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Ti15Mo alloy is a binary metastable beta titanium alloy with excellent mechanical properties and biocompat-
ibility. Therefore, it can potentially replace the most commonly used Ti6Al4V alloy in biomedical applications.
Further processing of the alloy by the methods of severe plastic deformation provides an opportunity to achieve
exceptional grain refinement and to enhance mechanical properties. Another way how to increase the strength
of the alloy is thermomechanical processing which leads to the formation of the α-phase. α-phase is known to
precipitate heterogeneously, in particular at grain boundaries. Refinement of parent β matrix therefore affects the
size and the morphology of α precipitates. Ultrafine grained Ti15Mo alloy was processed by high pressure torsion.
The precipitation behavior of ultrafine grained and benchmark coarse-grained material during isothermal ageing
was investigated by ex situ scanning electron microscopy. In the coarse-grained material the α-phase precipitates
both as grain boundary α-phase and as acicular α-phase inside the β-grains. On the other hand, in ultrafine
grained alloy, only equiaxed sub-micrometer α particles precipitated at dense network of grain boundaries.
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1. Introduction

Metastable β-titanium (β-Ti) alloys are extensively
used in many applications thanks to their excellent me-
chanical properties, such as high strength, good ductil-
ity, and biocompatibility [1, 2]. High-strength state of
these materials is achieved by controlled precipitation of
the α-phase during thermomechanical processing [3]. α-
phase precipitates are usually heterogeneous in β-Ti al-
loys. On the other hand, the fundamentals of the Orowan
strengthening stipulate [4] that the maximum strength
is achieved by homogeneous distribution of fine precipi-
tates. The main possibility to promote uniform precip-
itation of the α-phase is to generate a large number of
preferred nucleation sites including lattice dislocations,
grain boundaries (GB), sub-grain boundaries and inter-
faces between β matrix and secondary phases such as ω
and β′ [3, 5]. The numerous nucleation sites prevent the
coarsening of the α-phase [6].

The precipitation morphology of the α-phase in a com-
mon CG Ti15Mo alloy was investigated in [7]. It was
shown that acicular (elongated) α-phase forms inside
grains. In the CG material, the large α-phase precipi-
tates along grain boundaries are considered adverse [8],
as they do not strengthen the material significantly, and
deteriorate the fatigue resistance of the alloy. Moreover,
in UFG materials with grain sizes below 1 µm, the grain
boundaries provide sufficiently dense network for very
fine precipitation of the α-phase.
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Several studies reported that distinct shear bands
(SBs) form during severe plastic deformation in Ti15Mo
alloy [7] and Ti20Mo alloy [9, 10]. Inside the SBs, the nu-
cleation and growth of the equiaxed α-phase is promoted
reportedly due to the high density of nucleation sites (dis-
locations, lattice defects) and longer diffusion path.

Numerous studies, e.g. [10–13] indicate that mi-
crostructure refinement of Ti and biomedical Ti alloys
processed by SPD methods increase their strength, hard-
ness, and fatigue resistance. Deformation by high pres-
sure torsion (HPT) [14] was employed in our recent study
to achieve large induced deformation, high density of dis-
locations and exceptional grain refinement [15, 16]. The
main aim of this study is to investigate the morphology of
α-phase precipitates in SPD deformed Ti15Mo alloy by
HPT (N = 1) and the effect of the chemical composition
on the nucleation and growth of the α-phase.

2. Materials and methods

Ti15Mo alloy, in the form of a rod with the diame-
ter of 10.5 mm, was solution treated (810 ◦C, 20 min) in
a protective Ar atmosphere followed by water quench-
ing. Subsequently, it was cut to cylinders (height ap-
proximately 5 mm) and subjected to HPT deformation
under 8 GPa pressure at room temperature to obtain the
disc-shaped specimens of 20 mm in diameter and with a
thickness of 1 mm [15–17]. Samples processed by a sin-
gle HPT rotation were used for all observations presented
in this study.

Scanning electron images using backscattered electrons
were taken at Zeiss Auriga Compact SEM equipped with
field emission gun (FEG) operated at 10 kV. Chemical
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composition was obtained by EDAX EDS. Samples for
SEM observations were prepared by mechanical grinding
and polishing followed by a three-step vibratory polish-
ing. The final step included ion polishing using Leica EM
RES102 ion polisher.

3. Results

Figure 1 shows the microstructure at the periphery of
the sample of Ti15Mo alloy after 1 turn of HPT process-
ing. The contrast of the picture is given by a chemi-
cal composition (black dots are the artifacts of the me-
chanical grinding and polishing and should be neglected).
Dark bands (DBs) between light regions (LRs) are clearly
visible on the image. The chemical composition of the
DBs and LRs (marked as A and B in the image) is differ-
ent as proven by EDS measurements which are summa-
rized in Table I. The microstructure of the Ti15Mo alloy
after deformation by HPT (sub-micrometer β grains can-
not be resolved) and of the condition after HPT and sub-
sequent annealing at 500 ◦C for 16 h are shown in Fig. 2a
and b, respectively. In Fig. 2a, DBs and LRs are clearly
visible. Dotted structure in Fig. 2b is caused by precip-
itation of refined α-phase particles (shown also in detail
in Fig. 3b). Darker and lighter areas caused by different
size (and possibly also volume fraction) of the α-phase
precipitates can be recognized in the SEM micrograph
in Fig. 2b.

