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Abstract: The paper analyzes the effect of severe plastic deformation by the high-pressure torsion
(HPT) on phase transformations, in particular, on the formation of theω-phase, and on mechanical
properties, such as hardness and Young’s modulus, in Ti alloys with 1.5 and 15 wt.% Mo. Both alloys
were pre-annealed at 1000 ◦C for 24 h and quenched. The microstructure of the initial Ti–1.5 wt.%
Mo alloy consisted of the α-phase and α’-martensite, and the initial Ti–15 wt.% Mo alloy contained
polycrystalline β solid solution. The hardness tests of the samples were carried out under the load
of 10 and 200 mN. The annealed alloys were subjected to HPT, and the micro- and nanohardness of
both deformed samples increased up to ~1 GPa compared to their initial state. It turned out that the
values of hardness (H) and Young’s modulus (E) depend on the applied load on the indenter: the
higher the applied load, the lower H and higher E. It was also found that the HPT leads to the 30%
increase in E for an alloy with 1.5 wt.% Mo and to the 9% decrease in E for the alloy with 15 wt.% Mo.
Such a difference in the behavior of the Young’s modulus is associated with phase transformations
caused by the HPT.

Keywords: titanium alloys; pre-annealing; high-pressure torsion; hardness; Young’s modulus;
nanoindentation

1. Introduction

Currently, titanium alloys have a wide range of applications from mechanical engineer-
ing to biomedicine, all because of the combination of the unique mechanical characteristics
and good biocompatibility of titanium. Despite the wide range of applications of titanium
alloys as bone and dental implants, they have a limited service life and imperfect biocom-
patibility [1–3]. Currently, the leaders of titanium alloys in biomedical applications are
Ti4V6Al, stainless steel, CoCrMo, and TiNi alloys [4–6]. However, some alloying elements,
including vanadium and nickel, can have a serious long-term negative effect due to the
release of metal ions [7]. Another disadvantage is the difference in the elasticity modules
of the implant and the host bone, which can lead to bone resorption and, as a result, the
failure of the prosthesis. Therefore, alloying elements have been gaining more and more
interest lately: non-toxic, non-allergenic, and providing the stabilization of the phase with
a lower modulus of elasticity, one of which is molybdenum [8–10].

Asl et al. observed on a series of Ti–Mo alloys manufactured by the spark plasma
sintering of pure powders that the maximum hardness is reached at 16 wt.% Mo [1].
With the help of nanoindentation, it was found that the hardest (β-phase) and the softest
(α-phase) belong to a sample with 12 wt.% Mo. Cast Ti–Mo alloys prepared from high-
purity powders contained three phases, namely α’ (martensite), β, and ω, in various
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combinations [2]. The hardness and yield strength of the studied Ti–Mo alloys decreased
with an increase in the molybdenum content, while the modulus of elasticity increased.
Verestyuk et al. succeeded in achieving a significant improvement in mechanical properties,
i.e., they lowered the elasticity modulus and hardness of the Ti–15 wt.% Mo alloy by adding
one percent of silicon [3]. They managed to achieve positive bone remodeling in the vicinity
of the periosteum and the implant area. This alloy has shown good biocompatibility and
has become one of the likely candidates for new orthopedic implants. In [11], the Ti–10 wt.%
Mo alloy was investigated with various additions of copper. The Vickers microhardness
measurements showed that the alloys harden with an increase in the copper content. In [12],
Mohan et al. added 6 wt.% Zr to the Ti–(12–15) wt.% Mo alloys, and observed the strength
increase of 8% (from 283 to 308 HV) and 4% (from 309 to 322 HV), respectively. The elasticity
modulus decreased from 104 to 103 GPa with an increase in the molybdenum content from
12 to 15%; the addition of zirconium leads to an even greater decrease in elasticity from 102
to 98 GPa [12].

From the above literature review, it can be seen that titanium–molybdenum-based
alloys have the potential for application in medicine, and the difference in the starting
materials and methods of processing alloys gives a different combination of hardness and
Young’s modulus. In our work, we use the levitation melting method, heat treatment,
and the high-pressure torsion (HPT) method for the preparation of the alloy, which is a
promising method for the mechanical processing of materials. HPT causes such deforma-
tions that the material becomes extremely enriched with a high density of defects, such
as grain boundaries, dislocation fragments, vacancies, etc. The continuous compression
mode in combination with torsion in the Bridgman cell enhances also the strain-driven
diffusion [13].

