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Abstract

:

The pressure influence on the α → ω transformation in Ti–Co alloys has been studied during high pressure torsion (HPT). The α → ω allotropic transformation takes place at high pressures in titanium, zirconium and hafnium as well as in their alloys. The transition pressure, the ability of high pressure ω-phase to retain after pressure release, and the pressure interval where α and ω phases coexist depend on the conditions of high-pressure treatment. During HPT in Bridgeman anvils, the high pressure is combined with shear strain. The presence of shear strain as well as Co addition to Ti decreases the onset of the α → ω transition from 10.5 GPa (under quasi-hydrostatic conditions) to about 3.5 GPa. The portion of ω-phase after HPT at 7 GPa increases in the following sequence: pure Ti → Ti–2 wt % Co → Ti–4 wt % Co → Ti–4 wt % Fe.
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1. Introduction


Titanium and titanium alloys are attractive materials for various applications due to their high strength-to-density ratio, excellent corrosion resistance, and good biocompatibility [1]. The structure and properties of titanium alloys can be tailored by using the combination of alloying, as well as thermal and mechanical treatments [1]. They are especially effective because titanium has different allotropic modifications. The low temperature α-titanium crystallizes in the hexagonal close packed (hcp) crystal structure (space group P63/mmc, Wyckoff positions 2c) with the ratio of the lattice parameters c/a = 1.58. Above 882 °C, the body centered cubic (bcc) βTi is stable, which crystallizes in the space group Im3m, where the Ti atoms occupy the Wyckoff positions 2a. Titanium also possesses a high pressure ω-phase. The crystal structure of ωTi is hexagonal (space group P6/mmm), and the Ti atoms occupy the Wyckoff positions 1a and 2d. The retention of the ω-phase after pressure release at ambient conditions made possible the studies of this metastable state [2,3]. Metastable ω-phase can be achieved without high pressure in certain Ti-based alloys as well. It depends on the alloying content, quenching rates or isothermal annealing conditions [4,5].



The formation of ω-phase in Ti is facilitated by its specific electronic structure, namely by the occupied narrow d-band and the broad sp-bands. Under the applied pressure, the sp-bands rise faster in energy, causing electrons to be transferred into d-band [6]. This process is known as s-d transition and governs the structural properties of the transition metals. The β-phase stabilizing elements (e.g., Nb, Cr, Zr, Fe, Ni, Cu, and Co) are mostly transition ones and rich in d-electrons. Thus, this type of alloying increases the d-electron concentration and can, therefore, provide an additional driving force for the α → ω transformation. In other words, the alloying with β-phase stabilizers can be considered as the equivalent of pressure for the α → ω phase transformation. Hennig [7] concluded from ab-initio calculations that the alloying with β-stabilizing elements such as V, Mo, Fe or Ta should lead to a decrease in the onset pressure of the α → ω transformation. The combined effect of pressure application and β-stabilizer alloying was experimentally studied only in a limited number of works [8,9,10], using Zr–Nb, Ti–Nb and Ti–V alloys. As a result, the ω-formation pressure first decreases with the increase in β-stabilizer concentration, and then (after a certain value of β-stabilizer content) rapidly grows up with further increase in solute concentration.



Severe plastic deformation (SPD) not only decreases the grain size towards a few hundreds of nanometers [11]. SPD also induces various phase transformations [12] such as formation [13,14,15] or decomposition [16,17,18,19,20] of supersaturated solid solution, dissolution of particles of a second solid phase [21,22,23,24,25,26], amorphization [27,28,29,30,31,32] and nanocrystallization [33,34,35]. Among this variety, very interesting are the phase transformations with formation of high-pressure phases. The α → ω allotropic transformation takes place at high pressures in titanium, zirconium and hafnium as well as in their alloys [3,4,5,6,7,8,9,10]. The transition pressure, the ability of high pressure ω-phase to retain after pressure release, and the pressure interval where α- and ω-phases coexist depend on the conditions of high-pressure treatment [2,36,37,38,39,40,41,42,43,44,45,46,47,48]. A number of SPD techniques include the application of high pressure, especially the high pressure torsion (HPT) one. It is known that the combination of shear strain with high pressure (i.e., in case of HPT) decreases the onset of the α → ω transition in comparison with quasi-hydrostatic conditions [2,49,50,51]. The goal of this work is to study how the Co addition to Ti influences formation of the ω-phase under HPT.




