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ABSTRACT
Although vanadium is used in many alloys as an alloying element, the binary 
Ti–V system has been studied very poorly. In particular, the effect of heat treat-
ment in combination with high-pressure torsion (HPT) has not been studied at 
all for this system. The Ti-2 wt%V alloy was pre-annealed at three temperatures 
in two different regions of the Ti–V phase diagram, namely at 400 °C (α phase), 
700 °C (α phase) and 1000 °C (β phase).  The as-cast state was also investigated. 
After annealing and quenching, all four samples contained only the α/α′ phase. 
After the HPT, the ω-phase appeared in the material. Its portion increased from 
70 to 76% with an increase in the pre-annealing temperature, but the as-cast sam-
ple had after HPT the largest proportion of ωTi phase of 86%. The values of nano-
hardness (H) and Young’s modulus (E) after HPT were measured. H increased 
from 5.1 ± 0.1 to 6.4 ± 0.1 GPa with increasing pre-annealing temperature. The 
steady-state value of torsion torque during HPT also increases from 1533 to 
2094 N m. However, the E value remained almost unchanged at 147 ± 3 GPa. The 
microhardness of the samples after HPT increased by about two times compared 
to the annealed samples.
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Ti [8]. The α-to-ω (or α-to-β-to-ω) transformations are 
of martensitic-type. Such transformation is character-
ized by a rather large hysteresis. It means that after 
pressure release, the ω-phase can be retained in the 
material [6]. In certain Ti-based alloys, the metastable 
ω-phase can be produced even without high pressure, 
just by using a certain heat treatment [5, 7].

However, in the transformations of binary Ti-based 
alloys, not only α, β and ω phases are involved [14]. 
Thus, if the concentration of atoms stabilizing β-Ti 
phase in binary Ti alloys is low, the hexagonal closely 
packed (hcp) α′ martensite (space group P63/mmc) or 
the orthorhombic α′′ martensite (space group Cmcm) 
[15] can be created from the body-centered cubic (bcc) 
β-phase at high cooling rate [16–20]. In most cases, the 
α′ martensite appears at lower concentrations of alloy-
ing elements, and the α′′ martensite forms at higher 
contents of β-stabilizers [21, 22]. The appearance of α′ 
and α′′ martensites in the Ti alloys strongly influences 
their microstructure and properties [16–20].

Severe plastic deformation (SPD) by the high-pres-
sure torsion (HPT) permits to obtain the extremely 
fine-grained structure in Ti and Ti alloys [23–29]. 
They can contain also the metastable ω-phase which 
remains in the alloys after high pressure release. And 
even more, the SPD permits to drastically enhance the 
mechanical properties of titanium and Ti-based alloys 
[30, 31]. For example, the unique combination of high 
strength and ductility was achieved in nanograined 
titanium [30, 31]. The ω-phase can appear after SPD 
also in zirconium, but it was not observed after HPT 
in hafnium [32, 33].

In small concentrations, the alloying titanium with 
vanadium improves its strength and plasticity. There-
fore, the addition of vanadium is widely used in tita-
nium alloys. Vanadium has a similar crystal structure 
to β-Ti, a similar electronic structure, and an almost 
equal atomic size. This leads to unlimited solubility 
of vanadium in β-Ti and limited in α-Ti (1–3 wt% at 
700 °C), and also reduces the temperature of α → β 
allotropic transformation. If the vanadium content 
in the alloy does not exceed 8–10 wt%, the β → α′ or 
β → α′′ martensitic transformation occurs during quick 
quenching from the β region. An increase in the con-
centration of vanadium in α′ Ti–V alloys increases their 
hardness and strength, whereas for α′′ Ti–V alloys, 
the strength and hardness decrease with increasing V 
content. The plasticity of Ti–V alloys varies inversely 
[34–36]. The first studies of this binary system showed 
the existence of a monotectoid reaction β → αTi + V on 

Introduction

The titanium alloys possess the combination of low 
density (4500 kg/m3), excellent mechanical properties 
(strength ~ 1000 MPa, ductility ~ 10%) and good cor-
rosion resistance. Therefore, they belong to the best 
engineering materials [1]. The structure and proper-
ties of titanium alloys can be tailored by alloying com-
bined with thermal and mechanical treatments [2]. The 
thermal and mechanical treatments are especially pro-
ductive since titanium has different allotropic modifi-
cations at low (α-phase) and high (β-phase) tempera-
tures. Titanium possesses also an ω-phase which is 
stable at high pressure. It is generally believed that 
the transitions of α-Ti and β-Ti to ω-phase (revers-
ible α-to-ω and β-to-ω transformations) can be used 
to improve the mechanical properties of the Ti-based 
alloys. It is very important to know the peculiarities of 
the ω phase formation and its stability at high temper-
atures in order to be able to plan the targeted thermo-
mechanical treatment of the Ti alloys.