Fig. 1. SEM backscattered electron image of Ti15Mo
alloy after HPT processing. Letters A and B indicate
the place of the chemical composition analysis (black
dots are the artifacts of the sample preparation for SEM
observation).

TABLE I

Chemical composition of the places marked as let-
ter A and B in Fig. 1, measured by EDS

Element wt%

A
Ti 85.65
Mo 14.35

B
Ti 83.26
Mo 16.74

Fig. 2. (a) SEM backscattered image of the Ti15Mo
alloy processed by HPT in the as-deformed condition.
(b) SEM backscattered image of the Ti15Mo alloy pro-
cessed by HPT and subsequent annealing at 500 ◦C for
16 h.

Figure 3 displays detailed SEM images of the Ti15Mo
alloy in the solution treated (ST) condition and annealed
at 500 ◦C for 16 h (Fig. 3a) and in the HPT deformed
condition after annealing at 500 ◦C for 16 h (Fig. 3b).
In Fig. 3a, the non-uniform distribution of large GBα
precipitates in the β matrix is shown. In the interior
of β grains, two types of precipitates: acicular α-phase
platelets [7] and some finer equiaxed α precipitates are
clearly visible. The annealed HPT deformed Ti15Mo
alloy with UFG microstructure contains equiaxed sub-
micrometer α-phase. Figure 3b indicates qualitatively
that the volume fraction of α precipitates is apparently
lower in lighter regions.

4. Discussion

This study demonstrates that the HPT process sig-
nificantly changes the precipitation behavior of the α-
phase in Ti15Mo alloy during annealing. Firstly, refined
β grains [18] provide plenty of homogeneously distributed
preferential nucleation sites. Secondly, it is evident that
the formation of the UFG duplex (α + β) structure is
closely correlated with the bands that appear dark and
light in SEM images and were induced by HPT deforma-
tion. Figure 1 shows the structure of the HPT deformed
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Fig. 3. (a) Detailed SEM backscattered image of the
Ti15Mo alloy in the solution treated and annealed con-
dition at 500 ◦C for 16 h. (b) Detailed SEM backscat-
tered image of the Ti15Mo alloy processed by HPT after
annealing at 500 ◦C for 16 h.

material. It was observed that DBs and LRs have differ-
ent chemical composition (summarized in Table I). The
DBs are oriented parallel to the direction of deformation,
i.e. in HPT deformed specimens these bands form con-
centric circles (not shown here) [15]. Other studies claim
that these “dark bands” are in fact shear bands with ap-
parently enhanced density of lattice defects as compared
to surrounding areas [7, 9, 10, 19]. However, EDS in-
vestigation proved that these DBs characterized by lower
amount of Mo (molybdenum is β-stabilizing element) are
areas with appropriate conditions for easy precipitation
and diffusion-controlled growth of the α-phase. These
observations, however, cannot rule out that DBs contain
increased amount of lattice defects.

Figure 3a and b highlight the differences in the pre-
cipitation behavior of the CG Ti15Mo alloy and its UFG
counterpart. In CG Ti15Mo α-precipitates form special
acicular shapes in order to reduce elastic distortion and
create a coherent interface [20]. Moreover, this acicular
morphology satisfies the Burgers orientation relation and
may indicate the low interfacial energy [21]. Figure 3b
shows the heterogeneous precipitation of the α-phase in
the UFG material. The α precipitation is accelerated
in HPT deformed Ti15Mo alloy and α precipitates sizes
are in sub-micrometer range due to the high amount of
preferential nucleation sites [22].

The difference in the chemical composition (depletion
of molybdenum), high density of dislocations and numer-
ous grain boundaries acting as fast diffusion paths [10]
are the possible reasons of the easier and equiaxed pre-
cipitation of the α-phase in the DBs. Enhanced atomic
transport contributes to the acceleration of α-phase par-
ticles precipitation and growth [23]. As shown in our
previous study [15], the dislocation density in HPT de-
formed Ti15Mo alloy exceeds 1014 m−2 already after a
quarter of a turn. Detail experimental investigation is
required to prove that dark bands contain higher density
of dislocations and lattice defects.

5. Conclusions

The precipitation behavior of the α-phase in the ultra-
fine grained Ti15Mo alloy processed by one turn of high
pressure torsion and subsequently annealed at 500 ◦C for
16 h was studied and compared with the precipitation in
coarse-grained material. The results may be summarized
as follows:

1. High pressure torsion introduced a band-like struc-
ture to the material. The darker bands in between
light regions differ in chemical composition — dark
bands contain lower amount of Mo.

2. Upon isothermal ageing, coarse acicular and finer
equiaxed α-phase precipitated in the coarse grained
material. On the other hand, only equiaxed α pre-
cipitates, sub-micrometer in size, were found in the
ultrafine grained Ti15Mo alloy.

3. The size of the α-phase is increased inside the dark
bands, which is correlated with the easier nucle-
ation and growth of the α-phase in the dark bands.
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