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Abstract
Development of better materials for biomedical applications, e.g., implantation, is an actual problem of materials science. 
Among currently studied materials are superelastic β-Ti alloys, which demonstrate a specific combination of physical properties making them very perspective for such application: they combine good mechanical properties, relatively low elastic modulus (compared to traditional materials used for production of implants), excellent corrosion resistance and biocompability.
An important task is to choose an optimal fabrication method of the alloys due to Ti sensitivity to impurities, which can significantly affect its properties. One of the promising methods is calcium hydride synthesis, which produces high-quality powder materials. It is necessary to study the influence of synthesis and subsequent thermomechanical processes on materials structure and microstructure. Additionally, there are reports on possible phase transitions in β-Ti alloys in the negative temperatures range.
Therefore, in this work sintered and cast Ti-18Zr-15Nb alloy samples with different porosity will be investigated by X-ray diffraction method to establish the crystal structure, assess microstructural parameters, their changes with temperature and search for possible phase transformations.


1. Introduction
A wide variety of materials is used in modern medicine. Metal materials occupy an important place among them, and are used to manufacture various devices, instruments, and implants. At the same time, it is important to mention that special requirements needed for such biomedical materials. This is especially true for metals and alloys used in implantology and prosthetics [1-4].
Titanium-based materials were introduced for medical applications during the past century. Titanium was chosen as the basis for many alloys used in this field due to its high strength, light weight because of low density, as well as high corrosion resistance and lack of toxic effects. However, in its raw state, titanium as a material for various implants lacks some necessary characteristics.
Biological compatibility is the main limitation factor when choosing a material for biomedical use. Two conditions are especially important r1egarding intraosseous implants: biomechanical compatibility and biochemical compatibility. For bone tissue, biomechanical compatibility means the ability to perceive significant deformations with following restoration of shape, as well as in a relatively low modulus of elasticity (for cortical bone, Young's modulus is about 30 GPa) [5] In the simplest case, biochemical compatibility is the absence of toxic effects on the body over time.
Titanium alloys have been used in medicine for quite a long time. The most successful alloys were VT6 (Ti-6Al-4V) and nitinol (TiNi). VT6 alloy generally fulfils the biomechanical requirements, however, there are concerns that after a long period of use, toxic ions V and Al may be released into the body. There are studies that confirm an increase in the risks of developing various degenerative diseases, such as arthritis or osteoporosis, when ions of these metals are present in the body [6]. At the same time, nitinol is a well-studied shape memory alloy and, unlike VT6, exhibits superelasticity, which even better approximates the alloy's elastic properties to bone tissues. However, nickel is also a known toxic element, so the service life of such implants is limited too [7].
Thus, there is a necessity to develop new alloy compositions for biomedical applications, which wouldn’t have negative impact in the long run. Quite promising group of materials are beta-titanium alloys, in particular ternary Ti-Nb-Zr systems.
All elements composing this alloy are biologically inert in the environment of the human body. In addition, the mechanical properties of the alloys of this system satisfy the condition of biomechanical compatibility. Also, compared with the aforementioned VT6 (Ti-6Al-4V) alloy, Ti-Zr-Nb alloys have lower Young’s modulus. In various publications, there is evidence of the realization of shape memory (SM) and superelasticity effects (SE) in these kinds of alloys [6, 8, 9] (Fig. 1). These special properties are manifested in alloys due to thermoelastic martensitic transformation.
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Figure 1. Composition dependence of shape memory effect and superelasticity for Ti-Nb-Zr alloys [10].
Due to recognized potential for practical applications, nickel-free beta-titanium alloys are currently thoroughly investigated. Work on the topic is carried out by scientists from different countries, new publications appear regularly both directly on the subject of research and on related topics.
An important problem is the optimal manufacturing process to obtain alloys of the desired chemical composition. Most publications describe vacuum arc remelting (VAR) as a best method for producing ingots of beta-titanium alloys. Along with the VAR, in some studies alloys were obtained by casting with subsequent remelting, or powder metallurgy methods.
Modern methods of producing powdered alloys allow for the creation of materials with a unique set of physical and mechanical properties. When it comes to the development of alloys for medical applications, the use of powder-based materials may be very promising solution. This approach allows for the creation of implant materials that closely resemble bone structures, with low density, a certain level of porosity, and a low Young's modulus, all of which are essential characteristics for producing a reliable implant. Therefore, the synthesis of beta-titanium alloys by powder metallurgy methods can ensure the production of a material that would meet all the biochemical requirements, while remaining economically viable.
The main goal of this work is to perform X-ray diffraction analysis of Ti-18Zr-15Nb alloy samples obtained by casting and powder metallurgy methods. The study will be conducted in order to compare the phase transformations specifics of different processed samples in low-temperature range. 