The equilibrium phase diagram for pure titanium in 
the “temperature–pressure” coordinates can be found 
for example in Ref. [3]. In pure Ti, the transition from 
αTi to ωTi phase proceeds at high-pressure [4–12]. The 
α-ω-β triple point in titanium was observed in experi-
ments at 7.5 GPa and 640 °C [10]. The α-phase trans-
forms into ω one at ambient temperature between 2.9 
and 10.5 GPa. The α-to-ω transition pressure depends 
on the conditions of experiments, on the sample struc-
ture and on the pressure environment [8–12].

The low-temperature allotropic modification α-Ti 
possesses the hexagonal close packed (hcp) crystal 
structure (space group P63/mmc, Wyckoff’s posi-
tions 2c). Its ratio of the lattice parameters is c/a ≈ 1.58. 
Above 882 °C, the body-centered cubic (bcc) β-Ti allo-
tropic modification is stable. It possesses the space 
group Im3m. The Ti atoms occupy in this lattice the 
2a Wyckoff’s positions. The crystal structure of the 
high-pressure allotropic modification ω-Ti is hexago-
nal (space group P6/mmm). The Ti atoms occupy in 
the ω-phase the 1a and 2d Wyckoff’s positions [8, 13]. 
In Refs [8, 13], the mechanism of the α-to-ω (or α-to-
β-to-ω) crystallographic phase transformations was 
analyzed. The authors of [8, 13] suggested that at low 
temperatures, the α-to-ω phase transformation pro-
ceeds as a α-to-β-to-ω transitions sequence. It means 
that the α-phase transforms first into β-phase and then 
to ω-phase. We remember here that β-phase is thermo-
dynamically unstable below 882 °C in the undoped 
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the diagram. At 675 °C, the αTi + V mixture transforms 
by cooling into α + β one by a monotectoid reaction 
[37]. However, more recent studies have shown that 
such a reaction is possible only in the presence of a 
sufficient amount of oxygen, whereas in oxygen-free 
Ti–V alloys, the αTi + V region and monotectoid reac-
tion are absent [38, 39]. To date, studies have been 
conducted on the effect of pre-annealing temperature 
and high-pressure torsion (HPT) of binary titanium 
alloys like Ti–Nb [40–42], Ti–Fe [43–46], Ti–Mo [47–49] 
and several others, even such unusual as Ti–Pt [50]. 
The authors of the research on Ti-3 wt%Nb [42] and 
Ti-2–4.5 wt%Fe [44] alloys found the dominant frac-
tion of the α phase after annealing. Its content was 
85% or more. In both cases, the annealed samples 
were subjected to HPT with the same parameters. 
After HPT, the samples have high amount of ω phase 
(> 75%). Vanadium is often used as an alloying ele-
ment in titanium-based alloys, but the effect of HPT 
on binary titanium–vanadium alloys has not been 
studied yet. Therefore, the purpose of this work is to 
study the effect of the pre-annealing temperature on 
the structure and properties of vanadium-doped tita-
nium treated with high-pressure torsion.

Experimental and methods

The binary Ti-2 wt%V alloy has been produced 
from pure components (99.98 wt% Ti and 99.98 wt% 
V) using the levitation method in vacuum. In this 
method, the molten metal “levitates” in a cold cruci-
ble, which is a set of vertically standing water-cooled 
copper pipes. Around the crucible, a water-cooled 
copper induction coil is placed. The water-cooled 
copper induction coil excites in the crucible a power-
ful magnetic field of supersonic frequency. Foucault 
eddy currents are induced in the molten metal, caus-
ing intense heating of the metal up to its melting point. 
At the same time, eddy currents create an opposite 
magnetic field around the melt, which interacts with 
the primary field and generates Lorentz forces. The 
Lorentz forces allow the liquid–metal bath to float in 
a vacuum or inert atmosphere without touching the 
walls of the cold crucible. The approximate heating 
temperature of the alloy during levitation is 1700 °C 
(melting point of Ti-2 wt%V alloy is about 1665 ± 3 °C), 
and the levitation time is approximately 10–15 s. As a 
result, a cylindrical ingot with a diameter of 10 mm 

was obtained from which 0.7-mm-thick disks were cut 
using an electroerosive machine.

