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Abstract
Today, the development of a material capable of replacing bone tissue is a high priority task. There are high requirements for both mechanical and biochemical compatibility with bone tissues. Currently, the materials used do not have all the necessary properties, so new approaches are needed to solve the problem of creating biocompatible alloys. This includes studying different chemical compositions and manufacturing processes.
Biomechanical compatibility is based on a similarity in mechanical properties between the alloy and the bone tissue. Key properties include low Young's modulus (not exceeding 40GPa for bone tissue) and superelasticity (allowing the material to undergo significant reversible deformations). As a rule, bone deformations do not exceed 0.5%, but in extreme cases, they can be much higher.
Biochemical compatibility means that potentially toxic chemical elements should be absent in the alloy.
Ti-Zr-Nb alloys are currently viewed as promising materials in the field of biomedicine for use as implants. This is due to their mechanical behavior close to human bone and biocompatibility. In this report, properties of the Ti-6Zr-12Nb alloy samples manufactured by sintering will be studied.


1. Introduction
Today, the task of developing a material capable of replacing bone tissue has a high priority. Materials, currently used as implants, do not possess the full range of necessary properties, therefore, there is a request to develop better biocompatible alloys. Such materials have high requirements for biomechanical and biochemical compatibility with bone tissue. Biomechanical compatibility is based on the similarity of the mechanical properties of the alloy and bone tissue. Key properties in this case are low Young's modulus (which does not exceed 40 GPa for bone tissue), as well as the superelasticity, which allows the material to reversibly accumulate significant deformation. Usually, deformations in bone tissue do not exceed 0.5%, however, in the case of extreme loads, this value is much higher. The closer elastic moduli of the alloy and the bone are to each other, the lesser is the shielding effect manifestation (redistribution of loads to more rigid components of the implant+bone system). In conditions where the implant takes on most of the load, the adjacent bone degrades over time, which eventually leads to implant loosening, injury and the need for repeated surgery, as well as a rehabilitation cycle to restore bone tissue. This is due to the fact that as the implant is used over tens of years, degradation of its functional properties is possible.
Another issue is biochemical compatibility. Potentially immunotoxic and carcinogenic elements, such as Ni, Al, or V should be avoided in alloy composition, and the alloy should preferably consist of Ti, Nb, Ta, and Zr [1].
Ti-Zr-Nb alloys are currently viewed as promising candidates for biomedical applications. They demonstrate very good biomechanical and biochemical compatibility, have their high corrosion resistance, low modulus of elasticity and favorable chemical composition, and may demonstrate superelastic behavior due to thermoelastic martensitic transformations.

2. Theoretical information
2.1. Composition and crystal structures of titanium alloys
Titanium forms a number of solid solutions with a large number of metals [2]. Pure titanium has two modifications: α (close-packed hexagonal, hcp) below 882°C and β (body-centered cubic, bcc) above 882°C. Accordingly, titanium alloys can be classified as α, α+β and β alloys depending on their phase composition at room temperature. The phase composition depends on the type and quantity of alloying elements, and some other crystal structures may be stable, such as orthorhombic α'' phase (Fig. 1).
Due to their effect on the α- and β-phases, three groups of alloying elements are distinguished [3,4]:
1) α–stabilizers – elements, the addition of which contributes to an increase in the temperature of martensitic transformation (e.g., aluminum (Al), oxygen (O), nitrogen (N) and carbon (C));
2) β–stabilizers – elements, the addition of which helps to reduce the temperature of martensitic transformation (e.g., molybdenum (Mo), vanadium (V), niobium (Nb), tantalum (Ta), (isomorphic), iron (Fe), tungsten (W), chromium (Cr), silicon (Si), nickel (Ni), cobalt (Co), manganese (Mn), hydrogen (H) (eutectoid));
3) Neutral hardeners are elements, the addition of which does not particularly affect the martensitic transformation (e.g., zirconium (Zr), hafnium (Hf)).

Consequently, depending on content and type of alloying elements and temperature, different structural phases may be observed in Ti based alloys, as well as phase transformations between them (Fig. 2). Some of the Ti based alloys demonstrate shape memory effect and superelasticity due to thermoelastic martensitic nature of these phase transformations [5].

[image: ]
Figure 1. Crystal structures of phases β, α, α'' [3].
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Figure 2. Pseudo-binary phase diagram Ti-β stabilizer [6].

