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A B S T R A C T

The influence of microstructure and phase transitions on tensile strength, plasticity and microhardness of a Ti- 
3wt.%Nb alloy subjected to high pressure torsion (HPT) followed by annealing is studied in this work. The initial 
state of the alloy was the α-solid solution with a small amount of the β-precipitates. The characterization of 
microstructure and phase transitions has been performed using scanning and transmission electron microscopy as 
well as X-ray diffraction. During HPT, the grain refinement took place and the α-phase partially transformed into 
ω-phase. The tensile test of the HPT-deformed sample showed an almost two-fold increase of ultimate strength in 
comparison with the initial state, as well as lower plasticity. During the short-term annealing of the deformed 
state up to 250 ◦C, the grain size slightly increased, the density of the crystal structure defects decreased and 
ω-phase transformed back to the α-phase. Such microstructural changes led to an important growth of plasticity 
and a slight decrease in ultimate strength of the HPT-deformed alloy.   

1. Introduction

The titanium alloys doped by Nb are very promising for application
as metallic biomaterials (in particular, as orthopaedic implants) for a 
number of reasons. Among them are their low Young’s modulus, which 
is comparable with Young’s modulus of human bone, good biocompat-
ibility of Ti and Nb in their bulk state, and excellent corrosion resistance 
[1-4]. However, the Ti–Nb-based alloys are now only seldom used in 
orthopaedics due to lower strength in comparison with widely applied 
biocompatible Ti-alloys like Ti–6Al–7Nb, Ti–5Al-2.5Fe or Ti–6Al–4V 
ones which possess restricted biocompatibility and relatively high 
Young’s modulus [2,5]. 

Various methods of severe plastic deformation (SPD) can be suc-
cessfully applied for improving the mechanical properties of metallic 
materials [6-8]. For example, the high-temperature deformation of 
Grade-2 purity titanium by equal-channel angular pressing (ECAP) in-
creases its yield strength from 330 to 652 MPa due to strong grain 
refinement up to the nanoscale and an increase in dislocations density 
[9]. The study of high-pressure torsion (HPT) effect on the 

microstructure and mechanical properties of commercially pure tita-
nium (Grade 4) showed that the ultimate tensile strength after HPT 
processing reaches 1600 MPa as a result of significant grain refinement 
of the microstructure [10]. On the other hand, the subsequent annealing 
of the HPT-treated samples strongly influences their ductility [10]. 
Improvement in the strength characteristics of Ti-based alloys by SPD 
can also be found in many works, where these changes can be associated 
with the β → α′′ [11-14] or β → α phase transformation [15]. Therefore, 
SPD is quite effective for stimulating allotropic transformations. 

Many properties of Ti–Nb alloys are connected with the β-α allotropic 
phase transition in Ti at 882 ◦C. The high temperature β-Ti phase has a 
body-centred cubic lattice, the low temperature α-Ti phase has a hex-
agonal closely packed lattice. Depending on the chemical composition 
and heat treatment, Ti–Nb alloys could also contain metastable α′ or 
α′′martensite and as well as hexagonal ω-phase. The α′-phase has hex-
agonal closely packed lattice and the α′′martensite has orthorhombic 
structure and they may form by quenching the β-phase. The 
β→a′′transformation takes place in the Ti–Nb binary alloys instead of the 
β→a’ one above 11–13 wt% Nb [11]. The ω-phase can be obtained as a 
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result of slow quenching of β phase (ω athermal), during isothermal aging 
of β phase (ω isothermal) or under high-pressure of β phase and can retain 
after pressure release [4,16,17]. It was found that α-Ti as well transforms 
into ω-phase under hydrostatic pressure 2–12 GPa [18-20]. The SPD 
induced α → ω and β → ω transformations are martensitic (diffusionless). 
They are promoted both by shear strain under SPD and alloying of Ti 
with so-called β-stabilisers (like Fe, Co, Nb, Ni, Mo). The HPT-induced α 
→ ω [18,21-23], β → ω [24], α’ → ω [25] and α′′→ ω [26] transformations
and the thermal stability of the SPD-induced ω-phase [18,27-29] in
Ti-based alloys have been studied recently. However, only a very small
number of papers are devoted to the influence of the ω-phase on the
mechanical behaviour of the SPD-treated Ti-based alloys. Moreover,
among the mechanical properties, the values of hardness and Young’s
modulus are usually measured [22,23,26,29-31], while there are prac-
tically no data on the tensile strength. This is probably due to the fact
that the ω-phase leads to a severe loss of ductility and an increase in the
hardness of the material.