After that, the samples were sealed in quartz 
ampoules and annealed in vacuum at a residual pres-
sure of 4 ×  10–4 Pa. Samples of a binary Ti-2 wt%V 
alloy were examined with pre-annealing tempera-
tures: 400 °C for 1992 h, 700 °C for 1896 h. and 1000 °C 
for 24 h. The annealing temperatures were in the α 
and β areas of the Ti–V diagram, respectively [38].The 
pre-annealing time was chosen in such a way that it 
could be sufficient to achieve a homogeneous state of 
the samples. Figure 1 shows the phase diagram of the 
Ti–V alloys with red points which are showing the 
pre-annealing conditions.

After annealing, the samples were quenched by 
immersing ampoules with samples in water. The 
HPT was carried out using a custom-made com-
puter-controlled device manufactured by W. Kle-
ment GmbH (Lang, Austria). The annealed samples 
were HPT-processed at room temperature, pressure 
of 7 GPa, deformation rate of 1 rpm and 5 revolu-
tions of the plunger. The samples obtained as a result 
of HPT changed in thickness by 2 times, from 0.7 
to 0.35 mm. Structural-phase analysis was carried 
out using a Rigaku SmartLab X-ray diffractometer 
(Rigaku, Tokyo, Japan) in Cu–Kα1+α2 radiation, wave-
length 0.15419 nm. Phase analysis and calculation of 
lattice parameters were carried out using the Pow-
derCell 2.4 program (PowderCell for Windows Ver-
sion 2.4. 03/08/2000, Werner Kraus & Gert Nolze, 
BAM, Berlin, Germany). The micrographs with the 
scanning electron microscope (SEM) were taken on 
the Axia ChemiSEM HiVac device (Thermo Fisher 
Scientific, Brno, Czech Republic). To qualitatively 
determine the presence of oxygen in the samples, 

Figure  1  Phase diagram of the Ti–V system. Red points show 
the pre-annealing conditions [38].
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a wave spectrometer with low efficiency but high 
sensitivity was used. INCA software allows simul-
taneous operation of ED (energy dispersive) and 
WD (wavelength dispersion) spectrometers (mode 
Energy +) to take into account all the details of over-
lapping individual lines of characteristic X-ray radia-
tion (Tescan Vega TS5130 MM Oxford Instruments, 
Ulm, Germany). The oxygen content in our samples 
is about 2 wt%. Transmission electron microscopy 
(TEM) was performed using the JEM-2100 instru-
ment (JEOL Ltd, Akishima, Japan). Nanohardness 
measurements were carried out on a nanotester 
Triboindenter TI-950 (Hysitron, Eden Prairie, Min-
nesota USA) device equipped with a Berkovich 
indenter (Bruker, Billerica, Massachusetts, USA). 
Measurements were carried out along the diameter 
of the samples; the loading rate was constant and 
equal to dP/dt = 40 mN/s. The maximum load was 
Pmax = 10 mN. Before the measurements, the surface 
of the samples was polished on a diamond paste 
with grain size of 1 µm. The values of nanohard-
ness (H) and Young’s modulus (E) were determined 
by the Oliver-Farr method based on characteristic 
P–h diagrams [51–53]. The average values of H and 
E are obtained by averaging the obtained results. 
Nanohardness measurements are considered to be 
measurements of the surface properties of a mate-
rial; therefore, to measure the volumetric properties, 

we additionally measured the microhardness of the 
samples. The microhardness of the alloy was meas-
ured using an ITB-1 IMC hardness tester (Metrovest 
LLC, Neftekamsk, Russia). At a load of 200 g, the 
exposure time is 15 s, 10 measurements per point. 
On the samples after HPT treatment, measurements 
were carried out in the middle of their radii.

Results

In Fig. 2, the SEM and light micrographs of the 
Ti-2 wt%V alloy (a) as-cast and after annealing at 
(b) 400 °C, (c) 700 °C, (d) 1000 °C and quenching 
are shown. The martensitic plates are clearly visible 
in Fig. 2d. The microstructures in Fig. 2a, b, d more 
resemble the lamellar ones. The structures of Fig. 2a, 
b, d, after different heat treatment, do not differ signifi-
cantly from each other. The absence of differences in 
the structures of the as-cast sample and the annealed 
one in the βTi-phase region can be explained quite 
simply. Namely, after melting, the sample under-
goes the βTi → αTi → αTi + βTi path during cooling. 
It means that during the quenching process, a βTi-
phase is formed from the melt in the material at the 
beginning, which, upon further cooling, begins to 
turn into an αTi-phase. Then, due to the hardening 
and the mechanism of martensitic transformation, 
the part of the βTi-phase passes and remains in the 