2. Experimental


In this work, we studied titanium-cobalt alloys with 2 and 4 wt % Co. The alloys were produced from the high purity components (99.9% Ti and 99.97% Co) using the inductive melting in high vacuum. The melt was poured in vacuum into the water-cooled cylindrical copper crucible of 10 mm diameter. The 0.7 mm thick disks were cut from the as-cast block using the spark erosion, ground, and chemically etched. These disks were individually sealed in the evacuated silica ampoules with residual pressure of 4 × 10−4 Pa. The ampoules with samples inside have been annealed at T = 940 °C, 79 h (Ti–2 wt % Co alloy) and T = 800 °C, 91 h (Ti–4 wt % Co alloy) and then quenched in water at room temperature (without breaking the ampoules). The annealing temperatures are in the one-phase β-area of the Ti–Co phase diagram. Afterwards, the thin disks were deformed by HPT in a Bridgman anvil type unit (at room temperature, up to 7 GPa, with the rate of 1 rotation-per-minute for five rotations). One sample was pressed at 7 GPa during 5 min without anvil rotations. Five minutes is the time equal to the duration of HPT treatment for five rotations at 1 rpm. All samples for further investigations were cut from the deformed disks at a distance of r = 3 mm from the sample center.



HPT was performed using a custom built computer-controlled device manufactured by W. Klement GmbH, Lang, Austria. The HPT machine permits to measure the torsion torque during HPT. The torsion torque increased during 1–2 anvil rotations in all alloys and pure Ti and then remained almost unchanged. In other words, it reached a steady state, as was observed previously in other alloys [16,17,18,19,20,51,52]). The central part (about 3 mm in diameter) of each disk after HPT was excluded from further investigations (since it is low-deformed).



X-ray diffraction (XRD) patterns were obtained in the Bragg–Brentano geometry in a powder diffractometer Philips X’Pert (PANalytical, Amsterdam, The Netherlands) with Cu-Kα radiation. The Pseudo-Voigt function was used for fitting of XRD peak profiles. Lattice parameters were evaluated by the Fityk open source [53] software using a Rietveld-like whole profile refinement. Relative amount of α, β and ω phases were estimated based on the comparison of the integrated intensities. Pure polycrystalline titanium was used as reference. SEM studies have been done using the Tescan Vega TS5130 MM microscope (TESCAN, Brno, Czech Republic) equipped with the LINK energy-dispersive X-ray spectrometer (Oxford Instruments, Oxford, UK). Transmission electron microscopy (TEM) and high resolution TEM (HRTEM) observations have been made by using an aberration corrected TITAN 80–300 transmission electron microscope. The cross section TEM and HRTEM specimens were cut from HPT discs at a 3 mm distance from the disc center. They were further thinned in a FEI Strata 400S dual beam facility. Radial intensity distribution in diffraction patterns was calculated using the Process Diffraction open source [54] software package.




3. Results


Figure 1 shows the bright and dark field TEM micrographs as well as electron diffraction pattern of the Ti–2 wt % Co alloy subjected to HPT at 7 GPa, 1 rpm, and five rotations. The TEM micrographs demonstrate a very homogeneous structure with slightly elongated fine grains with the size of 50–100 nm. The selected area diffraction pattern and the radial intensity distribution (insets in Figure 1a,c, respectively) confirm that the sample contains α- and ω-phases.



Figure 2 shows the high-resolution transmission electron (HRTEM) micrograph of the Ti–2 wt % Co as-cast alloy subjected to HPT at 7 GPa, 1 rpm, and five rotations. The contiguity between two nanosized grains of α- and ω-phase is visible. Respective two-dimensional networks are shown in fast Fourier transformations (FFTs) for α- and ω-phases. From FFTs, normal directions (FN, film normal) along the FN = [0001] and FN =     [  0  1 −  14  ]     axis are observed for α- and ω-phases, correspondingly. Mutual orientation of these two grains corresponds to the orientation relationship:       (  0001  )   α     ‖     (  01  1 ¯  1  )   ω  ;  〈  11  2 ¯  0  〉     α     ‖   〈  1  1 ¯  01  〉     ω    .