HPT in combination with heat treatment expands the capabilities of titanium alloys
and areas of their applications, since they allow one to control the phase transforma-
tions [14]. It is known that the phase composition, microstructure, and mechanical proper-
ties of alloys after HPT are affected by the applied pressure [15], the temperature during
deformation [16], impurities [17,18], the number of anvil revolutions [17,19], the rotation
speed [20], as well as the orientation of the grains in the starting material [19].

The aim of this work is to investigate the influence of the method of alloy manufactur-
ing, the content of the second component (molybdenum), heat treatment, and, in particular,
HPT treatment on the phases and microstructure, as well as the mechanical properties of
titanium–molybdenum alloys.

Further, in Section 2Section aSection detailedSection descriptionSection ofSection the-
Section studiedSection alloys and Section theSection methodsSection usedSection forSection
theirSection investigationSection isSection presented.Section 3 shows the microstructures,
the phase composition of the samples before and after the HPT, and the results of inden-
tation. In Section 4, we describe the data obtained and compare it with those previously
presented in the literature.

2. Materials and Methods
2.1. Materials

Two binary titanium alloys Ti–1.5 wt.% Mo (98.3 ± 1.1 wt.% Ti, 1.7 ± 0.5 wt.% Mo)
and Ti–15wt.% Mo (85.3 ± 1.09 wt.% Ti, 14.7 ± 0.9 wt.% Mo) were melted in the form of
cylindrical ingots with a diameter of 10 mm, in an induction furnace by levitation melting in
an atmosphere of pure argon. For the preparation of alloys, Ti-I (iodide titanium 99.98 wt.%)
and molybdenum (99.97 wt.%) were used. The 0.7 mm thick discs were cut off from the
ingot. After removing the deformed surface layer with grinding paper, the samples were
annealed in evacuated quartz ampoules, with residual pressure about 4 × 10–4 Pa. Four
samples were annealed in a single-phase region (βTi, Mo) at 1000 ◦C for 24 h.
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2.2. Methods

The component analysis was carried out on a scanning electron microscope Tescan
Vega TS 5130 MM, equipped with an energy-dispersion spectrometer LINK (Oxford Instru-
ments) (SEM). The analysis of the ingots showed their structural and chemical uniformity in
cross-section and length. After annealing, the samples were quenched in water. Further, the
annealed samples were subjected to HPT at room temperature: 5 revolutions of the plunger
under pressure of 7 GPa at a rotation speed of 1 revolution per minute, in a Bridgman anvil-
type computer-controlled machine manufactured by W. Klement GmbH, Lang, Austria.
After the HPT, the thickness of the samples was 0.35 mm. Measurements of micro- and
nanohardness of the sample surface were carried out on the TI-950 Triboindenter equipped
with a Berkovich indenter. Measurements were carried out along the diameter of the sam-
ples; the loading rate was constant and equal to dP/dt = 40 mN/s. Before the measurements,
the surface of the samples was polished on a diamond paste with a grain size of 1 microns.
Numerical values of hardness (H) and Young’s modulus (E) of the studied samples were
determined using the Oliver–Farr method based on characteristic P-h diagrams [21–23].
The microstructure of the samples after annealing and HPT was taken using a FEI ESEM
XL30 (Hillsboro, OR, USA) scanning electron microscope (SEM) equipped with an EDAX
Genesis EDS spectrometer. The backscattered electron (BSE) mode was used to obtain the
phase contrast. X-ray diffractograms obtained using a Siemens D-500 X-ray diffractometer
were used for structural-phase analysis of samples. The study was conducted in Cu-Kα
radiation. The phase analysis and calculation of the lattice parameters were carried out
using the PowderCell program for MS Windows V. 2.4.08.03.2000.