Figure 2  SEM and optical 
microscope micrographs of 
the Ti-2 wt%V alloy a as-
cast and after annealing at b 
400 °C, c 700 °C, d 1000 °C, 
and quenching.
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form of martensite. For a sample annealed at 1000 °C, 
however, the transition to the βTi-phase occurs dur-
ing annealing, and not during cooling from the melt. 
Then, the question remains with the sample annealed 
at 400 °C. The data on the diffusion coefficient of vana-
dium in titanium differ greatly in different references, 
sometimes by a couple of orders of magnitude. Never-
theless, all of them indicate an extremely low diffusion 
coefficient of vanadium in titanium. The recalculation 
showed that at the selected temperature (400 °C) and 
time (1996 h), vanadium practically does not diffuse 
in the alloy. It means that the structure shown in 
Fig. 2b should be similar to that in Fig. 2a, which cor-
responds to our results. It should be emphasized that 
the boundaries of the matrix grains in these structures 
are implicit, and the discussion is about the internal 
structure of the matrix grains. The microstructure of 
as-cast sample, as well as of sample annealed at 400 °C 
and at 1000 °C, have martensitic needle plates of αTi-
phase with a thickness of 8 ± 3 µm, with many globu-
lar grain phases of various sizes. The structure of the 
sample annealed at 700 °C, Fig. 2c, has a pronounced 
lamellar structure, with the lamellae containing about 
1.6% V solved. Also they are wetted by a lighter phase 
containing 6.4% V. XRD did not show the presence of 
a second phase, and the maximum solubility of V in 
the αTi-phase is about 3.7 wt% V. The question of what 
wets the αTi-phase lamellae requires a more detailed 
study, which is not important for this work.

X-ray diffraction (XRD) analysis was performed on 
the studied samples before and after the HPT (Fig. 3). 
Some peaks on the XRD patterns are marked as (α + ω) 
or (β + ω). This is due to the superposition of two peaks 
from different phases. In addition, it is important to 
note that after HPT the peaks become wide (black 
lines) due to the grain refinement and texturing of 
samples. The peaks after annealing (red lines) have 
mainly the peaks of the α-phase, even after anneal-
ing in the β phase region (1000 °C) and subsequent 
quenching. After HPT, peaks of the ω phase appeared, 
and an additional peak of the β phase also appeared in 
the sample pre-annealed at 1000 °C.

In the samples annealed at 400 and 700 °C, the αTi 
peaks corresponding to the planes disappeared after 
the HPT: (2, 0, 0), (1, 1, 2), (2, 0, 1), (0, 0, 4), (2, 0, 2), (1, 
0, 4), (2, 0, 3) and (2, 1, 0). In the sample annealed at 
1000 °C, in addition to the listed ones, disappear also 
(1, 0, 2), (2, 1, 1), (2, 1, 2) peaks. In other words, HPT 
leads to the disappearance of the αTi peaks, and the 
formation of ωTi and βTi phases.

Table 1 contains the values for portions of α/α′ and 
β-phases and their lattice parameters in the Ti-2 wt%V 
as-cast and annealed samples. In all annealed samples, 
the main phase after quenching is α/α′-Ti. The aver-
age grain size in the αTi phase is 40 ± 10 nm and in 
the βTi phase is 65 ± 5 nm. The estimation of the aver-
age grain size of the phases, which we associate with 
the size of the coherent scattering regions, was carried 
out using the PowderCell 2.4 program, which uses the 
full-profile Rietveld method.

After HPT, the main phase in the samples becomes 
the ωTi phase, and the βTi phase is absent in samples 
as-cast and pre-annealed at 400 and 700 °C. It appears 
in sample pre-annealed at 1000 °C. The portion of 
the ωTi phase increases with an increase in the pre-
annealing temperature from 70 to 76% (Table 2). How-
ever, the as-cast alloy has the largest proportion of ωTi 
phase of 86%.

The lattice parameter a in the α/α′-Ti decreases after 
HPT (Fig. 4a) and the lattice parameter c increases 
(Fig. 4b). It means that the c/a value in the α/α′-Ti 
phase increases after HPT (Fig. 4c).

The microstructure of alloys after HPT treatment 
was investigated using TEM (Fig. 5). For the stud-
ied images, bright-field (Fig. 5a, d, g) and dark-field 
(Fig. 5b, e, i) images were made, the average grain size 
was estimated in the dark-field images. The difficulty 
of estimating the average grain size was the presence 
of a large number of grain conglomerates. Processing 
of dark-field images showed that the average grain 
size is 75 ± 5 nm. SAED diagrams taken from the entire 
area of Fig. 5a, d showed the presence of two main α 
and ωTi phases.