In Figure 3 the X-ray diffraction patterns of Ti–2 wt % Co alloy are shown. In the initial state (Figure 3a, bottom), only the α- and β-phases are present. After uniaxial compression in HPT machine up to 7 GPa without rotation (middle pattern in Figure 3a), the XRD pattern slightly changed. The α- and β-phases remained, but the intensities of diffraction peaks redistributed revealing the compression texture. After HPT at 2 GPa (top curve) the appearance of the ω-phase peaks is slightly pronounced, but the peaks of β-phase vanish. When HPT pressure is further increased (Figure 3b, bottom for 3 GPa, middle curve for 4 GPa and top curve for 7 GPa, respectively), the amount of ω-phase increased at the expense of α-phase.



Figure 4 shows an increase of the ω-phase portion in Ti–2 wt % Co alloy from approximately 5% at 2 GPa to 80% at 7 GPa. The curve for pure titanium [48] is given for comparison. The α-to-ω transformation in the Ti–2 wt % Co alloy develops at lower pressures. The amount of ω-phase in the Ti–4 wt % Co alloy measured after HPT at 7 GPa is higher than that in the Ti–2 wt % Co alloy.




4. Discussion


The formation of ω-phase in Ti, Zr, and Hf, and their alloys have attracted much theoretical work and computer simulations [3,7,10,55,56,57,58,59,60,61,62,63,64,65,66,67,68]. Already in 2001, Greef et al. performed the first-principles electronic structure calculations and constructed the equilibrium free energies for the α- and ω-phases in Ti [55]. In such a way, they modeled the Hugoniot shock-induced α–ω transition in titanium. According to their model, the Hugoniot shock area consists of three segments: a metastable α-phase region, a transition region, and an ω-phase branch. All the Hugoniot data are consistent with an α- to ω-phase transition occurring at ~12 GPa. Later Trinkle et al. proposed the new direct mechanism for the pressure driven α to ω martensitic transformation in pure titanium [3]. A systematic algorithm enumerated all possible mechanisms whose energy barriers are evaluated. The proposed homogeneous mechanism emerges with a barrier at least four times lower than other mechanism [3]. The crystallographic mechanism of the α ↔ ω (or α ↔ β ↔ ω) phase transformation was described in Reference [3] as being based on two possible orientation relationships: OR 1       (  0001  )   α     ‖     (  01  1 ¯  1  )   ω  ;  〈  11  2 ¯  0  〉     α     ‖   〈  1  1 ¯  01  〉     ω     and OR 2       (  0001  )   α     ‖     (  11  2 ¯  0  )   ω  ;  〈  11  2 ¯  0  〉     α     ‖   〈  0001  〉     ω    . However, the using of different pseudopotentials to represent titanium (such as those of Ackland, Mishin, Kim or Hennig) can lead to the significant differences in the calculation results [56,57,58]. Thus, the apparently arbitrary choices in the reference configuration can lead to significant differences in the calculated quantities [56].



Further studies demonstrated that the impurities (such as interstitial O, N, and C, or substitutional Al and V) can block the α- to ω-phase transformation in titanium [7,56,59]. The ab initio methods yield the changes in both the relative stability of phases and energy barrier between the phases. Later a tight-binding model was developed [60] for titanium that accurately reproduces the structural energies and electron eigenvalues from all-electron density-functional calculations for a previously published study [3] of the titanium α to ω transformation. A fitting method was used that matched the correctly symmetrized wave functions of the tight-binding model to those of the density-functional calculations at high symmetry points [60]. Optimization of the parameters of a modified embedded atom potential to a database of density-functional calculations yielded an accurate and transferable potential as verified by comparison to experimental and density-functional data for phonons, surface and stacking fault energies, and energy barriers for homogeneous martensitic transformations [61]. Molecular-dynamics simulations as well as first-principles electronic-structure calculations permitted to calculate the pressure-temperature phase diagram of titanium [61,62]. The density-functional theory permitted also to estimate the influence of coordination number and bond length on the phase stability and orbital occupation in titanium [63]. Using a proper solid-state nudged elastic band method employing two climbing images combined with density functional theory DFT + U methods for accurate energetics, the details of the pressure-induced α to ω transformation at the coexistence pressure have been determined [64]. Two transition states were found along the minimal-enthalpy path and a metastable body-centered orthorhombic structure was discovered, with stable phonons, a lower density than the end-point phases, and decreasing stability with increasing pressure [64]. In [65], the lattice parameters of the equilibrium structure of α-phase were determined in terms of the Gibbs free energy using the Epitaxial Bain Path method and the effect of pressure on the lattice parameters was revealed.