3. Results
3.1. Microstructure and Phase Composition of Samples after Annealing

Figure 1 shows the microstructure of Ti–1.5 wt.% Mo and Ti–15 wt.% Mo alloy samples
obtained after annealing at a temperature of 1000 ◦C and quenching. Annealed samples
have a coarse-crystalline structure with grains elongated from the center to the edge (grain
size ~200 µm); such a microstructure is formed during the casting of an alloy ingot. A
titanium alloy with a content of 1.5 wt.% Mo has a martensitic structure as in [13] (Figure 1a),
and an alloy with a content of 15 wt.% Mo possesses the polycrystalline single-phase
microstructure of β solid solution (Figure 1b). The presence of these phases in the studied
alloys was confirmed by X-ray phase analysis.
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Figure 1. SEM micrographs of alloys annealed at 1000 ◦C for 24 h: (a) Ti–1.5 wt.% Mo and (b) Ti–15
wt.% Mo.

Table 1 presents the data of X-ray phase analysis: lattice parameters and the fraction
of phases for samples after annealing. The samples are of interest because after annealing,
only one phase is present in them (α′Ti) in Ti–1.5 wt.% Mo and (βTi) in Ti–15 wt.% Mo, i.e.,
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conducting further mechanical tests for micro/nanohardness and modulus of elasticity, we
will say that these properties manifest this phase in this alloy.

Table 1. Phase composition, lattice parameters, and phase fraction for Ti–1.5 wt.% Mo and Ti–15 wt.%
Mo alloys annealed at 1000 ◦C for 24 h.

Alloy Phase Lattice Parameters (nm) Phase Fraction (Vol. %)

Ti–1.5 wt.% Mo (α′Ti)/(αTi) a = 0.2949, c = 0.4680 100
Ti–15 wt.% Mo (βTi) a = 0.3250 100

Pure Ti [24] (αTi) a = 0.2954, c = 0.4690 100

In pure titanium, only the α-phase is present. The addition of a β-stabilizer to molyb-
denum leads to the formation of a β-phase in the Ti–15 wt.% Mo alloy. The addition of
1.5 wt.% Mo to titanium leads to a slight change in the lattice parameters, namely, to the
increase of a by 0.0005 nm and decrease of c by 0.001 nm. Most likely, this is due to the fact
that we have two faintly distinguishable phases α’ and α.

3.2. Microstructure and Phase Composition of Samples after Annealing and HPT

Figures 2 and 3 show SEM micrographs of Ti–1.5 wt.% Mo and Ti–15 wt.% Mo alloys
after the HPT, for the samples cut from the central part (Figures 2a and 3a), the middle of
the radius (Figures 2b and 3b), and the edge of the samples (Figures 2c and 3c). It can be
noticed that the microstructure of the deformable Ti–1.5 wt.% Mo alloy (Figure 2) along
the radius is inhomogeneous. In the central part of the sample (Figure 2a), where the
deformation proceeds weakly, partially destroyed martensite plates can be seen, while on
the periphery of the sample, in the place of more severe plastic deformation (Figure 2c), the
microstructure is homogeneous, and only weakly expressed microstructure elements in the
form of thin strips oriented in the direction of torsion are visible.
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see “large” microstructural defects, in Figure 3c, there is an almost uniform grey field. 

Figure 2. SEM micrographs of Ti–1.5 wt.% Mo alloy annealed at 1000 ◦C for 24 h and after HPT:
(a) R0 is the center, (b) R1/2 is the middle of the radius, (c) R1 is the edge of the sample.

The deformation of the large-crystal Ti–15 wt.% Mo alloy with β-phase passed more
evenly along the radius of the sample (Figure 3). In addition, if in Figure 3a one can still
see “large” microstructural defects, in Figure 3c, there is an almost uniform grey field.

Figure 4 shows the XRD patterns of samples before and after the HPT: the black curves
correspond to the states after annealing, and the red curves to those after HPT. HPT leads
to a broadening of peaks and to the decrease in their intensity. In addition, HPT leads to
the α′ → ω phase transition in the Ti–1.5 wt.% Mo alloy and to the β→ ω transformation
in the Ti–15 wt.% Mo alloy. Table 2 presents data on the volume fraction of phases, lattice
parameters, and the average grain size of the phases after HPT. Note that the volume
fraction of theω phase in the Ti–15 wt.% Mo alloy is small; therefore, the peak intensities
of this phase are small too.
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ones) correspond to the samples annealed at 1000 ◦C before HPT, red curves (bottom ones) correspond
to the annealed samples after HPT.

