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The formation of w-phase under high-pressure torsion (HPT) has been studied in Ti—Fe alloys. Seven
alloys with Fe concentration from 0 to 10 wt % have been annealed between 600 and 950 °C, quenched
and HPT-treated at 7 GPa, 1 rpm, 5 and 0.1 anvil rotations (equivalent strain ecq = 156 and = 3.1,
respectively). The strain after 0.1 rot. corresponds to the transient state of HPT, and that after 5 rot.
corresponds to the HPT steady-state and to the dynamic equilibrium between formation and annihilation
of microstructure defects. A defect-rich high-pressure w-phase forms after HPT and persists in the
samples also after the pressure release. The amount of retained w-phase after HPT depends on the iron

Keywords: . . . o .
High—pressure torsion concentration. It increases from 40% in pure titanium, reaches maximum of 95% at 4 wt % Fe and then
Ti—Fe alloys decreases again to 10% at 10 wt % Fe. It is because the addition of iron influences the lattice parameters in

B and w-phases in a different manner. The minimal lattice mismatch between B- and w-phases is reached
at 4 wt % Fe. A good conformity between the lattices of the - and w-phases enhances the probability of
the martensitic (diffusionless) p—w transformation. Based on the XRD and TEM observations, the
crystallography and mechanisms of o.— w and p— w phase transformations (which can be diffusionless as
well as controlled by mass transfer) under the influence of pure shear by HPT are discussed.

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

Phase transitions
High-pressure phases

The specific electronic structure facilitates the formation of w-Ti.
Namely titanium has the occupied narrow d-band and the broad

1. Introduction

Titanium-based alloys are very attractive for various applications
due to their specific strength, high corrosion resistance and good
biocompatibility [1]. One can apply the alloying, as well as various
thermal and mechanical treatments of titanium alloys in order to
tailor their structure and properties. Similar to iron, titanium has
different allotropic modifications at high and low temperatures. This
fact permits to develop a broad spectrum of thermal treatments
technologies for the titanium-based alloys. Titanium also possesses a
high pressure w-phase. After pressure release the w-phase can be
observed as metastable one at ambient conditions [2,3]. In certain Ti-
based alloys the metastable w-phase can be produced without high
pressure, just after a certain heat treatment [4—7].
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sp-bands. Under the applied pressure, the sp-bands rise in energy
and cause the electrons to be transferred into d-band [8]. This
process is known as s-d transition and governs the structural
properties of the transition metals. The elements stabilizing the -
phase in titanium are mostly transition ones (e.g. Nb, Cr, Zr, Fe, Ni,
Cu, Co). They are rich on d-electrons. Thus, the alloying of titanium
by the B-stabilizers increases the d-electron concentration. Such
alloying can, therefore, provide an additional driving force for the
a-Ti to w-Ti transformation. For the o — w phase transformation,
one can consider the alloying of Ti with B-phase stabilizers as an
equivalent of pressure. Hennig [9] concluded from ab-initio calcu-
lations that the alloying with B-stabilizing elements such as V, Mo,
Fe or Ta should lead to a decrease in the onset pressure of the a.—
transformation. The combined effect of B-stabilizer alloying and
pressure application (2—12 GPa) was experimentally studied using
Zr—Nb, Ti—Nb and Ti—V alloys only in few works [10—12]. With
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increasing concentration of B-stabilizer, the formation pressure of
w-Ti first decreases. Above a certain concentration of a p-stabilizer
the formation pressure of w-Ti rapidly grows.