During the processing of HPT samples, the tor-
sion torque was measured depending on the angle 
of rotation (Fig. 6a). An increase in the pre-anneal-
ing temperature increases the torque value. Thus, 
already at the initial stage of the HPT, the torque 
increases from 1533 N m in the sample pre-annealed 
at 400 °C, to 1927 N m after pre-annealing at 700 °C 
and to 2094 N m after pre-annealing at 1000 °C. Fig-
ure 6b shows the dependence of the applied load P 
on the indentation depth h for HPT treated samples. 
The P–h dependences were measured in the middle 
of the radius of the samples. There is clearly a cor-
relation between the dependence of the torque on the 
rotation angle at saturation and the dependence of 
the indentation depth on the load. It means that with 
the same applied load, the sample is pressed deeper, 
which reaches saturation at lower torque values. For 

5775



 J Mater Sci (2024) 59:5771–5786

example, at a load of 8 mN, the indenter is pressed 
into pre-annealed samples at 400, 700 and 1000 °C to a 
depth of 269.9, 220.6 and 218.4 µm, respectively, while 

their saturation output is at 1530, 1930 and 2070 N m, 
respectively.

In our case, the pre-annealing of the Ti-2 wt%V 
alloy significantly affected its mechanical characteris-
tics, such as steady-state torsion torque, hardness and 
strength.

Based on the measurement results for nanohard-
ness (H) and Young’s modulus (E), two types of 
graphs were compiled: the first shows the depend-
ence of the H and E values on the measurement loca-
tion on the disk, determined by its distance from 
the center (Fig. 7a, c). The second shows the aver-
age values depending on the annealing temperature 

Figure 3  XRD patterns of the Ti-2 wt%V alloy a as-cast and annealed at b 400 °C, c 700 °C, d 1000 °C, before (red lines) and after 
HPT (black lines).

Table 1  Portions of α- and β-phases V and their lattice param-
eters a and c in Ti-2 wt%V alloy after annealing

T, °C α/α’ β

V, % a, c, nm V, % a, nm

as-cast 100 0.2948(1); 0.4678(1) – –
400 99 ± 1 0.2946(1); 0.4684(1) 1 ± 0.5 0.3246(1)
700 99 ± 1 0.2948(1); 0.4684(1) 1 ± 0.5 0.3246(1)
1000 99 ± 1 0.2944(1); 0.4680(1) 1 ± 0.5 0.3246(1)
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(Fig. 7b, d). The averaging took place over the entire 
sample. Due to the large variation in the hardness 
values of the sample pre-annealed at 400 °C, its error 
is significantly higher than that of other samples. 

Figure 7a clearly shows the lack of uniformity of 
nanohardness in the sample annealed at 400 °C. The 
minimum around 4.5 ± 0.1 GPa appears in the center 
of the sample. At the same time, samples annealed 

Table 2  Portions of α, 
β, ω-phases V and their 
lattice parameters a and c in 
Ti-2 wt%V alloy after HPT

T, C + HPT α/α’ β ω

V, % a, c, nm V, % a, nm V, % c, a, nm

as-cast 14 ± 1 0.2950(1); 0.4676(1) – – 86 0.4624(1)
400 30 ± 1 0.2945(1); 0.4691(1) – – 70 ± 1 0.4626(1); 0.2823(1)
700 27 ± 1 0.2946(1); 0.4685(1) – – 73 ± 1 0.4624(1); 0.2829(1)
1000 15 ± 1 0.2945(1); 0.4686(1) 9 ± 1 0.3248(3) 76 ± 1 0.4624(1); 0.2819(1)

Figure 4  Dependence of the lattice parameters in the α/α′ phase on the annealing temperature before and after HPT. a Lattice parameter 
a. b Lattice parameter c. c Relationship c/a 
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at 700 and 1000 °C are uniform. It can be concluded 
from this fact that the parameters of pre-annealing 
effect the uniformity of properties in the samples 
after HPT. In addition, Fig. 7b shows that an increase 
in the annealing temperature leads to an increase in 
the average values of nanohardness.

Additionally, microhardness measurements were 
carried out, which confirmed the decrease in hard-
ness of the sample that underwent heat treatment 
at 400 °C (Fig. 7e). Figure 7f shows the values of 
microhardness of as-cast, annealed and after HPT 

Figure  5  TEM micrographs of the Ti–2  wt%V alloy after HPT deformation and pre-annealing at 400  °C (a–c), 700  °C (d–f) and 
1000 °C (g, h). Bright field (a, d, g), dark-field (b, e, i) images, as well as SAED patterns (c, f, h)
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processing samples. The hardness of the samples 
after HPT processing has more than doubled.