2.2. Thermoelastic martensitic transformation

The most common definition of martensitic transformation (i.e., the transformation between low temperature phase – martensite and high temperature phase – austenite) is that this is a cooperative movement of atoms over distances less than interatomic distances producing shear deformation, which leads to the transformation of the lattice of the initial (austenite) phase into the martensite lattice. As a result of such a transformation, lens-shaped, plate-like crystallites are formed in the initial phase. A description of the mechanism of lattice rearrangement during martensitic transformation can be found in the classical works of G.V. Kurdyumov. In subsequent investigations, the reversibility of martensitic transformations was shown. Therefore, martensitic transformation may be considered as a phase transformation in one-component system, characterized by an ordered, cooperative, interconnected nature of the movements of atoms at distances less than interatomic without exchanging atoms in places, so that the neighbors of any atom in the original phase remain its neighbors in the new phase, both during direct and reverse transformations[7].
The superelasticity and shame memory effects are based on the thermoelastic character of the martensitic transformation. During such thermoelastic martensitic transformation, a thermoelastic equilibrium is observed, which is due to formation of elastic martensite crystals, the boundaries of which, in the transformation temperature range, with a change in temperature and (or) stress field, move towards the martensitic or initial phase with a simultaneous reversible change in the geometric shape of the formed regions [8]. I.e., thermoelastic equilibrium of phases refers to the phenomenon of growth or dissolution of martensite crystals with changes in temperature and the magnitude of internal stresses in the initial phase. It is possible when the equilibrium between the driving force of the transformation process and excess free energy of a non-chemical nature is achieved.

[image: ]
Figure 3. Thermodynamic possibility of martensitic transformation [7].

As can be seen from Figure 3, the initial phase is stable at elevated temperatures, since it has the lowest free energy. Upon reaching a certain temperature T0, the free energies of the initial phase and martensite become equal to each other, in Figure 3 this value is indicated as F0. However, the martensitic transformation cannot begin yet, because the gain in free energy, i.e. the difference in the free energies of martensite and the initial phase (the driving force of the process) does not exceed the elastic energy, which includes the deformation energy and the energy of the interface. Thus, the transformation process begins only after reaching the temperature of the beginning of the martensitic transformation of TMH, when the driving force of the process ΔF = F0 – FMH exceeds the value of the elastic energy. Likewise, the reverse martensitic transformation requires overheating to higher temperatures than T0, leading to transformation hysteresis. 
Considering the mechanism of martensitic transformation, its main feature can be distinguished – the shear nature of the lattice rearrangement with the atoms maintaining their position relative to each other, which makes it possible to understand many characteristic features of martensitic transformations, first of all, the coherence at the boundary of the growing martensitic crystal. Despite the fact that the interatomic distances in the lattices of two different phases will always differ, maintaining the arrangement of atoms relative to each other allows the atomic planes not to be interrupted at the phase boundary, but to bend, as if continuing in another phase. The presence of such bends is described by elastic (coherent) deformation, which ensures a smooth transition of the lattice of one phase into the lattice of another phase [11].
Due to importance of elastic energy, temperature dependencies of lattice parameters of phases and the volume change during the transformation (i.e., the volume effect) should be studied to better understand the mechanisms of thermoelastic martensitic transformations [9].

2.3. Some features of martensitic transformations in Ti(-Zr)-Nb alloys
The Ti – Nb system is considered promising for the creation of medical supplies. These alloys have a shape memory effect and superelasticity, and their Young's modulus in the quenched state is less than 70 GPa. It is this complex of properties that ensures the biochemical and biomechanical compatibility of materials for implantation into bone tissue.
Alloying Ti – Nb alloys with zirconium increases their crystallographic deformation life, keeps the Young's modulus at a low level and reducesthe tendency to form a brittle ω phase. The best combination of mechanical and functional properties is shown by a titanium alloy alloyed with 22 at. % Nb and 6 at. % Zr ,hereinafter referred to as Ti – 22 Nb – 6 Zr.The Ti – 22 Nb – 6 Zr material belongs to the group of pseudo-β alloys, that is, after quenching, the alloy structure will be represented by a metastable β-phase, but in the equilibrium state it should consist of two phases: β (solid solution based on titanium BCC) and α (solid solution based on titanium GPU). The formation of an equilibrium structure (β + α), depending on the aging temperature, can be it is implemented by two different mechanisms: through the intermediate ω-phase (β → ω → α) or by direct isolation of the α-phase from β (β → α). The temperature range of the transition from one β-phase decay mechanism to another in Ti – Nb alloys lies in the range of 648-698 K.
X-ray studies of titanium alloys revealed the stage-by-stage development of the phase transition [16,17]. The authors identify three the stages of α→β-transformation: the nucleation of β-particles during heating occurs by a shear mechanism, then the transition develops by a simple increase in phases to contact, and ends with collective recrystallization.
It should also be noted that the β→α"transformation proceeds until the concentration of Nb does not exceed 35%. Above this concentration, β-Ti becomes the pre-possessing phase. At the same time, as shown in Fig. 5, the increase in the Nb content by 1 atm. % leads to a decrease in the temperature of the beginning of the martensitic transformation of Ms by about 40 K.
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Figure 3. The calculated Ti-Nb phase diagram [18]
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Figure 5. Dependence of the Ms temperature on the Nb content in Ti-Nb binary alloys.