Severe plastic deformation (SPD) can be considered as an
alternative technology for improving the properties of Ti-based
alloys. SPD always initiates the strong grain refinement [13] and
can lead to various phase transitions [14]. Among them are for-
mation of supersaturated solid solution [15—17] or those decom-
position [18—22], dissolution of particles of a second solid phase
[23—28], amorphization [29—34], nanocrystallization [35—37] etc.
In many cases different SPD-driven phase transformations proceed
simultaneously with each other and, therefore, can compete
[21,38]. The phase transitions in Refs. [13—38] include mass-
transfer and are, therefore, diffusive. It has been observed
recently that SPD can induce displacive (or martensitic) phase
transitions as well [39—43]. Sometimes they proceed simulta-
neously with diffusive ones [44]. The SPD-induced microstructure
peculiarities of Ti and Ti-based alloys can cause their unique me-
chanical properties [45—47]. For example, SPD permits to achieve
the extraordinarily combination of high strength and ductility in
nanograined Ti [48,49]. Thus, SPD allows to improve the structure
and properties of Ti-based alloys. The goal of this work is to study
the SPD-driven ¢.— » and — w phase transformations in Ti-based
alloys. Ti—Fe alloys were selected for this work as a typical example
of the Ti-alloys with a so-called B-stabilizer. They exhibit an
excellent combination of enhanced plasticity and high strength and
are also useful for medical applications [50—52]. The high pressure
torsion (HPT) is one of SPD techniques combining the high pressure
with shear deformation. HPT permits to produce the high-pressure
w-phase in a number of Ti- and Zr-based alloys [45—47,53—55].

2. Experimental

In this work we studied pure titanium as well as titanium-iron
alloys with 0.5, 1, 2.2, 4, 7 and 10 wt % Fe. All alloys were pro-
duced of high purity components (99.9% Ti and 99.97% Fe) using the
inductive melting in high vacuum. The melt was poured in vacuum
into the water-cooled cylindrical copper crucible of 10 mm diam-
eter. After casting the samples were sawed, ground, and chemically
etched. The resulted 0.7 mm thick disks were individually sealed in
the evacuated silica ampoules with residual pressure of 4 x 104 Pa.
The ampoules with samples inside have been annealed at
T=1950°C,104 h, T= 800 °C, 270 h, T= 680 °C, 550 h, T = 620 °C,
270 h, T = 600 °C, 1160 h and then quenched in water at room
temperature (without breaking the ampoules). After these anneals
the samples contained different amount of ¢- and B-phases, in turn,
the B-phase contained different concentration of iron. The 2 mm
thick slices were also cut from the @ 10 mm cylindrical ingots and
then divided into four parts. These as-cast samples were embedded
in resin and then mechanically ground and polished, using 1 pm
diamond paste in the last polishing step, for the metallographic
study. After etching, the as-cast samples were investigated by
means of the scanning electron microscopy (SEM). Afterwards the
thin disks were deformed by HPT in a Bridgman anvil type unit (at
room temperature, pressure of 7 GPa, with the speed of 1 rotation-
per-minute, for 0.1 and 5 rotations).

Torsion straining of a disc sample of diameter 2R and thickness t
produces a shear strain y

Y =2mwnrlt, @)

n being the number of rotations of the mobile anvil, r being the
distance from the sample centre. y varies from zero on the sample
axis to a maximum value ypnax 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 e.q can be used
[56,57]:

€eq = 7/\/§ =2mnr/tV3 (2)

All samples for the investigations were cut from the deformed
disks at a distance of r = 3 mm from the sample centre. For this
distance and 0.1 anvil rotations the shear strain y = 5.4 and the
equivalent strain value eq = 3.1. For 5 anvil rotations y = 270 and
eeq = 156, respectively. This strain value has been typically used for
the production of nanograined materials in earlier studies
[18,56,57].

HPT was performed using a custom built computer-controlled
device manufactured by W. Klement GmbH, Lang, Austria. Pure
titanium was deformed in the as-cast state. The HPT machine
permits to measure the torsion torque during HPT. The torsion
torque increased during 1—2 anvil rotations in all alloys and pure Ti
and then remained almost unchanged. In other words, it reached a
steady state as it was observed previously in other alloys in
Refs. [18—22,38,45]. The central part (about 3 mm in diameter) of
each disk after HPT was excluded from further investigations (since
it is low-deformed).