Discussion

In Ref. [14], the as-cast Ti–Fe alloys were annealed in 
the β-(Ti,Fe) solid solution region and then quenched. 
As a result, at low Fe content < 2 wt% Fe, the β-(Ti,Fe) 
solid solution transformed into α′-Ti martensite. Dur-
ing following HPT, the α′-Ti martensite partly trans-
formed into ω-Ti. However, the a and c lattice param-
eters of remaining portion of α′-Ti phase increased. 
Thus, a and c shifted toward the a and c values for 

iron-free pure α-Ti. These processes included an 
increased mass transfer of iron atoms out of α′-Ti. 
Here, we observed that in the Ti–2 wt%V alloy, the 
lattice parameters a and c change after HPT in dif-
ferent directions. Namely the a value in the α/α′-Ti 
decreases after HPT (Fig. 4a), and the lattice parameter 
c increases (Fig. 4b). It means that the c/a value in the 
α/α′-Ti phase increases after HPT (Fig. 4c).

The important result of HPT of studied Ti–2 wt%V 
alloy is the formation of ω-phase. Its amount after HPT 
(see Table 2) is about 70%, and it increases from 70 ± 1 
to 76 ± 1% with increasing temperature of pre-anneal-
ing (from 400 to 1000 °C). From this point of view, the 
Ti–2 wt%V alloy is similar to the previously studied 
Ti–Fe [14, 54], Ti–Co [55], Ti–Mo [56] and Ti–Nb [57] 
alloys. Moreover, the rather high amount of ω-phase 
in this work is comparable to the situation when the 
pre-annealed Ti-based alloys contained the β-phase or 
the mixture of α- and β-phases. It was observed that 
a special orientation relation exists between β- and 
ω-phases which makes easy the martensitic β-to-ω 
transition. For example, the alloying of titanium with 
iron allows one to precisely fit the lattice periods of 
β- and ω-phases in such a way that the amount of 
ω-phase after HPT can reach almost 100% [54]. If we 
substitute the 4 wt% Fe in the alloy with 4 wt%Co, 
the amount of ω-phase after HPT immediately drops 
down because the β and ω lattices with Co instead of 
Fe do not so ideally fit each other [14].

If the β-phase is present in the sample, it can help 
to transform the α-phase into ω-phase during HPT 
[54]. To the contrary, if the sample was pre-annealed 
below the temperature of eutectoid transformation 
of β-phase into the mixture of α-phase and interme-
tallic compound, the direct α-to-ω transformation is 
quite sluggish. It is because the orientation relation-
ship for the martensitic α-to-ω transformation is not 
so favorable as for the β-to-ω one. For example, in the 
Ti–4 wt% Fe and Ti–4 wt% Co alloys pre-annealed in 
the α + β area of the respective phase diagram, the por-
tion of ω-phase after HPT is much higher than in the 
case when the same alloys were pre-annealed in the 
α + TiFe or α +  Ti2Co areas [14]. Moreover, the increase 
in cobalt content in the α-Ti-based solid solution dras-
tically diminished the portion of ω-phase after HPT. 
It decreased from 80% in the Ti–4 wt% Co alloy pre-
annealed at 400 °C to zero in the samples annealed 
above 600 °C [14].

Today, SPD is a widely studied way to improve 
the properties of metallic alloys. During SPD, various 

Figure 6  a Dependences of torsion torque on the rotation angle 
for the Ti-2  wt%V alloy pre-annealed at 400  °C (black line), 
700  °C (red line), 1000  °C (blue line). b Dependence of the 
applied load P on the depth h of indentation for the same samples 
after HPT
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lattice defects are formed, grain size decreases, and 
phase transformations occur. All this changes the 
properties of the treated alloy. High-pressure torsion 
is one of the important modes of severe plastic defor-
mation [58–61]. In all studies of titanium-based alloys 
where hardness was measured, it increased after SPD, 
sometimes by two times or more [29, 39–50, 62–64].