2. Sample preparation, experimental setup and method of analysis
In this study, the alloy of the specific composition Ti-18Zr-15Nb was considered. Five alloy samples were manufactured: one was produced by casting, and four were synthesized using calcium hydride syntheses under various sintering conditions. Therefore, the powder-based alloy samples have varying degrees of porosity: 2%, 22%, and 35%, and one sample was subjected to rotary forging after sintering at 700°C, which produced a material with porosity of less than 1%. Sintering procedure were as follows: 180 minutes at 1400°C for a sample with 2% final porosity; 150 minutes at 1200°C for sample with 22% porosity; and 200 minutes at 900°C followed by 60 minutes at 1000°C for sample with 35% porosity. The deformed sample underwent rotary forging at a temperature of 700°C with a true strain ε = 0.63.
The samples for X-ray diffraction analysis were prepared in the form of ellipsoidal cylinders with measurements approximately 7 x 5 x 2 mm. The surface of the specimens was prepared through a series of grinding and polishing steps. Grinding was performed using a set of abrasives, with particle sizes ranging from P400 to P2500. Polishing took place on cloth with addition of an aqueous solution containing chromium oxide (Сr2O7). After polishing, the specimens subsequently underwent ultrasonic cleaning.
X-ray diffraction was carried out with utilizing PANalytical Empyrean diffractometer equipped with PIXcel3D detector (Fig. 2). Measurements were conducted with Cu-Kα radiation featuring Ni-filter. 0.02° Soller collimator was applied to both incident and diffracted beams, as well as a 10-mm mask to define the beam in the horizontal plane. A slit of 1/4° and 1/2° was installed in the diffracting plane.
The diffractometer was equipped with an Oxford Cryosystems Phoenix cryostat, which allows measurements at temperatures up to 5 K (-268.15°C). In this work, the samples were examined in the temperature range from 20°C 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°.

[image: ]
Figure 2. PANalytical Empyrean diffractometer with PIXcel3D detector and Oxford Cryosystems Phenix cryostat.

Obtained diffraction patterns were analyzed in the MAUD software [11], which utilizes the well-established Rietveld method [12]. 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 Figure 3. In further refinements, instrumental parameters were kept fixed.
[image: ]
Figure 3. Refinement of LaB6 diffraction pattern in MAUD


3. Main part
3.1 Superelastic β-Ti alloys
Titanium has two structure modifications: α (hexagonal close-packed 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. Alloying elements, in turn, can be divided into three groups: α-stabilizers such as aluminum (Al), oxygen (O), nitrogen (N) and carbon (C); β-stabilizers such as molybdenum (Mo), vanadium (V), niobium (Nb), tantalum (Ta), iron (Fe), tungsten (W), chromium (Cr), silicon (Si), nickel (Ni), cobalt (Co), manganese (Mn), hydrogen (H); and neutral ones such as zirconium (Zr), hafnium (Hf). In turn, the properties of titanium alloys are highly dependent on the phase structure and, accordingly, the composition of the alloy.
In this study, the attention is focused on the beta-titanium alloy. As the content of beta-stabilizing elements in the alloy increases, the phase composition at room temperature will be BCC beta-titanium (Fig. 4).
[image: ]
Figure 4. Pseudo-binary phase diagram Ti-β + stabilizer [13].

In turn, beta-titanium alloys can be divided into two subgroups: metastable and stable. The difference is in the fact that stable alloys do not change their phase composition under the influence of thermal and mechanical treatment, while metastable alloys can undergo phase transformation (alpha phase separation or other changes). In fact, all commercially available beta alloys are metastable due to the potential for phase transformation under external loads or temperature changes.
Thermomechanical processing of metastable alloys is relatively simple. After treatment to solid solution state, metastable β-alloys undergo aging in the temperature range of 450-650°C to partially transform the β-phase into the α-phase. The α-phase appears in the form of small inclusions within the initial β-phase. This enhances the strength of the alloy. In fact, titanium β-alloys do have some disadvantages. They have a higher density than α+β alloys and a lower creep resistance as well as lower ductility when aged. However, despite their low ductility, their toughness is generally higher than that of α+β alloys with the same yield strength. As materials for implants, β alloys have a unique combination of high corrosion resistance, low Young's modulus, and significant ductility (Fig. 5).
[image: ]
Figure 5. Comparison of Young’s modulus (a) and elongation (b) of pure titanium and some Ti alloys with the bone tissue [13].
At the moment, one of the most popular biomedical materials for research are nickel-free alloys based on Ti and Nb, which acts as an isomorphic beta stabilizer, as mentioned above. Evidence of the effects of superelasticity and the shape memory effect in titanium-niobium alloys with different chemical compositions were obtained quite a long time ago (Fig. 6-8). In [14], orientation relations during phase transitions in Ti-35Nb alloys were investigated.