X-ray diffraction (XRD) patterns were measured in the
Bragg—Brentano geometry in a powder diffractometer (Philips
X'Pert) with Cu-Ka radiation. The Pseudo-Voigt function was used
for fitting of XRD peak profiles. Lattice parameters were evaluated
by the Fityk software [58] using a Rietveld-like whole profile
refinement. Relative amounts of a-, f- and w-phases were esti-
mated from the integrated intensities. Pure polycrystalline titanium
was used as reference. An empirical rule known as Vegard’s rule
(1921) was taken into account for subsequent analysis. SEM studies
have been done using the Tescan Vega TS5130 MM microscope
equipped with the LINK energy-dispersive X-Ray spectrometer
(Oxford Instruments). Transmission electron microscopy (TEM) and
high resolution TEM (HRTEM) observations have been made by
using an aberration-corrected TITAN 80—300 transmission electron
microscope. The cross section TEM and HRTEM specimens were cut
from HPT discs at a 3 mm distance from the disc center. They were
further thinned in a FEI Strata 400S dual beam facility. Automated
Crystal Orientation Mapping (ACOM) TEM technique was used for
phase mapping in the alloys after the HPT deformation. The ACOM
TEM measurements were carried out on a Philips Tecnai F20ST
operated at 200 kV in microprobe STEM mode. NanoMegas ASTAR
system was used for ACOM-TEM data acquisition [59]. A primary
electron beam with about 1 nm diameter and a convergence semi-
angle of 1.4 mrad was generated. A camera length of 80 mm was
used to acquire the diffraction patterns [60]. For indexing of the
collected ACOM TEM diffraction patterns, we took the lattice pa-
rameters of the phases evaluated from the X-rays diffraction (XRD)
data. Radial intensity distribution in ACOM TEM diffraction patterns
was calculated using the ProcessDiffraction soft package [61].

3. Results
3.1. Influence of iron concentration

After anneals and quenching the seven studied alloys contained
different amount of o~ and B-phases as well as different concen-
tration of iron in the B-phase. In the samples with low Fe-content
(below 4 wt % Fe) annealed in the one-phase B-area and
quenched, the martensite transformation of B-phase into o
martensite takes place [62]. The respective orientation relationship
(OR) between the lattices of B-Ti and a/o/-Ti is described as
(0001)QH(110)5;<11§0>a\|<111>6 [63—71]. The Ti—4 wt % Fe alloy
quenched from 950 °C contains almost 100% of undercooled B-
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Fig. 1. The X-ray diffraction patterns of the Ti—4 wt % Fe alloy annealed at (a) T = 950 °C for 104 h and (b) T = 800 °C for 270 h in the state after annealing and quenching (bottom
curves), after HPT at 7 GPa, 1 rpm, 0.1 rot (middle curves) and after HPT at 7 GPa, 1 rpm, 5 rot (upper curves). The patterns are vertically shifted for better comparison.

phase. All other annealed and quenched Ti—Fe alloys consist of the
mixture of af/o’ and B-phases in different ratios. Moreover, the
samples annealed in the two-phase o+ area of the Ti—Fe phase
diagram contain the a-phase with almost zero concentration of iron
and B-phase which accommodates the iron present in the indi-
vidual sample. The annealed B-phase can contain up to 17 wt % Fe,
according to the a-to-f transus line in the Ti—Fe phase diagram. In
the samples annealed below transus line the a-phase forms short
small stripe-like precipitates within the large grains. a-phase forms
also continuous or discontinuous layers in /B grain boundaries.
These structures correspond to the complete or partial wetting of B/
B GBs by a second solid phase o, [45,72—74].

At the beginning of HPT treatment, the torsion torque quickly
grows with the increasing number of anvil rotations. However, after
0.5—1 rotation it reaches certain saturation and slowly approaches
a steady-state value. As one can expect, the Ti — 10 wt % Fe alloy is
much stronger in comparison with pure Ti due to the solid solution
or precipitation hardening in the alloyed titanium. The value of

steady-state torsion torque for Ti — 10 wt % Fe alloy (~500 N m) is
much higher than that for pure titanium (~350 N m). Therefore, we
investigated the structure of Ti—Fe alloys after HPT in two different
states, namely “deep” in the steady-state after 5 anvil rotations
(1800 deg., eeq = 156) and at the very beginning of HPT treatment
after 0.1 rot (about 30 deg., eeq = 3.1).