In our studies, the analysis of the phase composi-
tion of annealed samples for all annealing tempera-
tures showed a small amount of the β-phase of about 
0.5–1 wt%. In the Ti-3 wt% Nb alloy, the portion of 
the β-phase was about 10% [10], and in Ti-Fe alloys, 
the portion of the β-phase varied from 0 to 15% [45]. 
In cases when β-phase was absent, the 3–8% of TiFe 
intermetallic was present [45]. In this work, the HPT of 
Ti-2 wt%V alloy led to the formation of 70–76% of the 
ω-phase. Moreover, the increase in the pre-annealing 
temperature also led to an increase in the portion of 
the ω-phase after HPT. A similar HPT treatment for 
Ti-Nb and Ti-Fe alloys resulted in the formation of a 
large amount of the ω phase (76–92%) [43, 45]. Also, 
after HPT with similar parameters (pressure 5 GPa, 
1 rpm, 5–10 revolutions and pressure 6 GPa, 1 rpm, 
1–10 revolutions), commercially pure titanium (CP-TI) 
led to the formation of 60–90% of the omega phase [50, 
51]. However, it should be noted that the amount of 
ω-phase in commercially pure titanium pre-annealed 
at different temperatures formed at an HPT pres-
sure of 6 GPa after 5 revolutions is lower than in our 
titanium–vanadium samples [23, 29, 64, 65]. We can 
assume that the increase in the portion of the ω-phase 
in the Ti-2 wt%V alloy with increase in pre-anneal-
ing temperature is due to two reasons. First, when 
the annealing temperature increases by 300 °C (from 
400 to 700 °C, with an almost equal annealing time 
of 1992 and 1896 h, respectively), a sample annealed 
at a higher temperature will have larger grains and 

fewer of them. As a result, in this sample, in case of 
HPT, a strong plastic deformation will expend less 
energy to overcome grain boundaries, due to which 
a greater amount of energy will remain in the sys-
tem for phase transformations and the formation of 
a larger amount of ω-phase. Second, the diffusionless 
martensitic transition, when quenched after anneal-
ing at 1000 °C, forms a supersaturated solid solution. 
As a result, with the HPT, the system will spend less 
energy on the mass transfer necessary for the phase 
transformation, while more energy will remain for 
the transformation into the ω-phase itself. In samples 
annealed at 400 and 700 °C, the peaks (2; 0; 0), (1; 1; 
2), (2; 0; 1), (0; 0; 4), (2; 0; 2), (1; 0; 4), (2; 0; 3) and (2; 1; 
0) for the α-phase disappear after HPT. The portion of 
the α-phase decreases from 99% to 30 and 27%, respec-
tively. In the sample pre-annealed at 1000 °C, not only 
(2; 0; 0), (1; 1; 2), (2; 0; 1), (0; 0; 4), (2; 0; 2), (1; 0; 4), (2; 0; 
3), (2; 1; 0) peaks of the α-phase disappear after HPT, 
but also the (1; 0; 2), (2; 1; 1), (2; 1; 2) peaks and the por-
tion of the α-phase drops from 99 to 15%. The analysis 
showed that most of the planes disappearing after the 
HPT processing belong to the pyramidal < a > direction 
{10–11} < 11–20 >. We assume that this set of planes for 
the α-phase most easily passes into the ω-phase. In all 
three samples, after HPT, the peaks of β- and ω-phases 
are visible. At the same time, the phase analysis did 
not reveal the presence of the β-phase in the samples 
annealed at 400 and 700 °C.

It is interesting to compare these results with the 
HPT influence on the α to ω transitions in binary Ti–Co 
and Ti–Nb alloys [13, 57]. The samples in Refs. [13, 57] 
were annealed, respectively, in the α-Ti +  Ti2Co and 
α-Ti + β-(Ti,Nb) areas of the Ti–Co and Ti–Nb phase 
diagrams. With increasing annealing temperature, the 
α-Ti-based solid solution contained more and more 
diluted Co. Respectively, the portion of ω-phase after 
HPT decreased. Moreover, in the Ti–Co the ω-phase 
was completely absent in the samples after HPT if 
they were pre-annealed just under the temperature of 
eutectoid decomposition of the β-phase [13, 57]. In Ref. 
[57], it was also observed that the smaller the amount 
of Nb in the α-phase, the greater the amount of the 
α-phase is transformed into the ω-phase.

The nanohardness of the sample pre-annealed at 
400 °C varies after HPT from ≈ 4.5 ± 0.1 GPa in the 
center to ≈ 6.0 ± 0.1 GPa at the edges. The average 
value of nanohardness increases with an increase 
in the pre-annealing temperature from 5.1 ± 0.1 to 
6.1 ± 0.1 GPa (≈ 16%). The sample annealed at 1000 °C 