It follows from a review of the literature that the use of short-term, 
low-temperature annealing before tensile testing [32,33] or tension at 
elevated temperatures [22,34] can lead to an improvement in the 
plasticity of HPT-deformed alloys. For example, the short-term anneal-
ing of HPT-treated titanium at 200–300 ◦C increased both ductility and 
strength [32,33]. The annealing decreased significantly the lattice dis-
tortions without measurable grain growth. The authors of the works [32, 
33] stated that the observed changes in the mechanical behaviour
closely correlated with the changes of grain boundary (GB) structure.
These changes are due to the rearrangement of defects (like vacancies,
interstitials or dislocations), which moved during SPD from grain inte-
rior to the near-GB regions. Nevertheless, the metastable ω-phase in the
pure Ti remains in the HPT deformed samples only up to 180 ◦C [18].
Therefore, the observed changes of the mechanical properties under
annealing could also be due to the ω → α back transformation. The
important increase in ductility together with slight decrease of ultimate
strength was also observed in the Zr-2.5 wt%Nb alloy after HPT and
low-temperature annealing [34], where these changes in the properties
were correlated with a partial reverse ω → α phase transformation.
Therefore, the application of the HPT process and additional annealing
is very promising approach for producing advanced metallic bio-
materials with high level of mechanical properties.

The goal of this study is to analyse the effect of microstructure and 
phase transformations (α → ω, ω → α) on the mechanical properties 
(tensile strength, plasticity and microhardness) of a Ti-3wt.%Nb alloy 
subjected to HPT at room temperature followed by low-temperature 
annealing. This work is a continuation of earlier studies [31], where 
the main goal was to investigate the niobium influence on the pecu-
liarities of the HPT-driven α→ω phase transformation in the Ti-3wt.%Nb 
alloy previously annealed at different temperatures. 

2. Material and methods

2.1. Preparation of the research material

The Ti–3wt.%Nb alloy was prepared from pure components (99.98% 
Ti and 99.99% Nb) by the induction melting in an atmosphere of pure 
argon in form of 10 mm diameter cylindrical ingots. They were then cut 
by spark erosion into the 0.7 mm thin slices. The slices were individually 
sealed in quartz ampoules with remaining pressure of 10 4 Pa. The 
quartz ampoules were annealed at 600 ◦C for 888 h. This temperature is 
in the stability area of α-phase. The long annealing time was selected in 
order ensure the equilibrium niobium content in the α-solid solution. 
After annealing the samples were water quenched (together with am-
poules). The resulted samples were HPT-treated at the pressure of 7 GPa, 
5 anvil rotations with a speed of 1 rpm. The Bridgman anvil type custom 
built computer-controlled device was used produced by W. Klement 
GmbH, Lang, Austria. X-rays diffraction (XRD) measurements have been 
performed using Cu Kα radiation with a Siemens D-500 X-ray 

diffractometer (Malvern Panalytical, Malvern WR14 1XZ UK). 

