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Metastable beta titanium alloys are perspective materials for use in biomedicine due to their excellent me-
chanical and physical properties, which can be improved by severe plastic deformation by reducing grain size and
inserting a high degree of deformation. Ti–15Mo alloy was subjected to 1–4 passes of equal channel angular pressing
in a die with channels intersecting at an angle of 120◦ at the temperature of 250 ◦C. The microstructure observed
by means of electron backscatter diffraction showed deformed and highly twinned structure, but the deformation
was not sufficient for achieving an ultrafine grained material. The microhardness increased with the increasing
number of equal channel angular pressing passes. The Young modulus was measured by the methods of resonant
ultrasound spectroscopy and also increased with the number of equal channel angular pressing passes. Significant
increment of elastic modulus can be attributed to the formation ω-phase particles.
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1. Introduction

Metastable β Ti-alloys are commonly used in aircraft
industry and belong to perspective materials for use
in biomedicine due to their good biocompatibility, high
strength, excellent fatigue and corrosion resistance and
low density in comparison with steels [1]. Nowadays, an
α + β alloy, Ti–6Al–4V, is the most used titanium alloy
for orthopaedic implants manufacturing [2]. However,
vanadium is a toxic element and its use in a biomedical
material is often considered adverse [3]. Therefore, Ti–
15Mo alloy is an appropriate candidate for replacing the
Ti–6Al–4V alloy. The next important attribute of β Ti-
alloys is a low modulus of elasticity, which is also impor-
tant for use in biomedicine. Refinement of microstructure
is a possible way to enhance strength without increase of
the modulus of elasticity.

Investigated Ti–15Mo alloy undergoes several phase
transformations during thermomechanical processing.
The solution treated (ST) material consists of β-
phase matrix with body-centered cubic structure and
metastable ω-phase with hexagonal symmetry [4]. The
ω-phase formed already during quenching is referred to as
ωath (ω athermal) [5]. The particles of this ωath phase are
small (in nanoscale range) and coherent with the parent
β matrix [6]. During aging at temperatures in the range
of 150 ◦C to 350 ◦C the ω-particles become stabilized by
diffusion process — this phase is being referred to as ωiso
(ω isothermal) [4, 7].
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Severe plastic deformation by equal channel angular
pressing (ECAP) was applied as a method of grain re-
finement [8]. The severe plastic deformation (SPD) en-
hances the strength of the material via increased dislo-
cation density and grain refinement [9]. This study in-
vestigates the microstructure, microhardness and elastic
modulus of Ti–15Mo alloy after ECAP processing.

2. Material and experimental

The metastable β-alloy, Ti-15Mo used in this study
was delivered by Carpenter Co. and contains 15 wt.%
of molybdenum and negligible amount of other elements
(0.185 wt.% O, 0.090 wt.% Si, 0.030 wt.% Fe, 0.014 wt.%
N, 0.007 wt.% C, and 0.001 wt.% H) (as certified by
supplier). The alloy was solution treated at temperature
of 810 ◦C for 4 h and quenched in water.

Deformation by ECAP was performed at Ufa State
Aviation Technical University at temperature of 250 ◦C
in a die with channels intersecting at angle of Φ = 120◦.
Therefore the equivalent inserted deformation per pass
according to Von Mises is εVM = 0.67 [10].

The microstructure of specimens was observed by
ZEISS Auriga Compact FIB-SEM microscope using elec-
tron backscatter diffraction (EBSD). The microhardness
was measured by the Vickers method using Qness Q10a
instrument and elastic constants were evaluated by reso-
nant ultra-sound spectroscopy (RUS) method [11, 12].

3. Results and discussion

Figure 1 shows EBSD image of samples cut perpen-
dicularly to the direction of processing. The left part
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Fig. 1. (a) Inverse pole map figure of cross-section of
samples after 2 passes. (b) Inverse pole map figure of
cross-section of samples after 4 passes.

shows microstructure after two ECAP passes. Despite
the grains are clearly deformed and some small grains
are observable, the microstructure is not significantly re-
fined and the grain size is in the range of hundreds of
micrometers. Image on the right hand side shows highly
twinned structure after 4 ECAP passes. It can be there-
fore concluded that 4 ECAP passes (corresponding to
Von Mises equivalent strain of εVM = 2.67) are sufficient
for the formation of ultrafine grained structure. This is
in accordance with the observations of Ti–15Mo alloy de-
formed by high pressure torsion [13].

Detailed EBSD image in Fig. 2 represents an example
of a twinned grain in the sample after 4 ECAP passes
together with the simulation of the crystal orientation of
the matrix and the twins. It is obvious that the plane of
twinning is {112}. It is known that the system of twin-
ning in BCC structure is {112}〈111〉 [14]. Misorientation
between matrix and twins was determined from EBSD
measurement as 52◦, which corresponds to the above-
mentioned system.

Both the microhardness and the modulus of elastic-
ity grow with increase of number of ECAP passes as it
is graphically depicted in Fig. 3. Values of elastic mod-
ulus and microhardness of solution treated material (“0
passes”) originate from [15] and [13], respectively. Mi-
crostructure refinement may cause an increase of micro-
hardness due to increased concentration of lattice de-
fects, while the elastic modulus should either remain un-
changed or exhibit decrease due to the presence of open
volume defects. Significant increase of the elastic mod-
ulus can be rather ascribed to changes of phase compo-
sition after ECAP processing. Recall that material was
processed at 250 ◦C, which is sufficient for increasing vol-
ume fraction of the ω-phase [16]. Moreover, formation
of the ω-phase might be enhanced in dynamic conditions
(during deformation) [17]. The increased volume fraction
of the ω-phase has an immense effect on the macroscopic
modulus of elasticity [7]. It is therefore suggested that
the increase of the elastic modulus was caused by growth

of the ω-phase particles.

Fig. 2. (a) Example of twinning as observed by EBSD
— 4 ECAP passes. (b) Simulation of orientation of
matrix (red) and twin (blue).

The increase of the values of elastic modulus (1, 2, 3,
and 4 passes) correlates with the increase of microhard-
ness. ω-phase is hard and brittle [1] and formation of
the ω-phase particles is known to increase the strength
and hardness of the titanium alloys [18]. Therefore, the
increase of the volume fraction of the ω-phase is the com-
mon reason for the simultaneous increase of both elastic
modulus and microhardness.

4. Conclusions
The evolution of microhardness, elastic constants and

the microstructure of Ti–15Mo alloy prepared by ECAP
was studied. Following conclusions can be drawn from
this investigation:

• ECAP processing of Ti–15Mo alloy leads to de-
formed and heavily twinned microstructure. The
concentration of twins grows with the number of
ECAP passes.
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Fig. 3. Evolution of microhardness (purple, left axis)
and modulus of elasticity (green, right axis) with the
number of ECAP passes.

• The system of twinning of Ti–15Mo alloy is
{112}[111].

• The microhardness and the modulus of elasticity
increase simultaneously with the number of ECAP
passes which can be caused by the increase of vol-
ume fraction of the ω-phase formed during ECAP
processing.
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