In Reference [66], a geometric model for the transformation of a bcc lattice into a hcp lattice has been developed. The transformation is described as the mutual reconstruction of coordination polyhedra of bcc and hcp lattices through an intermediate configuration coinciding with the crystal structure of the ω-phase. On the language of the algebraic geometry the transformation is effected as the transformation of the 11-atomic fragment of the {3, 4, 3} polytope into the 11-atomic fragment of the {3, 3, 5} polytope [66]. The relative stability of ω-phase in comparison with body-centered-cubic, face-centered-cubic, and hexagonal-close-packed structures has been studied in reference [67] for 27 transition elements from the viewpoint of thermodynamical and dynamical stability based on first-principles calculations. For the group 4 elements (Ti, Zr, and Hf), the ω structure is almost the lowest in energy among the investigated crystal structures and is also dynamically stable. The mechanism of ω- to α-phase back transformation includes the vacancies. It was found that the distorted ω-phase with defects is similar to the hexagonal α-phase structure with vacancies. It was confirmed that these vacancies could easily be occupied by Ti atoms and could form then a perfect α phase [68].



Experimentally determined transition pressure for the α–ω phase transition in pure titanium lies at room temperature between 2 and 12 GPa, depending on the experimental conditions [38,39,40,41,42,43,44,45,46]. The high-pressure measurements in ideal hydrostatic conditions (i.e., in liquids or gases) are usually possible only below a certain pressure. Thus, at room temperature a completely hydrostatic environment cannot be sustained above 13 GPa [69,70] due to solidification of all known pressure media including helium. All other high-pressure media possess the non-zero shear modulus. Therefore, all high-pressure experiments even without torsion always include some shear, and this fact can be responsible for the scatter of α-Ti to ω-Ti transition pressure.



Bridgman first reported the phase transition in titanium at 3.5 GPa based on the measurements of sample volume [38]. The interval between 9 and 13 GPa has been reported by Young et al. (as cited in [40]). Jamieson et al. used the “amorphous” boron as a pressure vessel to produce the quasi-hydrostatic pressures for in-situ X-rays observations of α-Ti to ω-Ti transition [40,41,42]. Silver chloride was employed as the pressure medium in the two-stage high-pressure apparatus in [43]. Synchrotron X-ray diffraction experiments were conducted using a cubic anvil apparatus at beamline X17B2 of the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory and at beamline BL14B1 of the Spring-8, Japan [44]. Briefly, a mixture of amorphous boron and epoxy resin was used as pressure-transmitting medium and the amorphous carbon was used as furnace material. The Ti samples were surrounded by NaCl powders and packed into a cylindrical container of boron nitride, 1.0 mm inner diameter and 2.0 mm length [44]. The transition pressure has been determined as 5.5 GPa [44].



D. Errandonea et al. systematically studied the effects of uniaxial stress on the pressure-induced α → ω transition in titanium [2]. They underline that the uniaxial stress component of the stress tensor may be quite substantial and different (even at the low pressure where the α → ω transformation was observed in Ti) in the quasi-hydrostatic environment generated in the diamond-anvil cell (DAC) by many authors [2,45,46,47,48]. Therefore, D. Errandonea et al. performed four different sets of experiments using DAC with the sample loaded under four different pressure transmitting media (argon, 4:1 methanol-ethanol mixture, NaCl, and without pressure medium), which provided different hydrostatic conditions. The hydrostaticity of the pressure medium decreases following the sequence: argon → (methanol-ethanol) → NaCl → (no pressure medium). Their experiments revealed that: (1) the onset of the transition depends on the pressure medium used, going from 4.9 GPa (no pressure medium) to 10.5 GPa (argon pressure medium); (2) the α- and ω-phases can coexist in the rather large pressure range depending on the pressure medium; and (3) the hysteresis and quenchability of the ω phase is affected by differences in the sample pressure environment [2].