3. The practical part
3.1. Samples
Ti-22Nb-6Zr alloy was considered in the work. Two samples were initially obtained by calcium hydride synthesis and sintered in a vacuum for 3 hours at 1590°C temperature. The oxygen content after sintering was determined to be 0.2%. The porosity of the sintered sample was determined by hydrostatic weighing and amounted to 8%.
After sintering, one sample was subjected to the HIP (hot isostatic pressing) at 920°C with a true deformation of e = 0.046. After the HIP, oxygen content increased to 0.22%, and the porosity decreased to less than 1%.
The samples for X-ray diffraction analysis were cut in the shape of elliptical cylinders measuring about 7x5x2 mm. The plane of the sample was polished using a rotating circle on which a soft cloth was fixed. After polishing, the samples were cleaned in an ultrasonic bath.

3.2. X-ray diffraction setup
A PANalytical Empyrean diffractometer with PIXcel3D detector was used for X-ray diffraction analysis (Figure 6). The study was carried out using Cu-Ka radiation with Ni-filter. 0.02° Soller collimators on incident and scattered beams, as well as a 10 mm mask, were used to form the beam in the horizontal plane. Slits of ¼° and ½° were installed in the scattering plane.

[image: ]
Figure 6. PANalytical Empyrean diffractometer with PIXcel3D detector and Oxford Cryosystems Phenix cryostat.

The diffractometer was also equipped with an Oxford Cryosystems Phenix cryostat, which allows measurements at temperatures up to -268°C. In this study, the samples were examined in the temperature range from 20 to -250 °C. Cooling and subsequent heating were done at 6°C/min. rate. After reaching a certain temperature value, the sample was allowed to equilibrate for 5 min., afterwards, the diffraction pattern was measured for 1 hour in the interval of scattering angles 2θ = 30-100°.

3.3. Data analysis
Obtained diffraction patterns were analyzed in the MAUD software [10], which utilizes the well-established Rietveld method [11]. The method uses a minimization procedure to refine parameters of a model diffraction pattern until it matches the measured pattern. Usually, the minimized quantity is a weighted sum of squares:

This summation is over all data points i in the diffraction pattern.  is the measured intensity value,  is the model intensity value,  is the statistical weight, which for independent intensity measurements is equal to 1/. Refined parameters include different physical characteristics of the sample, such as microstructural parameters, unit cell parameters, atomic coordinates, etc.
To construct the model diffraction pattern, it is necessary to know the parameters of the X-ray diffractometer, such as present wavelengths, instrument-dependent peak shape (scattering angle-dependent ratio of Gaussian and Lorentzian profiles), broadening and asymmetry, instrument-related errors in diffraction peak positions, etc. These parameters were determined using the diffraction pattern of the standard LaB6 scatterer (NIST SRM 660b), which is practically free of crystal structure defects, has a well-defined unit cell parameter (a = 4.15689 Å) and coherently scattering domain size (7000 Å). During the LaB6 refinement, it was determined that copper Kβ line and Kα34 satellite are present, and their fractions (< 0.1% of the main copper Kα1 line intensity) were defined. The processed LaB6 diffraction pattern is shown in Fig. 7.
In further refinements, instrumental parameters were kept fixed.

[image: ]
Figure 7. Refinement of LaB6 diffraction pattern in MAUD.