[image: ]
Figure 6. Superelasticity depending on concentration of Zr in different alloys [15].
[image: ]
Figure 7. Effect of N on superelasticity in Ti-Nb alloys [16].
[image: ]
Figure 8. Amount of recovery strain depending on time of age treatment [17].

3.2 Thermoelastic martensitic transformations
In Ti-Nb and similar alloys the effects of shape memory and superelasticity are realized due to a special type of phase transitions – thermoelastic martensitic transformations.
According to the well-established definition, martensitic transformation is a cooperative movement of atoms along certain crystallographic directions over distances not exceeding the interatomic spacings. Based on this displacement, a shift occurs that determines appearance of a new phase with a different crystal lattice. The first to describe such phase shifts was G.V. Kurdyumov [18].
Afterwards the possibility of reverse martensitic transformations was also proved, which made it possible to consider martensitic transformations as phase transformations in a single-component system characterized by an ordered, cooperative, interconnected nature of atomic movements over distances less than interatomic without exchanging atoms in positions, so that the neighbors of any atom in the initial phase remain its neighbors in a new phase both during direct and reverse transformations.
The superelasticity and shape 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 crystalline regions.
Kinetics of martensitic transformations is considered athermal, as indicated by the features established during Kurdyumov's research [18]. These include: 
1) High transformation rate, regardless of temperature;
2) Broad temperature range of the martensitic transformation. The amount of formed martensite depends on the degree of overcooling below the temperature, at which the transition begins;
3) No delay in the martensitic transformation even during extremely rapid cooling. The starting point of the transformation is practically unaffected by the cooling rate;
4) An increase of volume of the new phase is not related to the growth of existing grains, but rather to the formation of new crystals. Furthermore, the formation of these crystals occurs almost instantaneously.
Martensitic transformations are characterized by two points: the starting point (Ms) and the finishing point (Mf) of martensitic transformation. The phase transition starts after the material's temperature reaches the Ms temperature. 
This temperature depends mainly on the chemical composition of the alloy. For Ti-Nb-Zr alloys, both niobium and zirconium (to a lesser extent), stabilize the β-phase of titanium and also reduce the start temperature of the transformation. For example, when 1 atomic % niobium is added to an alloy, the Ms temperature decreases by 40 K, and when 1 atomic % zirconium is added, it decreases by approximately 30 K [19, 20].
It must be mentioned that the orientation relations between initial and martensite phases in beta-titanium alloys are well known (Fig. 9). During transformations of BCC, titanium can transform into HCP α’-martensite or orthorhombic α’’-martensite. The appearance of a particular phase depends mainly on the content of alloying elements [21].
[image: ]
Figure 9. (a) Schematic representation of the crystal structures of b, a’ and a'' phases (conventional unit cells are indicated by dashed lines) and (b) their lattice correspondences (the solid and empty circles located respectively, at adjacent (011) planes for the b phase, (001) for the a’’ phase and (0001) for the a’ phase [21].


Results
As a result of X-ray diffraction analysis, a set of diffraction patterns were obtained for various samples across a range of temperatures from 20°C to -180°C (in some cases up to -250°C). No martensitic transformations were detected in either the compact or powdered samples, as no additional peaks appeared in the diffraction pattern, which would have indicated the formation of a new phase with different crystal lattice.
It should be noted that some samples exhibit irregular diffraction peaks in the range of Bragg angles from 41o to 51o. Experimentally, these reflexes were found to originate from the sample stage of the cryostat. When samples were measured without a cryostat on a different stage, these peaks were not observed. 
Processing of diffractograms of both powdered and compressed samples at room temperature revealed that the alloy is entirely composed of the BCC β-phase, space group Imm.
Figure 10 shows diffraction patterns of the sintered Ti-18Zr-15Nb alloy sample with 35% porosity.
[image: ]
Figure 10. Diffraction patterns of the Ti-18Zr-15Nb alloy sample with porosity of 35% at different temperatures
[image: ]
Figure 11. Dependence of unit cell parameter of the bcc phase of the Ti-18Zr-15Nb alloy sample with porosity of 35% on temperature

