancement of such properties as shape memory, corrosion resistance and increased mechanical properties in biocompatible alloys Zr-2.5Nb, nitinols [29,30], and titanium β-alloys Ti-25Nb-15Zr, Ti-15Mo with metastable β-phase [31,32]. However, there is a lack of information in the literature regarding the use of RF for biocompatible alloys based on mechanically stable β-solid solution. Therefore, this study aims to investigate the effect of multi-pass rotary forging on the formation of microstructure and phase composition in the biocompatible β-titanium alloy Ti-39Nb-7Zr.




2. Materials and Methods


The Ti-39Nb-7Zr ingots, obtained via the vacuum arc double electrode remelting process in industrial conditions at PJSC VSMPO-AVISMA Corporation, underwent hot-rolling in the β-field to form a rod with a diameter of 20 mm. The chemical composition of the alloy was selected based on the recommendations outlined in [17] and it is detailed in Table 1.



Based on the chemical composition of the investigated alloy, the stability of the β-solid solution to transformations during cooling and deformation was estimated using literature data on molybdenum equivalent ([Mo]eq = %Mo + 0.33%Nb + 0.31%Zr + 1.93%Fe + 1.84%Cr + 2.46%Ni [33]), Bo (binding strength), Md (energy level of the metallic d-orbital) [34,35], as well as β-transus temperature (βtr = 885 − 8.5Nb − 2Zr [24]) and the martensite start temperature MS [36,37]. The computed results are summarized in Table 2.



As can be seen from the computational models, the alloy has a sufficiently lower βtr than CP and Ti-6Al-4V ELI; the MS lies significantly lower than the room temperature. These data along with the high value of [Mo]eq confirm the high thermal and mechanical stability of the β-solid solution, which was experimentally demonstrated in [38]. Furthermore, the alloy occupies a region in the Bo and Md values diagram [34] where the β-solid solution is predominantly deformed by slip. This characterization indicates the stability of the β-solid solution to quenching and cold deformation processes.



The hot-rolled rod of Ti39Nb7Zr underwent turning to achieve the final diameter d1 of 18.2 mm, aiming to remove the surface gas-saturated layer formed during the hot rolling. Subsequently, the resulting rod was processed through multi-pass RF to reduce its diameter d2 to 10.3 mm using a modernized two-die rotary forging machine B2129.01, manufactured by OJSC Pressmash. During the RF process, the rod was constantly pre-heated at a temperature of 450 °C for 20 min (before the 1st pass) and 5 min (between passes). RF totaled 12 passes with a compression of up to 1 mm per pass. The accumulated true strain (ε) during RF was 1.14, there was a total elongation of 3.12, the rod’s relative reduction was 68%, and the relative strain by elongation per pass on average was 10%. The schematic diagram of the working space of the RF machine is presented in Figure 1. The photographic image of the rod after forging is shown in Figure 2.



The research methods employed in the study included optical microscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM), X-ray diffraction phase analysis (XRD), differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), and Vickers microindentation.



Samples for the metallographic investigation were prepared according to the following procedure:




	
The samples were separated from the rod along the longitudinal section using an electrical discharge machine (EDM) (Ecocut, Bengaluru, India) after deformation processing.



	
The separated samples were hot-mounted using CON conductive resins.



	
The investigated surfaces were ground using abrasive materials of various grit sizes P240, P400, P1000, P1200, and P2500 (with a load of 10 N on the sample for 10 min).



	
Subsequently, the investigated surfaces were polished for 90 min using a suspension composed of 7 parts Col-Si + 3 parts (15%HF + 10%HNO3 + 75%H2O), with a load of 25N on the sample.



	
Finally, the polished surfaces were etched using Kroll’s reagent (15%HF + 10%HNO3 + 75%H2O).








SEM analysis was carried out using a ZEISS CrossBeam AURIGA scanning electron microscope equipped with Oxford Instruments Inca Energy 250 for EDX analysis (Carl Zeiss NTS, Oberkochen, Germany).



TEM analysis was performed using a JEM2100 microscope (Freising, Japan) operating at an accelerating voltage of 200 kV. Foils for TEM investigations were separated using EDM and subsequently thinned on SiC abrasive paper, which was followed by electrolytic thinning using a Struers TenuPol standard A3 reagent.