Fig. 1 shows the XRD patterns for the Ti—4 wt % Fe alloy
annealed at (a) T = 950 °C, 104 h and (b) T = 800 °C, 270 h after
annealing and quenching before HPT (bottom plots), after HPT for
0.1 rot (middle plots) and after HPT for 5 rot (upper plots). The
patterns are vertically shifted for better comparison. These samples
were chosen as the most representative ones for the whole alloys
family studied. The Ti—4 wt % Fe alloy annealed at T = 950 °C and
quenched (Fig. 1a, bottom curve) contained only B-phase with
negligible amount of o’-martensite. The Fe content in the f-phase is
equal to the total iron concentration in the whole sample, namely
4 wt % Fe. Sample Ti—4 wt % Fe annealed at T = 800 °C and
quenched (Fig. 1b, bottom curve) contained a-phase with almost
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Fig. 1. (continued).

zero Fe content and B-phase with a high concentration of iron. The
volume ratio of o~ and B-phases (about 1:4) also corresponds to the
phase diagram at 800 °C. Iron addition decreases the lattice con-
stant of B-phase [75—78], therefore B-peaks in Fig. 1b (bottom
curve) are shifted to the right in comparison with B-peaks in Fig. 1a
(bottom curve).

The middle XRD pattern in Fig. 1a reveals that already after 0.1
rot., i.e. at much lower deformation than at steady-state one, -
phase completely disappears and w-phase appears instead. As a
result, a broad (101 + 110) doublet of w-phase appears; it contains
only a weak “shoulder” on the high-angle side (shown by the ar-
row) attributed to the rest of the a-phase. In contrast to the sample
quenched from T = 950 °C (Fig. 1a), - and B-phases are observed in
the alloy quenched from T = 800 °C (Fig. 1b, bottom plot), and only
a small amount of w-phase forms after HPT for 0.1 rot. (see the weak
peak around 20 = 39° between the peaks of a- and B-phases). The
middle XRD pattern in Fig. 1b shows that B-phase still remains in

the sample after 0.1 rot. During HPT, the texture develops in the
studied alloys. It apparently leads to the intensity redistribution
among various XRD peaks. The intensity of the (002) peak for a-
phase clearly increases as well as that of the (110) peak for B-phase.
The upper curves in Fig. 1 show the XRD patterns after HPT for 5
rot., i.e. “deep” in the steady state. All the peaks are considerably
broadened in comparison with the peaks of initial states (bottom
plots in Fig. 1). This fact points towards a strong grain refinement
and high defects density which are usual for HPT [2]. At the same
time, XRD patterns for both states after HPT for 5 rot. look very
similar. They contain about 90—95% of w-phase with a very small
amount of a- and/or B-phase.

Fig. 2a shows volume fraction of the w-phase in the Ti—Fe alloys
annealed at different temperatures after subsequent HPT treatment
for 5 rot. The volume fractions of the w-phase were determined
from XRD data, basing on the analysis of the integrated intensities.
The amount of w-phase in pure titanium (transformed from the
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Fig. 2. (a) Percentages of the HPT-induced w-phase in the Ti—Fe alloys having different Fe contents. Different symbols indicate different annealing temperatures prior to the HPT
treatment. (b) Comparison of the lattice parameters a,, measured in this work (filled circles) with the lattice parameters v/2 ag Ti—Fe alloys with different iron contents. For V2 ag,
the values measured in this work (filled square) are given together with literature data (open triangles and circles [75—78]). Thin straight line shows the Vegard law for the p-phase
and thick line shows that for the w-phase. The Vegard lines for - and w-phases intersect at ~4 wt % Fe. (c) Dependence of cell density of w-phase calculated from the X-rays data on

iron concentration.

pure a-phase) is about 45%. The percentage of w-phase grows up
with increasing iron content and reaches maximum of about 95% at
4 wt % of iron (the remaining 5% is B-phase). A further increase of
iron content reduces the volume fraction of w-phase down to about
10% in the Ti — 10 wt % Fe alloy. It should be noted, that in the
studied Ti — Fe alloys containing less than 4 wt % Fe the w-phase is
present together with a-phase. To the contrary, above 4 wt % Fe w-
phase coexists with B-phase and a negligible amount of a-phase.
Due to the certain OR between the lattices of B- and w-phases [4,6],
the lattice parameters of hexagonal w-phase can be expressed in
terms of the lattice parameter of the bce B-phase as: a, = v2 ag and
Cy = ‘/7§ ag. Fig. 2b shows the comparison of the measured lattice
parameters a, of the w-phase (filled circles) and the calculated
value v2 ag (filled squares), where ag is the measured parameter of
the B-phase. All the primarily used values of lattice parameters
have been derived from the full-profile X-ray analysis for the Ti—Fe
alloys with different iron content (examples of such patterns
are given in Fig. 1). In Fig. 2b, the lattice parameters 2 ag
measured in this work (filled squares) are compared with the
literature data (open triangles and circles [75—78]). Thin straight