Comparing the X-ray patterns at different temperatures, we can conclude that there are no phase transitions (Figure 10). Angular shifts in the peaks, most notable at small angles, are due to decrease in the lattice parameter as the temperature decreases.
Here are some parameters of the material as calculated in MAUD: a = 3.3428 Å (room temperature), the average crystallite size is approximately 1000 Å. By plotting the dependence of lattice parameter a on measurement temperature T (Figure 11), we can determine the temperature coefficient of thermal expansion (CTE), since this dependence is nearly linear and the graph can be approximated with a straight line. The slope of this line gives us the CTE value: α = 6.85·10-6 K-1.
Figure 12 shows diffraction patterns of the sintered Ti-18Zr-15Nb alloy sample with 2% porosity. Unlike the others, the most intensive peak of this sample in larger scale has a much more asymmetrical shape, what may indicate that there is a considerable amount of the second phase in material (Fig. 12, 13). Absence of new peaks lets us suppose, that new phase has identical BCC crystal structure with slightly different cell parameter (due to, possibly, slightly different chemical composition).
Estimated amounts of both phases are ~60% for 1st cubic phase and ~40% for 2nd phase. Here are presented calculated cell parameters and crystallite size at room temperature: 1st BCC phase - a1 = 3.3419 Å, crystallite size ~1500 Å; 2nd BCC phase - a2 = 3.3564 Å, crystallite size ~250 Å.
[image: ]
Figure 12. Diffraction patterns of the Ti-18Zr-15Nb alloy sample with porosity of 2% at different temperatures
[image: ]
Figure 13. (110) BCC peak in larger scale

Figure 14 shows diffraction patterns of a cast sample of Ti-18Zr-15Nb alloy.
[image: ]
Figure 14. Diffraction patterns of the cast Ti-18Zr-15Nb alloy sample at different temperatures
[image: ]
Figure 15. Dependence of unit cell parameter of the bcc phase of the cast Ti-18Zr-15Nb alloy sample on temperature

In diffraction patterns, as in the first case, when the temperature decreases, no new peaks are observed – a new phase does not appear (Fig. 14). The dependence of the lattice parameter a on temperature is also close to linear (Fig. 15). Here are some calculated parameters of the sample at room temperature: a = 3.3402 Å, the average size of the crystallites approximately is 400 Å, CTE α = 11.05·10-6 K-1. 
Let us now consider the data for a powder sample of Ti-18Zr-15Nb alloy, which underwent a rotary forging operation after sintering. As a result of this treatment, the porosity of the material becomes less than 2%.
[image: ]
Figure 16. Diffraction patterns of the sintered Ti-18Zr-15Nb alloy sample after rotary forging at different temperatures

[image: ]
Figure 17. Dependence of unit cell parameter of the bcc phase of the sintered Ti-18Zr-15Nb alloy sample after rotary forging on temperature

Unlike the previous ones, the diffractograms of this sample have a new diffraction peak at an angle of 33° (Fig. 16), which, however, is not a reflex from the martensitic phase. There is also some distortion of the reflex (110) austenite. It is possible that these features are caused by the presence of an additional FCC phase with a unit cell parameters of 4.650±0.001 Å, most likely, Ti(Zr,Nb)O oxide or Ti(Zr,Nb)C carbide. Thus, there are also no phase transitions in this sample. 
[bookmark: _GoBack]The dependence of the lattice parameter a at first is also close to linear, but after temperature of 130oC line is bending (Fig. 17): the behavior which requires additional examination. Here are some characteristics of the alloy: a = 3.3402 Å (room temperature), average crystallite size ~800 Å, CTE α = 8.4·10-6 K-1.
Table 1. Structure parameters of different processed samples (room temperature)
	
	Cell parameter a, Å
	R.m.s. microstrain
	Crystallite size, Å

	Cast
	3.3377
	~8·10-6
	~400

	Rotary forged
	3.3400
	~6·10-4
	~900

	2% porosity
1st phase:
2nd phase:
	
3.3419
3.3563
	
~10-7
~2·10-3
	
~1500
~250

	22% porosity
	3.3429
	~4·10-4
	~1400

	35% porosity
	3.3428
	~4·10-4
	~1000



When analyzing the diffraction patterns of all samples, it can be considered that the martensitic transformation did not occur in any of the porous or compacted samples. Based on this observation, several assumptions can be made regarding the reasons for the suppressed phase transition. 
In the case of the highly porous samples, the suppression of martensitic transformation is likely due to the porosity of the material, which may completely prevent the development of internal accommodation processes within the material due to weak of elastic interaction between grains.
For the both cast and sintered samples the influence of impurities within material cannot be completely excluded. The phase transformation can be significantly influenced by the amount of oxygen present in the material, and with increasing concentrations, the formation of martensite can be completely suppressed.
It can also be noted that in [11] and [23] X-ray diffraction analysis of similar alloys were conducted using a special device which allowed for the application of mechanical stress to the specimens even at very low temperatures. Notably, the effects of superelasticity and shape memory may be induced through this method. 
Given that no phase transitions were observed during cooling without applying mechanical stress, it is reasonable to propose that thermo-elastic martensitic transformations in these alloys may only be initiated in presence of externally applied stress fields. These observations may provide a basis for initiating new researches in this field, which may yield a more precise understanding of the origins and mechanisms of phase transitions and, in turn, pathways to regulate the functional properties of these materials.
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