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Phase transitions inα'-Ti martensite driven by high pressure torsion (HPT) as well asα'→ω transformations in
Ti–Fe alloys were observed for the first time. The as cast alloys transformed into α'-Ti martensite after annealing
in the β-(Ti,Fe) solid solution region and subsequent quenching. Lattice parameters ofα'-Timartensite decreased
with increasing iron content, similar to the lattice parameter of β-Ti. During HPT, α'-Ti martensite transformed
partly into ω-Ti. At the same time, the lattice parameters of remaining α'-Ti phase increased towards those for
iron-free α-Ti. These processes included an increased mass transfer of iron atoms out of α'-Ti.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Titanium and titanium alloys are attractive materials for various ap-
plications due to their high strength-to-density ratio, excellent corro-
sion resistance, and good biocompatibility [1]. Nevertheless, further
improvement of the Ti alloys is very important. Severe plastic deforma-
tion (SPD) revealed to be a principally new instrument for improve-
ment of their capability. SPD results in substantial grain refinement [2]
as well as initiates various phase transformations, such as formation or
decomposition of a supersaturated solid solutions, dissolution of phases,
amorphization of crystalline phases or formation of nanocrystals during
decomposition of amorphous phase [3,4]. Particularly, the SPD-induced
peculiarities of microstructure provide unique mechanical properties of
Ti and Ti-based alloys [5–7]. In such a way, SPD acts in an advanced ca-
pacity that allows the structure and properties of Ti alloys to be tailored.

As well known, high pressure torsion (HPT) is a technique of SPD
that give rise to appearance of high-pressure ω-phase in Ti, Zr and a
number of their alloys [5–7]. However, not only α, β and ω phases are
involved in these transformations [8]. At low concentrations of β-stabi-
lizing elements in titaniumalloys, thehexagonal closely packed (hcp)α'
martensite (space group P63/mmc) or the orthorhombic α'' martensite
s, RussianAcademyof Sciences,

ier Ltd. All rights reserved.
(space group Cmcm) [9] can be created from the body centred cubic
(bcc) β-phase at high cooling rate [10–16]. Usually, the α'' martensite
appears at higher concentrations of alloying elements [17,18]. Several
authors reported that the presence of α' and α'' martensites in the mi-
crostructure of the Ti-based alloys strongly influences their properties
[10–16]. However, still there is a lack of knowledge regarding the influ-
ence of SPD on α'-Ti or α''-Ti martensites. Therefore, the goal of this
work is to study the effect of HPT on the transformations ofα' martens-
ite in Ti–Fe alloys with low iron content.

2. Experimental

Pure titanium and four Ti–Fe alloyswith 0.5, 1, 2.2 and 4wt% Fewere
investigated. The alloys were inductively melted in vacuum starting
from high purity components (99.9% Ti and 99.97% Fe). The samples
were sealed into evacuated silica ampoules with a residual pressure of
approximately 4 × 10−4 Pa. Samples were annealed at 950 °C for
104 h and then quenched into the ice-water. Then they were deformed
byHPT in a Bridgmananvil typeunit (295K, 7GPa,) using a custombuilt
device (W. Klement GmbH, Lang, Austria). The disks of 10mm in diam-
eter and approximately 0.35mm in thickness were prepared. After HPT,
the central (about ø3mm) part of each ø10mmdiskwas excluded from
further investigations.

Torsion straining of a disc sample of diameter 2R and thickness t pro-
duces a shear strain γ
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γ ¼ 2πn r=t ð1Þ

n being the number of rotations of themobile anvil, r being the distance
from the sample centre. γ varies from zero on the sample axis to amax-
imumvalueγmax on the lateral surface (situated at a distance r= R from
the axis). For comparison of shear deformation with tensile strain, the
equivalent strain value eeq can be used [19,20]:

eeq ¼ γ=
ffiffiffi

3
p

¼ 2πnr=t
ffiffiffi

3
p

ð2Þ

All samples for the investigations were cut from the deformed disks
at a distance of r=3mm from the sample centre. For this distance and
0.1 anvil rotations the shear strain γ = 5.4 and the equivalent strain
value eeq= 3.1. For 5 anvil rotationsγ=270 and eeq= 156, respective-
ly. This strain value has been typically used for the production of
nanograined materials in earlier studies [19–21].