3.4. Results
Diffraction patterns of Ti-22Nb-6Zr samples at different temperatures are shown in Figures 8 & 9.
Two features are evident. First, in the interval of scattering angles 2θ ≈ 40-55° there are additional broadened diffraction peaks that do not belong to the scattering from Ti-22Nb-6Zr. These are the peaks due to diffraction on the sample stage. Second, peaks of the Ti-22Nb-6Zr are asymmetric, with longer “tails” towards low scattering angles (Fig. 10). This may be due to separation of the material onto two phases with slightly different unit cell parameters and coherently scattering domain (crystallite) sizes. Therefore, for the Rietveld analysis, two cubic Ti-22Nb-6Zr structures were introduced (bcc structure, Imm space group), the first one with the ratio Ti/Nb/Zr of 0.7/0.24/0.06, and the second with the ratio of 0.7/0.10/0.20 based on preliminary EDS analysis data. As was preliminary discovered with the electron microscopy, the second phase forms relatively small inclusions in the matrix of the first phase, thus, it was considered to have smaller crystallite size.
During processing by the Rietveld method in the MAUD program, refined parameters were: background (4th order polynomial), vertical displacement of the sample from the goniometer axis, total intensity, phase ratio, parameters of elementary phase cells, average crystallite sizes and microdeformations in phases (in the isotropic approximation), thermal factor (one for all atoms of all phases in isotropic approximation). Since there is a slight preferential orientation in the samples, after the first refinement of the parameters, all the values associated with the intensity of diffraction peaks were fixed, and the cell parameters and microstructural phase parameters were refined using the Le Bail method.

[image: photo_2024-03-22_18-07-35.jpg]
Figure 8. X-ray diffraction patterns of Ti-22Nb-6Zr after sintering and HIP.
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Figure 9. X-ray diffraction patterns of Ti-22Nb-6Zr after sintering.
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Figure 10. Ti-6Zr-22Nb, diffraction pattern at room temperature

As can be seen on the patterns, there are no martensitic transformations in the samples. This may be due to titanium’s sensitivity to undesired impurities, especially oxygen. In addition to embrittlement, oxygen leads to a decrease in the temperature of direct martensitic transformation in such a way that only the superelasticity property is realized when loading and unloading the sample at room temperature. The temperature of the beginning of the martensitic transformation linearly depends on the niobium content in the alloy. It may be argued that in the studied Ti–Nb–Zr alloys, Zr behaves as a weak β-stabilizing chemical element, and the characteristic temperatures of both direct and reverse martensitic transformations decrease as the Zr content increases.
The decay of the β-phase in Ti-6Zr-22Nb alloy is a thermally activated process. The achievement of an equilibrium β + α structure can proceed through a number of metastable states due to the formation of the ω phase. The absence of the ω-phase in the structure of the Ti-6Zr-22Nb powder alloy may be due to the increased oxygen and nitrogen content in the β-phase.
[image: ]
Figure 11. Unit cell parameter dependence on temperature in cubic Ti-6Zr-22Nb (after sintering and HIP, phase 1).
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Figure 12. Unit cell parameter dependence on temperature in cubic Ti-6Zr-22Nb (after sintering and HIP, phase 2).
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Figure 13. Unit cell parameter dependence on temperature in cubic Ti-6Zr-22Nb (after sintering, phase 1).

[image: ]
Figure 14. Unit cell parameter dependence on temperature in cubic Ti-6Zr-22Nb (after sintering, phase 2).

From X-ray data refinements at different temperatures, coefficients of thermal expansion (CTEs) of crystalline phases can be calculated. Unit cell parameters depending on temperature for all samples and phases are shown in Figs. 11-14, and corresponding CTEs values are given. CTEs of the phase 1 are the same for samples with and without HIP, 7.3·10-6 C-1. CTEs of phase 2 seem different, but due to low content and broad diffraction peaks of phase 2, peak positions, and therefore unit cell parameters and CTEs are determined with larger uncertainties.
Phase content, microstrain level and crystallite sizes at room temperature are given in Table 1.

Table 1. Structure parameters of different processed samples (room temperature)
	
	Volume content, %
	R.m.s.
microstrain
	Crystallite size, Å

	Sintered, phase 1
	81.2
	(4.1 ± 0.3)·10-4
	1220 ± 30

	Sintered, phase 2
	18.8 ± 3.6
	(1.9 ± 0.9)·10-3
	500 ± 100

	Sintered+HIP, phase 1
	66.7
	(3.9 ± 0.5)·10-4
	1380 ± 70

	Sintered+HIP, phase 2
	33.3 ± 6.1
	(1.8 ± 0.4)·10-3
	710 ± 90



The content of the phase 2 is 4 times smaller in one case, and 2 times smaller in the other. But the microstructure parameters are about the same, in phase 2 the crystallite size is approximately 2 times smaller than in phase 1 and the microstrain is 4-5 times larger. It is possible that phase analysis from X-ray data is not very representative because it only probes a small portion of the material near the surface. If samples are relatively inhomogeneous, it may be that the surface layer with more phase 2 inclusions was probed for the Sintered+HIP Ti-6Zr-22Nb alloy sample. The radiation with more penetration ability able to probe larger sample volume should be used for the phase analysis, i.e., hard synchrotron X-rays.
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