XRD analysis was conducted using a Bruker D8 Advance (Fremont, CA, USA) equipped with Cu radiation in the 2θ-range of 30–120° with a step size of 0.05°, employing a position-sensitive detector. Full-profile Rietveld refinement of the XRD pattern was carried out using the TOPAS software version 3.0.



Differential thermal analysis (DTA) was performed on specimens with a diameter of 5 mm and height of 1 mm using a heating rate of 20°/min with a Netzsch Jupiter STA 449C (Selb, Germany) up to 700 °C. The dimensions of the reference sample were similar. Platinum crucibles with lids and aluminum oxide attachments were employed to prevent interaction between the sample material and the crucible during the experiments.



The specific heat values of the alloys were calculated based on experimental data obtained from the differential thermal analysis (DTA) of the investigated alloy and a reference material with a known specific heat capacity (sapphire). The specific heat capacity was determined using the following formula [39]:


C_sample = C_ref ∗ m_ref ∗ (DTA_sample − DTA_blank)/(m_sample ∗ (DTA_ref − DTA_blank)),



(1)




where C_sample is the specific heat capacity of the sample; C_ref is the specific heat capacity of the reference sample (sapphire); m_ref is the mass of the reference sample; m_sample is the mass of the sample; DTA_sample is the signal of the differential thermocouple (DTA) recorded during sample heating; DTA_blank is the signal of the DTA recorded during heating of the empty system; DTA_ref is the signal of the DTA recorded during heating of the reference sample.



DMA was performed on specimens with a width of 5.5 mm and a thickness of 3.5 mm using a Netzsch DMA 242 C instrument (Selb, Germany). The analysis involved continuous heating up to 600 °C at a rate of 20°/min. Cyclic loading with a frequency of 1 Hz and a maximum load of 5.3 N was applied.



Tensile testing was conducted according to ASTM E8/E8M-21 standards on small-size cylindrical specimens proportional to the standard, with a diameter of 4 mm and a gauge length of 20 mm. The testing was carried out using an electromechanical testing machine Instron 3382 (Instron, High Wycombe, UK), at a crosshead displacement rate of 5 mm/min at room temperature. Vickers hardness (HV) and contact elastic modulus of specimens cut along the rod axis were determined from microindentation tests using a CSM ConScan (CSM Instruments, Peuseux, Switzerland) according to the Oliver–Pharr method. For each specimen, 10 measurements were conducted.



The thermal conductivity of the alloy after RF was determined using the laser flash method (Parker method [40]), implemented on the LFA 457 MicroFlash instrument (NETZSCH, Selb, Germany). Measurements were conducted on three samples during isothermal soakings at the investigated temperatures. The samples, which were parallelepiped in shape, had dimensions of 10 × 10 × 2 mm. During the experiment, the frontal surface of the samples was irradiated with a laser pulse, and the temperature of the rear surface was measured using a fast infrared thermometer. The total measurement time at each temperature did not exceed 15 min. Heating between the temperatures of isothermal holding was carried out at a rate of 3 °C/min in a static argon atmosphere.




3. Results and Discussion


The diffraction pattern and microstructure of the hot-rolled Ti39Nb7Zr rod are represented in Figure 3.



After air-cooling the Ti39Nb7Zr alloy from temperatures of hot rolling in the β-phase region, only three diffraction peaks of the β-solid solution with a BCC lattice are present in the diffraction pattern (Figure 3). Notably, in the diffraction pattern obtained from the cross-section of the rod, the (110) peak exhibits substantially higher intensity compared to other β-phase peaks. Thus, the alloy demonstrates a single-phase β-state with a predominant <110>-fiber orientation along the rolling axis, which is the typical texture for the rolling of BCC alloys [41]. The calculated β-phase lattice spacing of 0.3296 nm is significantly higher than the extrapolated value for pure titanium (0.3282 nm [42]), this is attributed to the larger atomic size of the alloying elements (142.9 pm–Nb, 155.36 pm–Zr) compared to the titanium atom in the BCC lattice (142.11 pm) [43].