Scanning electron microscopy (SEM) investigations have been car-
ried out in a Tescan Vega TS5130 MM microscope equipped with the
LINK energy-dispersive spectrometer produced by Oxford Instruments.
Transmission electronmicroscopy (TEM) observations have beenmade
by using an aberration corrected TITAN 80-300 microscope. The speci-
mens were cut at half of radius of the HPT disk and further thinned in
a FEI Strata 400S dual beam facility. X-ray diffraction (XRD) patterns
have been obtained in the symmetrical Bragg–Brentano geometry
using Philips X'Pert powder diffractometer with the Cu-Kα anode. The
XRD peak profiles were fitted by Pseudo-Voigt function. Lattice param-
eter evaluation was performed by the Fityk software [22] using a
Rietveld-like whole profile refinement.
Fig. 1. (a) Ti-rich part of the Ti–Fe phase diagram with the dotted line of β-α' martensitic trans
studied alloys. Inset shows the orientation relationship between β andα phases [32]. (b) SEMm
secondarymartemsite plates aremarked in the left upper corner bywhite lines and digits 1 and
annealing at 950 °C, quenching and HPT.
3. Results and discussion

The solubility of Fe in α-Ti at room temperature is about 0.03–
0.05 wt% [23–26]. By quenching a β-(Ti-Fe) solid solution with the Fe
content below 4 wt%, the hexagonal α' martensite with space group
P63/mmc forms [27–35]. According to Dobromyslov et al. [17,18], the
orthorhombic α'' (space group Cmcm) does not appear in Ti–Fe alloys.
At higher Fe contents (N4 wt% Fe), the metastable bcc β-Ti phase can
be retained after quenching [27–35]. Fig. 1a shows the Ti-rich part of
the Ti–Fe phase diagram with the dotted line of β → α' martensitic
transformation and a schematic diagram showing the Pitsch-Schrader
(PS) orientation relationship between β-(Ti-Fe) austenite and α' mar-
tensite [27–35]. Large open squares in Fig. 1a show the annealing tem-
perature and compositions of the studied alloys.

In Fig. 1b, a SEM micrograph of Ti–1 wt% Fe alloy after annealing at
950 °C and subsequent quenching is shown. Decomposition of the
high temperature bcc β-phase upon cooling may proceed via diffusion-
al, shear or mixed diffusional and shear modes [36]. Typical acicular
martensite plates (Fig. 1b) clearly indicate the diffusionless shear
mode of transformation. The growth of primary α' martensitic plates
was restricted by the boundaries of β-grains. The length of the longest
martensitic plateswas about 200 μm.Only primary and secondarymar-
tensite plates are visible in Fig. 1b, similar to the quenched Ti–Mo alloys
[37]. The primary and secondary martensite plates are marked in the
left upper corner of the micrograph in Fig. 1b by white lines and digits
1 and 2, respectively. Tertiary and quaternary α' martensite plates are
not visible in our case. A small amount of retained β-phase is located
between α' martensite plates. According to the TEM micrograph of the
Ti–1 wt% Fe alloy after HPT (Fig. 1c,d), the initial grain structure
was completely transformed. It consisted now of a mixture of very
fine (~100–200 nm) equiaxial grains of α'-Ti and ω-Ti phases.
formation [32]. Large open squares show the annealing temperature and compositions of
icrograph of Ti–1 wt% Fe alloy after annealing at 950 °C and quenching. The primary and

2, respectively. (c) brightfield and (d) darkfield TEMmicrographs of Ti–1wt% Fe alloy after



Fig. 2. X-ray diffraction patterns of Ti–1 wt% Fe alloy after annealing at 950 °C and quenching (bottom curve), after HPT for 0.1 rotation (middle curve) and after HPT for 5 rotations (top
curve). The patterns are vertically shifted for better comparison.
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The lower curve in Fig. 2 shows theXRD patterns of the as-quenched
coarse-grained Ti–1 wt% Fe alloy. The set of narrow peaks indicates
mainly α-Ti and/or α' martensite with hcp lattice and a small amount
of bcc β-Ti. In general, XRD patterns of α-Ti and α'-Ti martensite are
very similar, because these phases belong to the same space group.
However, they can be distinguished by the measurements of lattice pa-
rameters [38]. XRD peak profiles of theHPT-processed Ti–1wt% Fe alloy
are substantially broadened due to strong refinement of themicrostruc-
ture and a high density of lattice defects.

After HPT at 7 GPa and 0.1 rotation (middle curve in Fig. 2) the redis-
tribution of the XRD peaks integral intensities took place. It happened
due to development of shear deformation texture. Such shear-driven
texture has been reported earlier for HPT-processed commercially
pure Ti [6]. The (0002)α peak had the strongest intensity under shear
stress conditions (Fig. 2). This fact implies preferable atomic shuffling
along (0001)α planes. In turn, this shuffling facilitated α to ω transfor-
mation according to orientation relationships between these two
phases: (0001)α ‖ (0111)ω or (0001)α ‖ (1120)ω [39–41].