line shows the Vegard law for the f-phase and thick line shows the
changes in lattice parameter for the w-phase. These lines intersect
at ~4 wt % Fe, that means that at 4 wt % Fe the best coincidence
between lattices of B- and w-phases along the lattice planes
({111}4/|(0001),,;(110)4|(1120),,) takes place. Lattice parameters
of the w-phase were used to calculate its atomic density in
dependence on the iron content in the HPT treated Ti-Fe alloys.
Fig. 2c shows the plot, where the atomic densities are presented as
a number of atoms (in the primitive cell) per nm>. As known, the
volume of hexagonal primitive cell is equal to (v/3/2)a’c, where a
and c are the lattice parameters, and the number of atoms in the w-
phase unit cell is three. One can see that atomic density of the w-
phase formed at the same HPT conditions after 5 rotations reaches a
maximum at approximately 4 wt % Fe.

3.2. Structural details of «a — — w transformations at 4 wt % Fe

The dark field TEM micrographs of the Ti—4 wt % Fe alloy (i.e. at
the concentration maximum presented in Fig. 2) annealed at
T = 950 °C, 104 h, quenched and subjected to HPT for 5 rot. are
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Fig. 2. (continued).

shown in Fig. 3. They demonstrate a very homogeneous structure
with elongated fine grains with the size of 50—100 nm. The selected
area diffraction pattern and the radial intensity distribution (inset
in Fig. 3a and b, respectively) confirm that the sample does not
contain any o-Ti phase. Fig. 3a shows that both titanium and iron
are distributed in the sample very homogeneously (see the insets at
the right side). Variations of contrast in the image are due to the
different crystallite orientations.

Careful ACOM TEM inspection of the microstructure of the Ti—4
wt % Fe alloy annealed at T= 950 °C, 104 h, quenched and subjected
to HPT for 0.1 rot. has been done. It revealed interesting features
shedding a light on the mechanism of the f—w phase trans-
formation. In the bright field image (Fig. 4a) three elongated grains
represent a miniscule amount of the a-phase in the matrix of the f-
phase. One of these particles is shown in the phase map calculated
from the ACOM TEM data (Fig. 4b). The elongated particle is clearly
defined as a-phase. It is surrounded by a thin “envelope” of the B-
phase. The matrix around the “envelope” of B-phase consists of w-
phase. The elemental maps (Fig. 4b, insets) and point analysis
reveal that a-phase (red) contains almost no Fe (0.07 + 0.04 wt %),
the B-phase (green) has about 9.6 + 0.3 wt % Fe and w-phase (blue)
contains about 4.5 + 0.2 wt % Fe.

In the left part of Fig. 5 the HRTEM image is shown for the same
location in the sample as in Fig. 4b, namely for elongated o-grain
(area 1) surrounded by a layer of B-phase (area 2) embedded in w-
matrix (area 3). In the right part of Fig. 5 the respective fast Fourier

transformations (FFT) of HRTEM image of electron diffraction pat-
terns for a-phase (top, 1), B-phase (middle, 2) and w-phase (bottom,
3) are shown. FFT from the area 1 corresponds to a-phase with
normal direction (FN — film normal) along [132] axis. FFT from the
area 2 corresponds to f-phase with normal direction along [110]
axis. FFT from the area 3 (about 10 nm apart from the a-phase
boundary) corresponds to different orientations of the w-phase.
Namely, it contains six possible orientations of the w-phases, i.e.
three with FN = [214] and three with FN = [100]. The first one
matches the [110] diffraction pattern from p-phase. For two latter
orientations, their two equivalent planes (011), and (011), lie
parallel to g = (Oﬁ)ﬁ of B-phase and give additional reflections in
FFT. No special orientation relationship (corresponding to the
known OR 1 (0001),[(0111),;(1120),][¢1101),, and OR 2
(0001)a‘)(1120)w; (1120),]/(0001),, [3,6]) between o and w-phases
was detected. However, martensitic relationship was appeared
between B and w phases: {111}4[/(0001),,; (110)4(|(1120),, [6,79].