Figure 7  a Nanohardness values (H) measured after HPT along 
the diameter of the Ti-2  wt%V alloy samples pre-annealed at 
400  °C (black squares), 700  °C (red circles), 1000  °C (blue 
triangles). b The dependence of averaged H values on the pre-
annealing temperature. c The values of Young’s modulus (E) 
determined after HPT along the diameter of the Ti-2 wt%V alloy 
samples pre-annealed at 400 °C (black squares), 700 °C (red cir-
cles), 1000  °C (blue triangles). d The dependence of averaged 
E values on the pre-annealing temperature. e Dependences of 
microhardness and nanohardness on the pre-annealing tempera-
ture. f Dependences of microhardness for annealed and after HPT 
samples

◂
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in the β phase area of the phase diagram is homoge-
neous, and the average value of its nanohardness was 
6.4 ± 0.1 GPa, which is about 5% more than that of the 
sample annealed at 700 °C. The average nanohardness 
values for Ti-2.36 wt%Fe and Ti-3.93 wt% Fe alloys 
annealed at 470 °C and Ti-1.98 wt% Fe and Ti-2.04 wt% 
Fe annealed at 615 °C are ≈ 4.4 ± 0.1, 5.7 ± 0.1, 5.7 ± 0.1, 
4.5 ± 0.2 GPa, respectively [45]. Comparison of the 
results leads to the conclusion that vanadium-doped 
titanium, after annealing and HPT processing, has 
higher nanohardness values than iron-doped titanium. 
The hardness values can be influenced by many final 
characteristics of the alloy; however, when comparing 
our results with the work [64], we see an interesting 
pattern that a large portion of the ω-phase corresponds 
to higher hardness values.

Nanohardness measurements are considered to 
be measurements of the surface properties of a mate-
rial; therefore, to measure the volumetric proper-
ties, we additionally measured the microhardness of 
the samples. HPT processing has led to a significant 
increase in the microhardness of the materials. The 
resulting values correlate with the values of nanohard-
ness (Fig. 7e). The hardness of the sample annealed 
at 1000 C after HPT increased from 160 to 450 HV 
(Fig. 7f) by almost 3 times. It can be seen that the pre-
annealing temperature of the material has a real effect 
on its properties after HPT processing. It means that 
various structures formed after annealing and subse-
quent quenching have different effects on HPT pro-
cessing. In our work, we see that the lamellar struc-
ture leads to a higher hardness than the bimodal one, 
consisting of lamellar and equiaxed, and consisting 
of martensite, lamellae and equiaxed particles leads 
to even slightly higher hardness than just lamellar. 
At the same time, the material without pre-annealing 
showed the highest hardness values, about 475 HV, 
and the same sample has the largest proportion of ωTi 
phase. This suggests that the dependence of HPT on 
pre-annealing temperature treatment is not simple.

A brief summary of all the above material: all 
other things being equal, different pre-annealing 
temperatures and HPT processing, give a different 
phase composition of the samples (Table 2) and a 
slightly different microstructure after pre-anneal-
ing at 400 °C from 700 and 1000 °C (Fig. 5). Thus, 
it can be concluded that these two factors are deci-
sive for the values of micro- and nanohardness of 
the material. At the same time, the material without 

pre-annealing (as-cast) showed the highest hardness 
values after HPT treatment, about 475 HV. The same 
sample has the largest proportion of the ωTi phase. 
This suggests that high microhardness values can be 
obtained after HPT processing if the samples are pre-
annealed at 700 °C, 1000 °C and for the as-cast state.

Conclusions

(1) The pre-annealing in combination with high-
pressure torsion leads to the phase transforma-
tions. As a result, the ω-phase becomes the domi-
nant phase in Ti-2 wt%V alloy samples. With an 
increase in the pre-annealing temperature, its 
volume increases from 70 to 76%.

(2) The increase in the pre-annealing temperature 
leads to an increase in nanohardness values from 
5.1 ± 0.1 to 6.4 ± 0.1 GPa, which is probably due 
to an increase in the ω-phase content in the sam-
ples. Young’s module depends weaker on the pre-
annealing temperature and varies from 145.5 ± 0.8 
(min) to 150.6 ± 0.5 (max) GPa.

(3) The correlation between the torsion torque 
dependencies and those of indentation depth on 
the applied load were observed. The steady-state 
torsion torque also increases with an increase 
in the pre-annealing temperature, similar to the 
nanohardness value.

(4) The microhardness values of the samples after 
HPT treatment increase by about 2 times com-
pared to annealed ones. Moreover, the higher the 
pre-annealing temperature, the higher the micro-
hardness values of the material. While the micro-
hardness of the as-cast alloy increased almost 
three times after the HPT, it should be noted that 
for the ωTi in the as-cast alloy, its amount reaches 
86%. The dependences of the micro- and nano-
hardness of the samples on the pre-annealing 
temperature are consistent with each other.
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