The microstructure analysis (Figure 3) revealed that the large β-grains preserved during hot rolling have an irregular predominantly elongated shape with slip bands inside. A significant fraction of β-grains appears heavily fragmented, presumably due to the development of dynamic recrystallization processes during deformation. This partially recrystallized structure is typical of semi-finished products obtained during hot deformation in a single-phase field [44].



Microindentation testing provided the following values of physical-mechanical properties in the hot-rolled alloy: Vickers microhardness—215 HV, contact elastic modulus—70 GPa. The microhardness value of the alloy in the hot-rolled β-state is relatively low. Additionally, the contact elastic modulus is approximately 1.5 times lower than that of CP-titanium and the Ti-6Al-4V ELI type alloy (103–110 GPa [2]). A similar elastic modulus was reported in [45] for a biocompatible β-alloy of the Ti-Nb-Zr-Ta system.



SEM microstructure of Ti39Nb7Zr after RF was obtained and is presented in Figure 4.



The microstructure analysis at low magnifications revealed the processes of elongation of β-grains along the rod axis and their flattening in the perpendicular direction occurring during RF (Figure 4a). The sizes of β-grains ranged from 0.5 to 5 µm (Figure 4b). Upon examination of the structure at high magnifications, slip bands within the β-grains were observed (Figure 4b), the presence of areas with thinner boundaries typical for subgrains (Figure 4b,c), as well as relatively small β-grains, which apparently formed during dynamic recrystallization during RF (Figure 4c). Dark spots within the β-grain body created an inhomogeneous contrast in the SEM image. The boundaries have a necklace morphology (Figure 4b). Both of these effects may be associated with the presence of a second phase.



TEM analysis was performed for a more detailed analysis of the microstructure and phase composition of the alloy after RF (Figure 5). The interpretation of the electron diffraction pattern is presented in Table 3.



TEM data analysis showed an increased density of dislocations inside the elongated β-grains formed during RF, these appeared as both individual clusters and an imperfect substructure (Figure 5a,d). Nanoscale (10–30 nm) second-phase precipitates, predominantly oriented along the grain elongation direction, were observed at the boundaries and within the grain body. These precipitates were formed during RF at 450 °C, either during preheating or intermediate heating operations, as there is no second phase in the initial hot-deformed state. Computational analysis of electron diffraction patterns revealed that the precipitates consist of α-phase with an HCP lattice. The formation of the α-phase during the decomposition of the metastable β-solid solution at 450 °C in another biocompatible β-alloy, Ti-29Nb-13Ta-4.6Zr, was previously observed in [46].



An increase in the dislocation density in the provided TEM images is evidenced by the diffraction contrast. The accumulation of dislocations results in characteristic dark areas in the TEM images obtained from the foil in the reflecting spatial position. However, it is not possible to clearly resolve separate dislocations due to the overlap of elastic fields around individual dislocations. Joint analysis of XRD and SEM data after hot rolling (Figure 3) and SEM, TEM, and XRD after RF (Figure 4, Figure 5 and Figure 6) points to an increase in dislocation density after RF.



In this case, the Williamson–Hall method [47] was used to estimate the increase in dislocation density after RF compared to the hot-rolled state. This method relies on estimating the broadening of the β-phase XRD peaks. By conducting computations using this method, the dislocation density in the alloy is approximately estimated to be 109 [1/cm2] in the hot-rolled state, while it is approximately equal to 1.6 × 1010 [1/cm2] after RF. Thus, there is approximately a 16-fold increase compared to the hot-rolled state.



The increased dislocation density and nanosized α-particles in the β-matrix after forging led to changes in the diffraction pattern (Figure 6) and an increase in the elastic modulus (76 GPa) and microhardness (280 HV).



The peaks of the α-phase become visible, and the peaks of the β-solid solution broaden in the diffraction pattern due to elastic distortions caused by the increase in dislocation density. The calculations of the α and β-phase lattice parameters yielded the following values: aα = 0.29532 nm, cα = 0.46982 nm, c/a = 1.5909, aβ = 0.3292 nm. The obtained values of the β-phase lattice spacing after RF are comparable to those obtained in the hot-rolled state (0.3296 nm). The parameters of the α-phase are higher than those for pure titanium (aα = 0.29503 nm, cα = 0.46831 nm, c/a = 1.5873 [48]). This is typical of titanium alloys alloyed with Zr [49], implying that Nb within the solubility in the α-phase almost has no influence on its lattice parameters [50]. The approximate relationship between β-(97%) and α-phases (3%) after RF was calculated using Rietveld refinement of XRD data.