2.2. Characterization methods 

Microstructural studies were carried out using electron microscopy 
techniques. The scanning electron microscope (SEM) FEI E-SEM XL30 
(manufactured by FEI, Hillsborough, OR, USA) was used for prior in-
spection of microstructure. It was equipped with EDAX Genesis EDS 
spectrometer (FEI, Hillsborough, OR, USA). In order to obtain the 
composition contrast between different phases in the sample, the 
backscattered electron signal (BSE mode) has been chosen for the SEM 
images. For the study of fracture surface fractography the secondary 
electron signal (SE mode) was used. The microstructural studies of the 
HPT-deformed samples were curry out at the distance of half the radius 
of HPT-disks. The transmission electron microscopy (TEM) have been 
performed with a TECNAI G2 FEG super TWIN (200 kV) instrument 
(manufactured by FEI, Hillsborough, OR, USA) equipped with an energy 
dispersive X-ray (EDS) spectrometer produced by EDAX (AMETEK, Inc., 
Berwyn, PA, USA). For the production of TEM thin foils, the twin-jet 
polishing was performed using a D2 electrolyte in a Struers machine 
(Cleveland, OH, USA). The focused ion beam (FIB) technique with FIB 
Quanta 3 D, TECNAI FEG microscopy (30 kV) (FEI, Hillsborough, OR, 
USA) was used for the TEM thin foils in the case of the material subjected 
to HPT and following heating at 250 ◦C. Spot diffraction was analyzed 
with the TIA software for the Tecnai microscope. Phase identification 
was made with CARINEV3 software. 

The crystal structure and phase composition of the examined alloys 
were studied with high-energy X-ray diffraction measurements using the 
beamline P07B (87.1 keV, λ = 0.0142342 nm) at DESY in Germany, 
Hamburg. Diffraction patterns for the phase analysis were registered in 
the so-called continuous mode using the area Mar345 Image Plate de-
tector. The experimental setup for phase analyses included rotation by 
180◦ about the ω-axis to avoid the effect of crystallographic texture. This 
enables much more accurate results in terms of volume fraction calcu-
lation. The obtained 2D data were converted by the Fit2D software and 
presented in a graph of relative intensity versus the 2 Theta angle. 
Rietveld refinement and volume fraction calculations were performed 
using HighScore Plus software. 

The in situ XRD measurements were carried out using CuKα radiation 
by the Panalytical Empyrean equipment (manufactured by the Malvern 
Panalytical, Malvern WR14 1XZ UK). It included the Anton Paar HTK 
1200 chamber for high temperature measurements. The bulk samples 
were placed on an Al2O3 sample holder and introduced into the cham-
ber, which was subsequently evacuated, then flushed and filled with 
high purity (6 N) Ar gas. Samples were heated at a rate of 5◦C/min, and 
diffraction patterns were collected in the 40–940◦C temperature range 
with a step size of 20◦C. The 2θ range was chosen between 30 and 80◦

with a step size of 0.033◦. The acquisition time per single pattern was 25 
min preceded by 10 min of temperature stabilization. 

2.3. Mechanical properties measurement methods 

The AGILENT G200 nanoindenter (produced by Keysight Technolo-
gies, Santa Rosa, CA, USA) with XP head has been used for the hardness 
measurements at a load of 96 mN. The hardness was measured along the 
radius of the HPT deformed discs with the step of 50 μm starting in the 
centre and finishing at the edge of the sample. Each hardness value is an 
average of 10 measurements. Tensile test was carried out by the Instron 
5566 apparatus operating at a strain rate of 10 3s 1 at ambient tem-
perature. Four flat miniature tensile specimens (with sizes about 
10x1x0.2 mm) were cut from the middle of two HPT-disks using electro- 
spark machine. Two such tensile specimens before tension were pre-
liminarily heated in the XRD in-situ chamber at 250 ◦C for 10 min in 
order to partially dissolve the ω-phase. The results of tensile tests were 
plotted in the “engineering stress”– “engineering strain” coordinates. 

A. Korneva et al.



3. Results and discussion

The measurements of chemical composition by the EDS/SEM method
showed that the as-cast Ti–3wt.% Nb alloy contains 96.8 ± 1.9 wt%Ti 
and 3.2 ± 0.5 wt%Nb. The SEM observations of microstructure after 
annealing at 600 ◦C showed the presence of a small amount of β-phase 
precipitates, uniformly distributed in the α-matrix (Fig. 1a). Since the 
β-phase grains are enriched in niobium, they appear to be bright in 
contrast to the dark α-matrix in the micrographs taken in BSE mode 
(Fig. 1a). Using precise phase separation on SEM images, the volume 
fraction of the β-phase was evaluated as ~8%. In Fig. 1b the TEM 
micrograph is shown together with selected area electron diffraction 
patterns (SAED). It permitted to identify the second phase precipitates as 
a β-phase surrounded by the α-matrix. Measurements of the chemical 
composition by means of EDS using TEM showed about 3.0 and 14 wt% 
Nb in the α-matrix and the β-phase, respectively. 