3.3. Structural details of «— — w transformations at 2 wt % Fe

In Fig. 6 phase map from the ACOM TEM data (a) and elemental
maps for two outlined areas (b) are shown for the Ti—2 wt % Fe alloy
(i.e. below the concentration maximum presented in Fig. 2)
annealed at T = 800 °C, 270 h, quenched and subjected to HPT for
0.1 rot. The grain structure appears to be not very uniform. At the
right side of the micrograph appear mainly - and w-phases. Here
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the grains are almost equiaxial. Oppositely, at the left side, the
alternating grains of a-, - and sometimes w-phases are visible. All
of them are elongated. The new w-phase appears in the Fe-rich
area, where the B-phase was located in the sample before HPT
(see the inset corresponding to the area 1). The w-phase is also
observed in a broad area where the a-phase was located before HPT
(see the inset corresponding to the area 2).

It follows from Fig. 6 that different w-regions found in this
sample have two different concentrations of iron. Most likely, the
w-phase transformed from the p-phase contains more iron.
Respectively, the w-phase transformed from the a-phase contained
less iron. Before HPT, the a-phase had almost no iron, whereas the
w-phase transformed from the a-phase contains about 1-2 wt % Fe.
At the same time, f-phase before HPT had about 7—8 wt % Fe, and
the respective w-phase transformed from the B-phase contains
about 5—6 wt % Fe. In the steady state after 5 anvil rotations the
concentration of iron is uniform in all samples and is equal to the
nominal one of 2 wt % Fe.

Fig. 7 shows the HRTEM micrographs and FFT patterns of the
Ti—2 wt % Fe alloy annealed at T = 800 °C, 270 h, quenched and
subjected to HPT for 0.1 rot. In the left part of Fig. 7a the border area
between the grains of two phases is visible. FFT patterns are for the
right grain (top FFT) and for the left one (bottom FFT). We indexed

the upper FFT belonging to a-phase and having the FN = [115 0].

4 5 6 7 8
Fe concentration, wt. %

Fig. 2. (continued).

Microtwins are observed in the structure of a-grain, which cause
the presence of numerous additional reflections along the [001]
direction in the FFT pattern. The bottom FFT pattern can be indexed
both as B-phase (with FN = [001]) and w-phase (three equivalent

orientations with FN = (01 12)). Therefore, we use here this type of
parentheses instead of square brackets (as for the top FFT) to un-
derline three equivalent orientations of w-phase. The simulated
diffraction patterns practically match each other, but in the FFT one
can see that each individual spot is split. Most probably, this is
the w-grain formed during «—w phase transformation. It
contains several “subgrains” of three equivalent orientations
mentioned above, producing the misorientation visible in FFT. The
mutual arrangement of crystal lattices between grains does not
correspond to the martensitic Pitsch-Schrader (PS) orientation
relationship [63—71] but corresponds to the known OR 1

(0001),[[(01T1),;(1120),[|(1T01),, [3,6].

Along with grains of o- and w-phases, which obey OR 1 and
make up most of the sample, we observed also those without any
rational OR. The example for that is Fig. 7b. Grains of a- and w-
phases are in contact. From the corresponding FFTs we can index
the normal orientation for these grains. They are FN = [241] for a-Ti,
and FN = [011 3] for w-Ti. The crystal lattices of these two grains do
not belong to any special OR.
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Fig. 3. Transmission electron micrograph and electron diffraction pattern of the Ti—4 wt % Fe alloy annealed at T = 950 °C, 104 h, quenched and subjected to HPT at 7 GPa, 1 rpm, 5
rot. (a) dark field image. The insets in Fig. 6a show: selected area electron diffraction pattern (upper left corner), part of the STEM HAADF image from the same sample’s area (red
outlined) and respective X-ray maps of Ti and Fe; (b) radial intensity distribution respective to the diffraction pattern. Red bar charts show the positions of the reflections from w-Ti.
Intensities were integrated along the Debye rings. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Microstructure of the Ti—4 wt % Fe alloy annealed at T = 950 °C, 270 h, quenched and subjected to HPT at 7 GPa, 1 rpm, 0.1 rot. (a) bright field image, (b) phase map of a part
of (a). Colours show different phases: a-phase is red, p-phase is green, w-phase is turquoise. The black rectangle shows the field for elemental analysis. Respective maps of the