In [37], the profiles of shock waves have been measured in titanium at pressures between 5.8 and 24.9 GPa. The splitting of a shock wave has been observed driven by the α-Ti to ω-Ti first order phase transition at 11.9 GPa. Y.K. Vohra et al. observed that the onset of α → ω transition in titanium depends on the impurity content [45]. It increases from 2.9 to 6.0 GPa with increasing concentration of oxygen and other impurities. In the Bridgman anvils, the pyrophyllite gasket and steatite discs were employed for sample containment and for pressure medium, respectively [45].



Alloying of titanium alters the temperature of the α ↔ β phase transformation, and may also change the pressure of the α ↔ β ↔ ω transformation. In general, the alloying elements modify the Gibbs energy of the phases (and thus their stability) and the energy barrier of the phase transformation [7]. Regarding their effect on transformation, the alloying elements can be divided into two groups: α-stabilizers (e.g., Al, O, N), which increase the temperature of the α → β transformation, and β-stabilizers (e.g., Nb, Cr, Zr, Fe, Ni, Cu, and Co), which decrease the transformation temperature. The β-stabilizers are mostly the d-electron rich transition elements. Therefore, the alloying by the β-stabilizers leads to the increase of d-electron concentration. Thus, it can provide an additional driving force for the α → ω transformation. In other words, the alloying with β-phase stabilizers can be considered as the pressure equivalent for the α → ω phase transformation. Hennig concluded from the ab initio calculations employing the density functional theory (DFT) that the alloying with β-stabilizer elements such as V, Mo, Fe, and Ta should lead to a decrease in the onset pressure of the α → ω transformation [7]. Recently, systematic studies of the HPT-induced ω-phase formation in Ti-Fe alloys revealed new possibilities for the experimental studies of the α → ω and β → ω transformations, facilitated by the combination of shear strain with high pressure [50,71].



If the Bridgman anvils are rotating (HPT conditions) the external shear is added to the quasi-hydrostatic conditions. The external shear eases the α → ω transformation in titanium. Edalati et al. observed its onset between 4 and 6 GPa in constrained conditions (upper and lower anvils had a circular flat-bottom hole at the center) [72]. Yu. Ivanisenko et al. studied the HPT of pure titanium in non-constrained conditions (flat anvils) and observed the onset of α → ω transformation at 3 GPa [49]. The amount of ω-phase increased from 0% at 2 GPa to about 70% at 6 GPa (Figure 4) [49].



In contrast to [49], where the samples before HPT contained only α-phase, the starting state after annealing in β-area and quenching contains the mixture of α- and β-phases. A number of diffraction peaks typical for the (α + β) Ti-alloy can be seen in the XRD patterns in Figure 2a (lower curve). A closer look reveals the redistribution of the integral intensities between the (110) and (200) XRD peaks of the β-phase after the pressure application (without torsion, middle curve). The intensity of XRD peaks redistributed in favor of the (110) one pointing towards the formation of the <110> texture. It should be noted here that, according to the theoretical predictions, the <110> texture component plays an important role for the α → β → ω phase transformation via the atomic shuffling within the (0001)α planes, which is expected for the transformation pathways obeying one of the orientation relationships for the (0001)α || (110)β || (01 1)ω or (0001)α || (011)β || (11 0)ω pathways [3]. After HPT at 2 GPa, the (200) peak of β-phase completely disappeared, and a strong (0002) peak corresponding to the α-phase is observed instead (Figure 2a, upper curve). When the HPT pressure increased up to 3 GPa and higher, a substantial decrement in the intensity of the (0002) α-peak was accompanied by the appearance of a typical XRD (100 + 110) doublet from the ω-phase (Figure 2b). As one can see, in the Ti–2%Co: (i) the high uniaxial pressure leads to noticeable sharpening of the <110> β-phase texture component; and (ii) the simultaneous application of high pressure and shear accelerates the appearance of the ω-phase due to the strong shear component. In Figure 2, we see that mutual orientation of α- and ω-grains corresponds to the orientation relationship:       (  0001  )   α     ‖     (  01  1 ¯  1  )   ω  ;  〈  11  2 ¯  0  〉     α     ‖   〈  1  1 ¯  01  〉     ω    . This special orientation relationship is known as OR 1 and has been predicted for α- and ω-phases in [3,5] together with OR 2       (  0001  )   α     ‖     (  11  2 ¯  0  )   ω  ;  〈  11  2 ¯  0  〉     α     ‖   〈  0001  〉     ω    . The presence of this special orientation relationship speaks for the martensitic mechanism of the α → ω transformation in the Ti–Co alloys during HPT.