Fig. 2 shows the XRD curves measured using synchrotron radiation 
for the Ti–3wt.% Nb alloy before HPT (bottom curve) and after HPT (top 
curve). XRD analysis showed that both α- and β-phases are present in the 
initial state. The volume fraction of the α-phase reaches about 90%. 
After HPT the XRD peaks are much broader in comparison with the 
initial state, which is typical due to strong grain refinement. The in-
tensity of the α-phase peaks strongly decreased and a lot of peaks from 
the ω-phase appeared, the volume fraction of which is about 80%. The 
main peak (00.2) of the α-phase completely disappeared after HPT, since 
the α→ω phase transformation takes place under the shear strain along 
the (00.1) planes [35]. It should be noted that two β-phase peaks 
(observed in the initial state) overlap with the ω-phase peaks formed 
after HPT. Hence it is difficult to calculate the amount of the β-phase 
remaining after HPT. However, in Ti-based alloys the ω-phase is more 
easily formed from the β-phase, especially under the action of shear 
stress, due to the large dimensional and structural similarities between 
these phases. For example, recently it was found that even a 0.1 rotation 
of HPT plungers for the Ti–4wt.%Fe alloy in the β-state led to the for-
mation of 90% of the ω-phase [24]. Therefore, it is possible that the 
β-phase (the volume fraction of which was about 8–10% in the initial 
state) completely transformed into the ω-phase during HPT, while the 
α-Ti phase almost fully transformed into the ω-Ti phase. 

Sinha et al. in their work [36] that HPT of cold rolled pure Ti resulted 
in the formation of ω-phase, which volume fraction, distribution and 
grain size depended on the texture of initial samples. For example, the 
ω-phase transformation was initiated first in the prismatic-pyramidal 
textured sample, and the basal textured sample showed a higher 
ω-volume fraction at higher strain. Since the ω-phase affects the hard-
ness of the alloy, this paper also shows the relationship between the 
initial texture and microhardness of HPT-samples. Therefore, the study 
of texture is very important for study of phase transformations and 
mechanical properties. However, the influence of texture on the for-
mation of the ω-phase was not taken into account in the current work 
because the initial state of the Ti–3wt.% Nb alloy after annealing did not 

show any preferential orientation indicating random texture according 
to the EBSD study. 

The results of TEM microstructure observations of the samples after 
HPT are presented in Fig. 3. These are the bright field (BF) and dark field 
(DF) images, as well as SAED patterns (with a large number of rings). 
They demonstrate that the grain size during HPT strongly decreased to 
size of about 100 nm (Fig. 3a–c). The SAED pattern (Fig. 3c) contains no 
reflections from the β-phase, many reflexes (rings) of the ω-Ti phase, and 
just one ring of the α-Ti phase. It should be noted that in the case of XRD 
analysis, the broadening of the peaks and their overlapping after HPT do 
not allow for accurate phase separation. On the other hand, for the SAED 
pattern obtained by TEM, the reflections lying on the rings enable pre-
cise determination of interplanar distances and identification of the 
phases. Moreover, in the previous work [31], high-resolution TEM 
studies of this state were additionally carried out, which confirmed the 
presence of the α- and ω-phases, only. Therefore, it can be concluded, 
that under the action of HPT treatment the β-Ti phase completely 
transforms into ω-Ti phase, and α-Ti phase partially transforms into ω-Ti 
one. TEM observations of microstructure at high magnification show the 
presence of small grains of rounded shape and large grains of irregular 
shape with distinctive streaky contrast (Fig. 3d–g). The morphology of 
the large grains is similar to the HPT-induced ω-phase [30], while the 
small grains belong to the α-phase. This was confirmed by analysis of the 
selected area electron diffraction, presented in Fig. 3e. Ring 1 in the 
SAED pattern in Fig. 3e shows mainly reflexes (10.1) of the ω-phase, and 
corresponds to the dark field in Fig. 3f, where large grains of irregular 
shape with distinctive streaky contrast are clearly visible. Ring 2 in 
Fig. 3e contains individual reflexes, the interatomic distance of which 