Table 2. Phase composition, lattice parameters, phase fraction, and the average grain size for each
phase for the Ti–1.5 wt.% Mo and Ti–15 wt.% Mo alloys annealed at 1000 ◦C for 24 h and subjected
to HPT.

Alloy Phase Lattice Parameters
(nm)

Phase Fraction (Vol.
%)

Average Grain Size
(nm)

Ti–1.5 wt.% Mo
(ωTi) a = 0.4652, c = 0.2811 64 22

(α′Ti) a = 0.2949, c = 0.4686 36 31

Ti–15 wt.% Mo
(ωTi) a = 0.4637, c = 0.2815 13 22

(βTi) a = 0.3256 87 30

Pure Ti [24]
(αTi) a = 0.2959, c = 0.4690 40

(ωTi) a = 0.4627, c = 0.2830 60

Analysis of the lattice parameters from Tables 1 and 2 showed that after the HPT, the
parameters c and a for (α′Ti) and (βTi), respectively, increase by 0.0006 nm; therefore, the
free volume in the lattices increased.

After HPT, two phases α and ω are formed in pure titanium; a similar situation is
observed with the addition of 1.5 wt.% Mo. The difference in the lattice parameters for
the α-phase between pure Ti and Ti–1.5 wt.% Mo alloy is insignificant. However, for the
ω-phase, we observe a significant discrepancy: both lattice parameters increase, namely, a
by 0.0025 nm and c by 0.0006 nm. It is because the Mo solubility in α-phase is low, while in
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theω-phase, it is quite high. As a result, the additional Mo solves in theω-phase, and its
lattice parameter changes stronger than that of α-phase. At the same time, comparing the
data from Tables 1 and 2, we see that the HPT leads to an increase in the lattice parameters.

3.3. HPT and Indentation

Figure 5 shows the dependence of the torsion torque on the anvil rotation angle
during HPT deformation of the studied alloys. The torsion torque increases with increasing
rotation angle and reaches a certain steady state [25,26]. An alloy with a lower molybdenum
content reaches a steady state faster: there is a noticeable jump at a turning angle of 20◦

and at a torque of 1950 mN. The alloy with a higher molybdenum content smoothly comes
to a steady state at an angle of ~110◦ and a torque of 2150 mN. Although the proportion
of molybdenum in alloys differs by 10 times, and the phase composition is also different
(namely, 100% of α’ or β-phases), the steady state torsion torque of the samples differs only
slightly. As one can expect, the sample with a higher content of molybdenum also has a
higher steady state torsion torque.
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Figure 5. Dependence of the torsion torque during HPT on the rotation angle for the Ti–1.5 wt.% Mo
(bottom curve, red) and Ti–15 wt.% Mo (top curve, black) alloys.

The nano- and microindentation of the samples of the studied alloys before and
after the HPT were carried out under two types of load: 10 mN (nanoscale) and 200 mN
(microlevel). For each load, P–h diagrams (P is the magnitude of the load, h is the depth
of the imprint) were taken from the central part (R0), the middle of the radius (R1/2), and
the edge (R1) of the studied samples (Figures 6 and 7). It was found that in the case of the
annealed and deformed Ti–1.5 wt.% Mo alloy, the hardness values depend on the location
of the measurements (Figure 6). The loading curves do not coincide with each other. For
the annealed Ti–15 wt.% Mo alloy, the values of micro- and nanohardness do not depend
on the localization of the measurement along the radius (Figure 7a,b), and after the HPT,
the middle of the radius and the edge have higher hardness values than the central part of
the sample (Figure 7c,d).
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Figure 6. P–h diagrams (P is the magnitude of the load, h is the depth of the imprint) for the Ti–1.5 
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Figure 6. P–h diagrams (P is the magnitude of the load, h is the depth of the imprint) for the Ti–1.5
wt.% Mo alloy in the center of the disc (r = R0), in the middle of radius (r = R1/2), and at the edge of
the sample (r = R1): (a,b) annealed at 1000 ◦C for 24 h; (c,d) annealed and subjected to HPT. Loads
(a,c) P = 10 mN and (b,d) P = 200 mN.
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Figure 7. P–h diagrams (P is the magnitude of the load, h is the depth of the imprint) for the Ti–15
wt.% Mo alloy in the center of the disc (r = R0), in the middle of radius (r = R1/2), and at the edge of
the sample (r = R1): (a,b) annealed at 1000 ◦C for 24 h; (c,d) annealed and subjected to HPT. Loads
(a,c) P = 10 mN and (b,d) P = 200 mN.