intensities of the X-ray spectral lines of Ti and Fe are shown in the insets in Fig. 4b. (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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Fig. 5. (a) HRTEM micrograph of the Ti—4 wt % Fe alloy annealed at T = 950 °C, 270 h,
quenched and subjected to HPT at 7 GPa, 1 rpm, 0.1 rot. Same place as in Fig. 7 is
shown, namely the elongated ¢-grain surrounded by a layer of B-phase embedded in
w-matrix. Corresponding FFTs are shown for o (1), B (2) and w-phases (3). In region (3),
the section of the reciprocal lattice with FN = [214] is shown by rectangular network;
reflections originated from the section with FN = [100] are indicated by the red full
circles. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

4. Discussion
4.1. Influence of shear strain on the « — w phase transformations

According to the literature [6,63—71], various orientation re-
lationships exist between ¢, ¢/, f and w phases. - and o’-phases:

(0001),[|(110); (1120),J[(111)5  [63-71];  B-
{111}4/|(0001),,; (110)4[(1120),, [6,71]; o~ and w-phases: OR 1
(0001),[|(01T1),;(1120),|(1T01),, and OR 2 (0001),[|(1120),;

and w-phases:

(1120),]/(0001),, [3]. These ORs make commensurate the lattices of
phases before and after phase transition. They make also possible
the martensitic mechanism of transition, just by shear, i.e. without
diffusive mass-transfer.

As was published earlier [46], noticeable deformation texture
develops in the a-phase under HPT influence, namely the increased
amount of basal atomic layers of the a-phase are oriented parallel
to the specimen plane. In turn, the specimen plane coincides with
the shear plain at HPT. Fig. 1b demonstrates significant increase of
the intensity of XRD (002) peak even after 0.1 rot that accompanied
with the appearance of the w-phase. This fact is consistent with the
theoretical prediction that a—w transformation results from
atomic shuffles in (0001),, planes [80,81]. It is because the maximal
shear stress acting in these (0001),, planes under HPT facilitates the
transformation. The formation of the basal texture in the a-phase
prior to its transformation to the w-phase allows us to expect that
the new w-grains also have preferential orientations according to
the existing ORs between a- and w-phases. The conclusion based on
the XRD data concerning the texture formation in Ti alloys under
the HPT deformation is supported by ACOM TEM measurements.
Using the software, we calculated the pole figures (PFs) for the
sample of the Ti—2 wt % Fe alloy subjected to HPT for 0.1 rot. The
(0002) PFs for o and w-Ti phase are shown in (Fig. 6¢).

We compared obtained PFs with those which were measured
and calculated for o.-Ti [82] and w-Ti [83,84] under the conditions of
shear deformation. The PF for o-Ti has a somehow broadened but
distinct poles corresponding to the basal slip system (B,
(0001)¢112 0)) and the basal plane of a-phase is parallel to the
shear plane in the sample. The PF for w-Ti indicate the presence of
pyramidal slip in this phase (slip system P, {101 0}(121 0)). Mutual
activity of these two slip systems leads to the formation of afore-
mentioned OR between a and w phases. Example of this OR in the
sample of Ti-alloy subjected to HPT deformation is shown in Fig. 7a.
Thus, shear strain makes easier the aa—  phase transformations.

uol}oauIp Jeays

100 150 200 250 C
distance along line, nm

Fig. 6. Microstructure of the Ti—2 wt % Fe alloy annealed at T = 800 °C, 270 h, quenched and subjected to HPT at 7 GPa, 1 rpm, 0.1 rot. (a) Phase map, colours show different phases:
o-phase is red, f-phase is green, w-phase is turquoise. (b) The EDX Fe map of two rectangle areas in (a); corresponding Fe concentration profile along the white line is shown
beneath. (c) (001) PFs for o-Ti (top) and w-Ti (bottom). The letters B and P denote the poles for basal (0001)(112 0y and pyramidal {101 0}(121 0) slip systems. (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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Fig. 7. HRTEM micrograph of the Ti—2 wt % Fe alloy annealed at T = 800 °C, 270 h, quenched and subjected to HPT at 7 GPa, 1 rpm, 0.1 rot. (a) Mutual orientation of these two o and