Fig. 1. (a) SEM and (b) TEM micrographs of the Ti–3wt.% Nb alloy annealed at 600 ◦C. Bright field image (b) with SAED patterns indicated the β- and α-phases. The 
white circles marked in the image (b) show the areas from which SAED patterns were obtained. 

Fig. 2. (a) Synchrotron XRD curves of the Ti–3wt.% Nb alloy before (lower 
curve) and after (upper curve) HPT, pre-annealed at 600 ◦C. 
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corresponds to the reflexes (10.0) of the α-phase. Ring 2 is responsible 
for the dark field in Fig. 3g, where a few small grains of rounded shape 
are visible. 

The thermal stability of the HPT-induced ω-phase was studied by 
means of in situ XRD investigations and differential scanning calorimetry 
(DSC) [31]. Fig. 4a presents an in situ XRD pattern in the range of 2θ 
angles between 33 and 42◦ for the sample after HPT-deformation. Before 
heating of the deformed sample, only the (11.0)+(10.1) peak of the 
ω-phase can be observed clearly. Heating up to 200 ◦C led to a significant 
decrease in the intensity of the ω-phase peak and the appearance of the 
(10.0), (00.2) and (10.1) α-phase peaks. After heating up to 250 ◦C, the 
ω-phase fully disappeared (Fig. 4a). Therefore, it can be concluded, that 
the reverse transformation of ω-Ti phase to α-Ti phase proceeds between 
200 and 250 ◦C. K. Edalati et al. [37] suggested that energy barrier for 
the reverse ω→α transformation is controlled by the lattice 
self-diffusion. Most probably, the α-phase, which formed from the dis-
appeared ω-phase, was Nb-enriched because the ω-phase was also 

enriched in Nb similar to the Fe-rich ω-phase in Ti–Fe alloys [18,25]. At 
heating temperatures above 600 ◦C, the peaks of α-Ti phase slightly 
shifted towards the lower 2θ angles. It occurs because during the heating 
the new portions of α-Ti phase form, which contain less niobium. 
Additionally, the shift of α-Ti peaks can be driven by the thermal 
expansion. The similar behavior of α-Ti peaks has been observed by 
heating of the HPT-deformed Ti–4wt.% Co alloy [29]. 

Before tensile tests, four flat 1 mm thick tensile samples were cut 
from the central part of two HPT-deformed samples. Two specimens 
were used in the tensile test and marked as HPT-deformed samples. 
Another two specimens were preheated in the X-ray in-situ chamber up 
to a temperature of 250 ◦C for 10 min under a protective Ar (6 N) at-
mosphere. It was done in order to partially dissolve the ω-phase. Then, 
the X-ray in-situ chamber was slowly cooled at 5 ◦C/min together with 
samples in order to avoid introducing internal stresses from cooling into 
the specimens. Example of XRD patterns of these specimens before and 
after heating at 250 ◦C are shown in Fig. 4b. These XRD patterns indicate 

Fig. 3. (a) SEM and (b–g) TEM micrographs of the Ti–3wt.% Nb alloy after annealing and HPT process. Bright field (a, d), dark field (b, f, g) images, as well as the 
SAED pattern (c, g). The rings in SAED patterns indicate the position of the objective aperture for obtaining the dark-field images. Rings 1 and 2 in (e) correspond to 
(f) and (g) dark field images, respectively.

Fig. 4. (a) The XRD in situ heating map of the Ti–3wt.% Nb alloy after HPT. At the given 2θ angle interval, the ω-phase is presented by (11.0 + 10.1) doublet of peaks. 
(b) The part of the XRD patterns of the examined alloy after HPT (blue curve) and after HPT and heating at 250 ◦C (brown curve). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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that after heating the volume fraction of the ω-Ti phase decreased from 
80% to only 10%. 