4. Discussion

By starting the discussion of our results, we have to underline that our alloys were
made from high-purity components. In the literature, one can mainly find results ob-
tained with alloys of commercial purity. The difference in purity can affect the component
distribution and phase composition. Our aim was to possibly exclude the influence of
(non-controllable) impurities on the studied phenomena. In addition, the combination of
heat treatment and HPT treatment propoesed by us in this work was not studied before in
the Ti–Mo alloy (to the best of our knowledge).

Figures 8 and 9 show the results of the measurements of micro-/nanohardness and
Young’s modulus. It can be seen from Figure 8a,b and Figure 9a,b that the values of
nanohardness are higher those of microhardness. In the annealed Ti–1.5 wt.% Mo alloy,
this difference is most significant and reaches 1.2 GPa. For an alloy with 15 wt.% Mo, the
difference in hardness values is approximately 0.6 GPa. Concerning the Young’s modulus,
the situation is reversed. At high loads, its values are higher than at low loads. The
difference reaches about 20 GPa (Figure 8c,d and Figure 9c,d). Analyzing all the presented
dependencies in Figures 8 and 9, it can be seen that the spread of the measured values
for annealed alloys is less than after the HPT. These dependencies are close to a linear
form. When measuring hardness, regardless of the type of load, the indenter falls either
into the grain volume, or on the grain boundary, or on the interphase boundary. Thus,
the indenter can capture a different proportion of grains/phases close to the boundary.
In the case of indentation of annealed samples, we are dealing with only two types of
microstructural components: either grain or grain boundary. It is because such samples
contain only one phase. As a result, the spread of measured values is small. After HPT,
interphase boundaries also appear in the sample. It is because such samples contain two
phases, and two types of interphase boundaries, not to mention the characteristics of the
boundaries themselves. As a result, the spread of values increases.
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Table 3 shows the average values of the measured micro/nanohardness and Young’s
modulus. The smallest variation in H and E values is observed for annealed Ti–15 wt.% Mo
alloy, and the largest for deformed Ti–1.5 wt.% Mo alloy, as well as in the shape of two peaks
with maxima in the middle of the radius. Most likely, the presence of even a small fraction
of the misalignment of the plungers at the HPT leads to their distortion and increased
deformation at the edges of the samples. As a result, with a stronger heating of the sample
edge, which leads to a decrease in segregation at the grain boundaries, and in general, with
an increase in the proportion of “clean” grain boundaries and the transition of the second
component into the grain volume, the alloy at the edge becomes more “soft”. The effect
of the misalignment of plungers is most clearly reflected in an alloy with a small fraction
of molybdenum. A number of studies have shown the influence of temperature [27,28]
on the HPT process, but the question remains to what temperatures the titanium samples
themselves are heated during torsion.

Table 3. Average values of the hardness and elastic modulus of the studied alloys before and after
the HPT, depending on the load on the indenter.

Alloy Treatment Load (mN) H, E Average Values
H, E (GPa)

Ti–1.5 wt.% Mo

annealing 10

H

4.7
200 3.5

annealing + HPT 10 5.7
200 4.8

annealing 10

E

101.1
200 105.5

annealing + HPT 10 133.9
200 145.9

Ti–15 wt.% Mo

annealing 10

H

4.2
200 3.6

annealing + HPT 10 5.0
200 4.4

annealing 10

E

116.1
200 136.2

annealing + HPT 10 104.8
200 115.1

From the tabular data, it can be noted that the average values of nanohardness are
higher than the values of microhardness. The increase of molybdenum content in the
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alloy does not lead to an increase in the hardness of the material, but rather reduces
it. The highest values of Young’s modulus are obtained in Ti–1.5wt.% Mo alloy after
a combination of heat treatment and HPT, and the lowest in the same alloy after heat
treatment. Microindentation gives lower hardness values, but at the same time higher
values of Young’s modulus. In [1], the authors studied titanium and molybdenum powders
sintered under pressure, in different proportions. They showed how this changes the
macro-, micro-, and nanohardness of samples and the amount of α and β phases. In [1], the
data with calculated values of nanohardness of individual phases α’ = 3.96 GPa and β =
5.97 GPa for TM12 alloy (Ti–12 wt.% Mo) are also presented. However, the nanohardness
of α’/α’ and β/β grain boundaries was not measured. The data obtained in our work
differ from the calculated values in [1]. Most likely, this is due to the different methods of
material preparation and processing of the alloys. It can also be noticed that the hardness
values of α’ and β-phases, in our work, under the same processing conditions, are close to
each other.