Ti39Nb7Zr is characterized by an excellent ductility of 22% in the hot-rolled state. However, it exhibits a rather poor strength of 560 MPa as obtained from the tensile engineering stress–strain curve (Figure 7). The yield strength of 860 MPa, typical of the Ti-6Al-4V ELI alloy, is considered the gold standard for titanium implants. After RF, Ti39Nb7Zr almost reaches this strength level and exhibits the following mechanical properties: YS ≥ 785 MPa, UTS ≥ 830 MPa, EL ≥ 11%, RA ≥ 65.5%. For both processing methods, the engineering stress–strain curves of Ti39Nb7Zr show weak strain hardening at the uniform deformation stage, typical of β-titanium alloys. The strengthening of the alloy after RF resulted in a 35% decrease in ductility. There are at least two reasons why the elongation after RF is less than after the hot rolling. Firstly, due to the lower deformation temperature of 450 °C during RF compared to hot rolling in the β-region at a temperature above 600 °C. Therefore, the processes of dynamic recrystallization are more fully developed in the hot-rolled alloy, resulting in a lower dislocation density compared to RF. Secondly, nano-sized precipitates of α-phase are found in the alloy after RF; these are absent in the hot-rolled state with single phase β-structure. The presence of these precipitates additionally complicates the process of dislocations gliding during plastic deformation and, along with the higher dislocation density, contributes to the lower elongation during tensile testing.



The properties obtained for the alloy after RF fall within the characteristic range for medical (α+β)-alloy Ti-6Al-4V ELI in the annealed state [51]. However, Ti39Nb7Zr does not contain chemical elements with limited biocompatibility and is characterized by an elastic modulus 1.5 times lower than that of Ti-6Al-4V ELI.



The results of the thermal stability assessment of Ti39Nb7Zr after RF, under heating to temperatures of 600 to 700 °C, combined with the determination of thermophysical properties (specific heat capacity, dynamic modulus of elasticity, thermal conductivity), are demonstrated in Figure 8.



The analysis of DTA and DMA data (Figure 8a,b) revealed minor changes in the temperature dependencies upon heating to 400–450 °C: an increase in the modulus of elasticity by 2 GPa and a decrease in specific heat capacity by 30 J/kg*K. At higher heating temperatures, a drop in the modulus of elasticity by 10 GPa in the range of 400–600 °C takes place as well as a peak appears on the specific heat capacity curve in the same temperature range. This effect, judging by the calculated βtr value of the alloy (Table 1), is associated with the reverse α+β→β transformation. Thus, the dissolution of the higher modulus α-phase into the β-solid solution at heating temperatures above 400–450 °C leads to a sharp decrease in the modulus of elasticity in this range. It is worth noting that the formation of the α-phase during rotary forging, which has a higher modulus of elasticity than the β-solid solution, contributes to the increase in the modulus of elasticity up to 76 GPa compared to the initial hot-rolled state of 70 GPa.



Figure 8c illustrates a characteristic bottom-up dependency of thermal conductivity with increasing heating temperature. A similar trend in thermal conductivity with temperature was observed in the biocompatible β-alloy Ti-45Nb with an ultrafine grain structure in [52]. In this study, the rate of increase, i.e., the slope angle of the conductivity vs. temperature curve, decreases above 450 °C. We attribute this effect to the realization of reverse α+β→β-transformation. The dissolution of the α-phase into the β-solid solution during the transformation should lead to a decrease in the concentration of alloying elements (Nb and Zr) in the β-phase, which have a higher thermal conductivity than Ti [53].



The obtained temperature dependencies of thermophysical properties indicate that the alloy exhibits good thermal stability after RF up to heating temperatures of 450 °C. Beyond this point, it loses stability due to the development of the polymorphic α+β→β-phase transformation.