The microstructure of a thin foil of the specimen after HPT and 
heating at 250 ◦C is shown in Fig. 5. This thin foil was cut from the 
deformed and heated sample by means of the focused ion beam tech-
nique. Thus, the plane of this foil was perpendicular to the foil thinned 
by the conventional twin-jet polishing method, the images of which are 
shown in Fig. 3. The investigated foil is characterised by the presence of 
elongated crystallites with a transverse size from 200 to 600 nm 
(Fig. 5a). Some of the observed crystallites still possess a high density of 
dislocations (even after heating), while others seem to be free of them. 
The SAED pattern obtained from the area visible in the BF image pre-
sented in Fig. 5a contains reflections lying along the rings. Most of them 
can be attributed to the α-Ti phase and a few correspond to the ω-Ti 
phase (Fig. 5b). Thus, after the heat-treatment at 250 ◦C of the sample 
after HPT the grain size slightly increased, the dislocation density 
decreased, and the ω-phase almost completely was decomposed. Fig. 5c 
and d, present the BF and DF images obtained at higher magnification. 
The DF image shows large sections of a single-phase region, surrounded 
by many small grains. The SAED pattern obtained from Fig. 5c contains 
two types of diffraction (the point and the circular) in one picture 
(Fig. 5e and f). Fig. 5e shows the solution for point diffraction, and 
Fig. 5f for circular diffraction. The point diffraction corresponds to a 
large α-grain with the zone axis [3-1-2-1] (Fig. 5e), while the ring 
diffraction belongs equally to the small crystallites of the ω-Ti and α-Ti 
phases. Since the DF image was taken from two rings of the ω-phase 
(indicated by a bright circle in Fig. 5f), the bright grains in the DF 
correspond to the ω-phase. Therefore, one big grain of the α-phase, in-
side which there are a lot of small grains of the α- and ω-phases, is 
observed in Fig. 5c and d. It is possible that small α-grains are formed 
during the reverse ω-Ti to α-Ti phase transition. 

Fig. 6a shows the stress-strain dependences for the Ti–3wt.% Nb 
alloy obtained in the tensile test at 25◦C. In these curves, the transition 
from elastic to plastic stage deformation occurs smoothly, without any 
jump. The inclination angle of tensile curves in the stage of elastic 
deformation permits to calculate the Young’s modulus. It can be seen 
that the inclination angle of the curve in the initial state (black curve) 
coincides with the angle of the state after deformation with subsequent 
heating (blue curve). In these states, the samples are characterized by 
the presence of 90% of the α-phase in the structure. In the deformed 

state, the main structural component is the ω-Ti phase, the Young’s 
modulus of which is about 130 GPa [26]. The Young’s modulus of the 
ω-Ti phase is higher than that of α-Ti (100 GPa) [38]. Therefore the 
inclination angle of the curve of the deformed state (red) is greater than 
that of the curves corresponding to the α-phase state. The average ulti-
mate strength values reached 289.9 ± 13.6, 625.3 ± 8.3 and 582.8 ±
4.1 MPa, respectively, for the initial state, after HPT and after HPT with 
subsequent heating. It should be noted that only the deformed sample 
destructed during tension, its plasticity being about 24%. The drop in 
force on other curves is associated with slippage of thin, flat samples 
from the handles of the tensile machine. It is difficult to find literature 
data on the tension of Ti–Nb alloys, so it is not possible to compare the 
obtained data with the literature. However, the tension of commercially 
pure titanium (grade 2) in the α-phase state showed that the ultimate 
strength reached about 250–300 MPa (depending on the tension rate), 
while the ductility was about 65% [22]. The HPT of this state at room 
temperature (five revolutions, 6 GPa) also resulted in a partial trans-
formation of α-Ti into ω-Ti phase. The tension of the HPT-treated sample 
at a temperature of 200 ◦C (which may be similar to preheating) led to 
the increase of its ultimate strength up to 470–640 MPa and to the in-
crease of plasticity up to 80–100% [22]. It has been observed earlier that 
HPT of the Zr-2.5 wt%Nb alloy with similar phase composition (95% 
α-Zr + 5% β-Zr) also led to the α → ω phase transition, and the volume 
fraction of the ω-Zr after HPT was about 85% [34]. Annealing between 
250 and 350 ◦C led to the reverse ω-Zr→α-Zr transition and to a decrease 
in the volume fraction of ω-Zr phase to 5%. With increasing annealing 
temperature, the tensile strength decreased ductility increased 
comparing to the state after HPT. Similarly, an increase in ductility and a 
slight decrease in strength of the Ti–3 wt % Nb alloy was also observed in 
this work after HPT and subsequent heating. It should be noted that the 
strength data obtained in this work correlate well with the microhard-
ness data of the examined alloy (Fig. 6b). Here, the microhardness of the 
initial state reached 2.7 ± 0.4 GPa, after HPT: 5.8 ± 0.2, and after HPT 
with subsequent heating was 4.4 ± 0.4 GPa. The decrease in hardness 
after heating of the deformed state is associated with the decrease of the 
ω-Ti volume fraction, with slight grain growth, and with a decrease in 
the density of crystalline defects appeared after HPT. 