Based on the data from Table 3, dependences of hardness H (Figure 10a) and Young’s
modulus E (Figure 10b) in the middle of the radius R1/2 for the samples of Ti–1.5 wt.% Mo
and Ti–15 wt.% Mo alloys before and after HPT were plotted.
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Figure 10. Dependences of hardness H (a) and Young’s modulus E (b) in the middle of the radius
R1/2 for the samples of Ti–1.5 wt.% Mo and Ti–15 wt.% Mo alloys before and after the HPT.

For clarity of tabular data, we present Figure 10. From this figure, it can be seen that
HPT leads to a hardening of the material, and the values of nanohardness are higher than
microhardness. When all other conditions (such as annealing, HPT, and indentation) are
equal, the alloy with 1.5 wt.% Mo shows higher hardness values. This fact can be explained
by the phase composition and the presence of interphase and intergrain boundaries. It is
especially remarkable, since the torsion torque of the Ti–1.5 wt.% Mo alloy is lower than
that of the Ti–15 wt.% Mo alloy (cf. Figure 5).

After annealing, the alloys contain only one phase, α’ or β. After HPT, they contain
two phases, respectively, (α’ + ω) or (β + ω). The more phases there are in the sample
and the closer their ratio is to 50/50, the higher the hardness of the material, because in
this case the proportion of interfacial boundaries increases. We assume that the increase
in the hardness value of the deformed Ti–1.5 wt.% Mo alloy compared to the deformed
Ti–15 wt.% Mo alloy may be due to a greater proportion of interfacial boundaries and the
presence of a harder omega phase, the volume fraction of which is almost five times higher
than in the alloy containing 15 wt.% Mo. Since the Young’s modulus of the omega phase
exceeds the Young’s modulus of martensite and beta phases [29,30], the large proportion of
omega phase in the Ti–1.5 wt.% Mo alloy after HPT also explains the increased value of the
Young’s modulus in this alloy.



Processes 2023, 11, 221 12 of 13

5. Conclusions

Severe plastic deformation by the HPT method of single-phase Ti–1.5 wt.% Mo and Ti–
15 wt.% Mo alloys with the initial microstructure containingα/α’ andβ phases, respectively,
led to a partial phase transformation of these phases into theω-phase.

(1) The volume fraction of theω-phase was about 64 and 13 % for Ti–1.5 wt.% Mo and
Ti–15 wt.% Mo alloys, respectively.

(2) Measurements of micro- and nanohardness along the diameter of deformed samples
showed an increase in hardness in both alloys by about 1 GPa compared to the initial
state. This fact can be explaineds by the refinement of the microstructure, the increase
in the volume fraction of interphase and intergrain boundaries, and the formation of
a metastable high-pressureω-phase.

(3) It was shown that the values of hardness (H) and Young’s modulus (E) depend on
the applied load on the indenter. The higher the applied load, the lower the H and
the higher the E. It has been shown that HPT leads to an increase in E for an alloy
with a lower molybdenum content by 30% and to a decrease in E for an alloy with a
high molybdenum content by 9%. Such a difference in the behavior of the Young’s
modulus is associated with the presence of a ω-phase, the Young’s modulus of which
exceeds the Young’s moduli of the α/α’ and β phases. The high proportion of the
ω-phase in the alloy with 1.5wt.% Mo correlates with the increase of the E parameter.
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D.A. Phase transitions during high pressure torsion of Cu–Co alloys. Mater. Lett. 2014, 118, 111–114. [CrossRef]

26. Straumal, B.B.; Kilmametov, A.R.; Ivanisenko, Y.; Mazilkin, A.A.; Kogtenkova, O.A.; Kurmanaeva, L.; Korneva, A.; Zięba, P.;
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