Applying HPT for 5 rotations (upper curve in Fig. 2) resulted in the
massive formation of the ω-phase and simultaneous disappearance of
theβ-phase. Theα' peaks shifted duringHPT to lower diffraction angles.
Thus, Fig. 2 shows clearly pronounced changes in the interplanar spac-
ings Δd for the hcp lattice. These changes corresponded to the increase
of lattice parameters and to the decrease of the Fe content in α' phase.
After HPT for 5 rotations, the majority of α-Ti transformed into ω-Ti
(space group P6/mmm) in all the studied alloys. Only minor amount
of α-Ti remained, whereas β-Ti completely disappeared. One can as-
sume that the remained α phase did not form in the studied alloys
after quenching but appeared after the HPT treatment. As a result of
shear deformation under imposed high pressure, phase transformations
took place, at which the (α' + β) phasemixture rearranged to (α+ω)
one. From the integral intensities of XRDpeaks, the amount ofα'/α- and
ω-phases in Ti–1 wt% Fe alloy can be roughly estimated to be 35–40%
and 60–65%, respectively. Taking into account that only 10–15% of the
β-phase was present in the initial state, it is reasonable to consider
that α' or α mainly transformed to the ω phase. Fig. 2 illustrates the
results of HPT induced transformations in Ti–Fe alloys, indicating
noticeable increases of hcp lattice parameters without any ω-phase
creation after 0.1 rotation (Fig. 2, middle curve). Therefore, our results
point towards the following sequence of phase transformations: α' → α
and α→ ω in Ti\\Fe alloys at HPT.

The solubility of Fe in β-Ti is high, but in α-Ti it does not exceed
0.05 wt%. The addition of Fe decreases the lattice parameter of β-Ti
[42–45]. The lattice parameters a and c of the α' martensite in as-
quenched Ti–0.5 to 4 wt% Fe alloys also decreased (Fig. 3a, b). We
have to underline here that the conditions of HPT processing used for
the different measurements of lattice parameters for all studied alloys
in Fig. 3 did not change. The lattice parameters a and c exhibited their
minimal values in the range of 0.5–1 wt% Fe thus indicating maximal
contribution of the α' martensite to the lattice contraction observed.
During HPT, α'-Ti martensite transformed into the mixture of ω- and
α-phases (Fig. 2). For minor Fe contents, parameters a (Fig. 3a) and c
(Fig. 3b) of the hcp lattice increased up to the level of pureα-Ti subject-
ed to HPT. For 2 and 4 wt% Fe in Ti, HPT causedmainly a decrease of the
lattice parameters with increasing of Fe content (Fig. 3a, b). As com-
pared to a pure Ti or minor percentage of Fe, this indicates slightly en-
hanced solubility in α phase induced by HPT. Thus, HPT decreases the
iron content in the α'-Ti martensite, “purifies” it and drives the α' → α
transformation. Therefore, HPT ofα'-Timartensite included the acceler-
ated mass-transfer similar to that observed under HPT of Al- and Cu-
based alloys [46–49]. The reason of accelerated diffusion during HPT is
not only the shear-driven atom movement but also the extremely
high concentration of non-equlibrium vacancies [50–52].

The precise XRDmeasurements shown that SPD produces vacancies
and/or vacancy-like defects in very high densities which are typically
close to those of vacancies in thermal equilibrium at the melting point
[53,54]. Themain influence of increased vacancy content reflected itself
in the background intensity of X-ray diffraction patterns [53,54]. Never-
theless, one can expect that the high concentrations of defects may also
influence the positions of X-ray peaks, i.e. the lattice parameters mea-
sured. The important indication for such possible influence are the ob-
served differences in a and c parameters before and after HPT for pure



Fig. 3. Dependencies of the lattice parameters (a) a and (b) c in the α/α'-phase before
(squares) and after (circles) HPT (7 GPa, 5 rot.) on the iron concentration on studied Ti–
Fe alloys. Lines are the guide for the eye.
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titanium, i.e. even without iron (see Fig. 3). It is known also that (with
the same deformation parameters chosen) the density of deformation
induced defects increases with increasing alloy content [55]. This effect
can also slightly influence the observed phenomena.

Taking into account low solubility of Fe inα phase, it is reasonable to
propose that Fe atoms are mostly dissolved inω phase. Thus, the evalu-
ation of the lattice parameters forω phase enables to estimate the input
of Fe content to the changes of the atomic volume per unit cell of this
phase. For Ti-4wt% Fe alloy, both lattice parameters ofω phasewere re-
duced (a=0.4610 nm, c=0.2825 nm) in comparisonwith theω phase
in commercially pure HPT Ti (a = 0.4627 nm, c = 0.2830 nm). Corre-
sponding reduction of the atomic volume achieves 0.9%, that is compa-
rable, for example, with the difference between α and β phase atomic
volumes. Decrease of the unit cell parameters correlates well with the
effect of Fe on the β phase lattice parameter and can be used as a mea-
sure for the solubility of Fe in ω phase.
4. Conclusions

In this work we observed for the first time the phase transitions in
α'-Ti martensite as well as α'Ti → ωTi transformations driven by the
HPT in Ti–Fe alloys. After annealing in theβ-(Ti,Fe) solid solution region
and subsequent quenching, the as-cast Ti–Fe alloys with 0.5, 1, 2.2 and
4 wt% Fe transformed into the hexagonal α'-Ti martensite. The lattice
parameters of α'-Ti martensite in as-quenched Ti-Fe alloys decreased
with increasing Fe content in an alloy. After HPT, the lattice parameters
ofα'-Ti increased towards those for pureα-Ti, and themajority of α'-Ti
transformed intoω-Ti. This process includes an accelerated mass trans-
fer of iron atoms out of α'-Ti.
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