The micro-fractography of the HPT-deformed sample after the tensile 
test is presented in Fig. 7. The fracture surface is highly developed 
(Fig. 7a), i.e. it is not flat and perpendicular to the tension axis. This type 

Fig. 5. TEM micrographs of the Ti–3wt.% Nb alloy after HPT and heating at 250 ◦C. Bright field images (a, c), dark field image (d) and SAED patterns (b, e, f).  
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of fracture is characteristic to the plastic fracture [39]. The plastic 
fracture takes place above the yield point and requires a continuous 
supply of external energy. Plastic deformation is caused by slip (shear) in 
the slip planes (Fig. 7a and b) and at the grain boundaries (Fig. 7c). One 
can also see the elements of a transcrystalline splintery (brittle) fracture 
with a flat fracture surface (Fig. 7b) and in the form of characteristic 
faults (Fig. 7d). Therefore, it can be concluded that the observed fracture 
of the HPD-deformed sample has a character of mixed ductile-brittle 
fracture. 

4. Conclusions

HPT of the Ti–3wt.% Nb alloy led to the strong grain refinement,
partial α-Ti → ω-Ti as well as complete β-Ti → ω-Ti phase trans-
formations. The reverse ω-Ti → α-Ti transformation proceed between 
200 and 250◦С. The measurement of mechanical properties by tensile 
testing showed that HPT leads to an almost two-fold increase in ultimate 
strength (from 300 to 630 MPa), and to a decrease in plasticity 
compared to the initial state. Short-term heating of the deformed state at 
250 ◦C for 10 min led to: 1) insignificant grain growth of microstructure, 
2) decomposition of the ω-phase with the preservation of its amount up
to 10%, and 3) decreased density of the crystal structure defects. Such

microstructural changes led to a decrease in hardness and as well as to 
an important increase in plasticity and a slight decrease in the ultimate 
strength of the alloy. The use of the HPT process followed by additional 
annealing seems to be very promising method for obtaining metallic 
biomaterials with high level of mechanical properties. 

CRediT authorship contribution statement 

A. Korneva: Conceptualization, Visualization, Supervision, Data
curation, Investigation, Writing – original draft, Writing – review & 
editing, Funding acquisition. B. Straumal: Conceptualization, Writing – 
review & editing. A. Kilmametov: Investigation. S. Kopacz: Method-
ology, Investigation. M. Szczerba: Methodology, Writing – review & 
editing. Ł. Gondek: Investigation. G. Cios: Investigation. L. Lityńska- 
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Fig. 6. (a) Stress-strain curves of the Ti–3wt.% Nb alloy in the different states. (b) Values of the microhardness across radius of the sample subjected HPT and HPT 
followed by heating at 250 ◦C. The dotted line show the hardness in the initial state. 

Fig. 7. The fractography of the HPT-deformed sample subjected to tension.  
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