Our results demonstrate that the addition of cobalt decreases the starting pressure of α/β → ω transformation in comparison with pure titanium. The first portions of ω-phase appear in the Ti–2 wt % Co alloy already at 2 GPa in comparison with 3.5 GPa in pure Ti. Figure 4 shows how the portion of ω-phase increased from 5% at 2 GPa to 80% at 7 GPa in the Ti–2 wt % Co alloy. The curve for pure titanium [49] is given for comparison. Formation of the ω-phase in the Ti–2 wt % Co alloy starts at lower pressures. However, at the beginning the portion of ω-phase in the Ti–2 wt % Co alloy increased with increasing HPT pressure slower than in pure titanium. On the other hand, the presence of shear strain during HPT decreases the onset of the α → ω transition in pure Ti from 10.5 GPa (under quasi-hydrostatic conditions) to about 3.5 GPa. The portion of ω-phase after HPT at 7 GPa in the Ti–4 wt % Co (cross in Figure 4) is higher than in the Ti–2 wt % Co alloy (circle). We observed earlier that, in the Ti–4 wt % Fe alloy, the amount of ω-phase is close to 100% [49]. Thus, the portion of ω-phase after HPT at 7 GPa increases in the following sequence: pure Ti → Ti–2 wt % Co → Ti–4 wt % Co → Ti–4 wt % Fe.




5. Conclusions


The high pressure torsion (HPT) of Ti–Co alloys leads to the α → ω and β → ω transformations. Similar to pure titanium, the onset of α/β → ω transition is at 2 GPa. It is lower than in pure titanium (4 GPa). However, the portion of ω-phase increases with increasing pressure in Ti–2 wt % Co alloy more slowly than in pure Ti. If only the pressure between Bridgeman anvils is applied, without torsion, the ω phase does not appear even at 7 GPa. On the other hand, the presence of shear strain during HPT decreases the onset of the α → ω transition in Ti from 10.5 GPa (under quasi-hydrostatic conditions) to about 3.5 GPa. The portion of ω-phase after HPT at 7 GPa increases in the following sequence: pure Ti → Ti–2 wt % Co → Ti–4 wt % Co → Ti–4 wt % Fe.
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Figure 1. Transmission electron micrograph and electron diffraction pattern of the Ti–2 wt % Co as-cast alloy subjected to HPT at 7 GPa, 1 rpm, and five rotations: (a) bright field image with inset (upper right corner) showing the selected area electron diffraction pattern; (b) dark field image; and (c) radial intensity distribution respective to the diffraction pattern. Intensities were integrated along the Debye rings. Red bar charts show the positions of the reflections from α-Ti. Blue bar charts show the positions of the reflections from ω-Ti. 
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Figure 2. High-resolution transmission electron (HRTEM) micrograph of the Ti–2 wt % Co as-cast alloy subjected to HPT at 7 GPa, 1 rpm, and five rotations. The contact between two nanograins of α-phase and ω-phase is shown. Corresponding fast Fourier transformations (FFTs) are shown for α- and ω-phases. In ω-phase, the section of the reciprocal lattice with FN =     [  0  1 −  14  ]     and that in α-phase with FN = [0001] are shown. Two-dimensional networks corresponding to these FNs are shown in FFTs. 
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Figure 3. X-ray diffraction patterns of Ti–2 wt % Co alloy: (a) initial (bottom), compressed under 7 GPa (middle) and subjected to HPT at 2 GPa (top); and (b) subjected to HPT at 3 GPa (bottom), 4 GPa (middle) and 7 GPa (top). The patterns are vertically shifted for clarity. 
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Figure 4. Pressure dependence of the volume fraction of ω-phase after HPT in pure titanium (squares) [18], Ti–2 wt % Co alloy (circles) and Ti–4% Co alloy (cross). 
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