4. Conclusions


	
The hot-rolled biocompatible alloy Ti39Nb7Zr, in a single-phase β-state, exhibits a microhardness of 215 HV and a contact modulus of elasticity of 70 GPa, along with a yield strength of 565 MPa, an elongation of 22%, and a reduction area of 71%.



	
After multi-pass rotary forging at 450 °C, the microstructure of the alloy is characterized by elongated β-grains displaying a<110>-fiber texture along the rod axis. These grains are characterized by an increased dislocation density and a 500 nm subgrain structure along with nanoscale (10–20 nm) α-precipitates in the body and along the boundaries of β-grains.



	
The biocompatible alloy Ti39Nb7Zr, after RF, demonstrates a well-balanced combination of mechanical properties (YS ≥ 785 MPa, UTS ≥ 830 MPa, EL ≥ 11%, RA ≥ 65.5%) compared to the widely used medical alloy Ti-6Al-4V ELI. Moreover, Ti39Nb7Zr lacks elements with limited biocompatibility, and its modulus of elasticity (76 GPa) is 1.5 times lower than that of Ti-6Al-4V ELI, commonly used for medical implants.



	
The nature of changes in physical properties (modulus of elasticity, specific heat capacity, thermal conductivity) of Ti39Nb7Zr during heating at temperatures in the range of 600–700 °C after RF is discussed. The satisfactory thermal stability in the RF state at heating temperatures of 400–450 °C was demonstrated. Heating of Ti39Nb7Zr above 400–450 °C after RF activates the reverse polymorphic α+β→β-phase transformation process.






Taking into account the obtained level of mechanical properties, good thermal stability, and increased biocompatibility of this alloy the rotation forging of the Ti39Nb7Zr alloy can be recommended for manufacturing the rods that can be employed as semi-products for medical bone implants.
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Figure 1. Scheme of the working space of the RF machine. 
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Figure 2. Photographic image of the Ti39Nb7Zr rod after rotary forging. 
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Figure 3. Diffraction pattern obtained from the cross-section and optical microscopy image of the Ti39Nb7Zr hot-rolled rod. 
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Figure 4. SEM microstructure of Ti39Nb7Zr after rotary forging: (a) β-grains along the rod axis, (b,c) areas with thinner boundaries typical for sub-grains. 
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Figure 5. TEM microstructure of Ti39Nb7Zr after RF: (a,d) bright field images, (b) electron diffraction pattern from (a); (c) dark field in the <100>α reflection. 
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Figure 6. Diffraction pattern of Ti39Nb7Zr after rotary forging. 
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Figure 7. Engineering stress–strain curve for Ti39Nb7Zr after hot rolling and RF. 
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Figure 8. Temperature dependences of the dynamic modulus of elasticity (a), specific heat capacity (b), and thermal conductivity (c) during heating of the Ti39Nb7Zr alloy after RF. 
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Table 1. Chemical composition of Ti-39Nb-7Zr in wt.%.
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	Ti
	Nb
	Zr
	Fe
	Ni
	Cr





	Balance
	39.5
	7.09
	0.031
	0.032
	0.015










 





Table 2. Characteristics of the Ti-39Nb-7Zr phase stability.






Table 2. Characteristics of the Ti-39Nb-7Zr phase stability.





	[Mo]eq
	βtr, °C
	MS, °C
	Bo
	Md





	15.25
	539
	−165
	2.884
	2.464










 





Table 3. Specification for electron diffraction pattern (Figure 5b) of the Ti-39Nb-7Zr alloy.






Table 3. Specification for electron diffraction pattern (Figure 5b) of the Ti-39Nb-7Zr alloy.





	Phase
	dexp
	h
	k
	l
	dref
	dcomp





	α
	2.564
	1
	0
	0
	2.558
	-



	α
	2.353
	0
	0
	2
	2.341
	-



	α
	2.247
	1
	1
	0
	2.244
	-



	β
	1.667
	2
	0
	0
	-
	1.648



	β
	1.177
	2
	2
	0
	-
	1.165



	α
	1.124
	2
	0
	2
	1.119
	-



	β
	1.053
	3
	1
	0
	-
	1.042



	α
	0.991
	2
	0
	3
	0.987
	-



	β
	0.885
	3
	2
	1
	-
	0.881
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