B grains correspond to the OR1, i.e,, (0001),

4.2. Influence of the iron content on the 8 — w phase transformation

At the moment only few experiments exist showing that the
alloying of titanium can strongly influence the behavior of
a—B—w phase transformations under HPT [45,54,85]. In the
Ti—10 wt %Fe alloy the fp—w transition has been significantly
suppressed due to high concentration of iron in the solid solution
[45]. This fact correlates with the results presented in the given
work (Fig. 2a). For the case of lower doping, a number of Ti—Fe
samples annealed and quenched at different temperatures are
represented mostly as a mixture of (a/o’+) phases. Here, o’ is a hcp
martensite (space group P63/mmc), which can be produced from §-
phase at high cooling rate and low concentrations of p-stabilizing
elements in titanium alloys [86—91]. The a-Ti and o’-Ti martensite
belong to the same space group. Therefore, their XRD patterns of
are very similar. Nevertheless, the XRD patterns of «-Ti and o’'-Ti
phases can be distinguished using the measurements of lattice
parameters [92]. According to X-ray analysis, o’- martensite can be
observed in the Ti—Fe alloys up to 4 wt % of iron. Its presence de-
pends on the annealing temperature and the rate of the subsequent
quenching. The maximal volume fraction of «’- martensite is
reached between 0.5 and 1 wt % Fe [62]. As a result, in the steady
state (after 5 HPT rotations) the transformation (o/o’+B) — (w+a.)
takes place up to 4 wt%Fe with substantial increase of the w-phase
volume fraction (Fig. 2a).

The addition of iron to titanium decreases the lattice parameter
of B-phase (Fig. 2b, plotted as v/2 ap). The lattice parameter a,, of w-
phase also decreases with increasing content of iron (Fig. 2b).

(0111),; (11§O)a|}(ﬁ01 Yo: (D) the orientation relationship between o and v phases does not match any known special relationship.

However, the decrease of lattice parameter a, is less pronounced
than the reduction of the lattice parameter of B-Ti. As a result, both
plots intersect at ~4 wt % Fe. It means that the orientation rela-
tionship between lattices of B- and w-phases and conditions of
formation of commensurate w-phase fulfills in the best way at
~4 wt % Fe: {1“}5H(0001)w% (110)][¢1120),,

This is the reason why the maximum portion of w-phase after
HPT of almost 100% is reached at 4 wt % Fe (Fig. 2a). The portion of
w-phase after HPT is lower than 100% at iron content below and
above 4 wt % Fe. Below 4 wt % of Fe the samples after HPT contain w-
phase and a-phase. The solubility of Fe in a-phase is negligible. It
means that the iron concentration in w-phase is higher than that in
the whole sample. It tends to be closer to the optimal concentration
of 4 wt % Fe providing the smallest misfit between the  and w
lattices. On the contrary, the samples with the Fe content above
4 wt % Fe contain w and B phases after HPT with some traces of «
phase. The B-phase in such samples has more iron than the alloy in
average. It means that w-phase contains less iron than the sample
in average, and the composition of w-phase approaches the optimal
iron concentration of 4 wt % Fe for the best B/w lattice coincidence.
It should be noted that the lattice parameter of B-phase in all
samples after HPT tends to be slightly increased. This fact gives the
evidence of the HPT-induced decreasing of Fe content in B-phase
matrix. Thus, the addition of iron changes the lattice matching
between B and w grains and makes easier the 8 — w phase trans-
formations in comparison with pure Ti. The best matching between
B and w lattices is at 4 wt % Fe.
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Fig. 7. (continued).

4.3. HPT-induced mass transfer

During HPT a certain mass transfer takes place. Previously, we
estimated its rate using the differences in the distribution of
alloying element between matrix and precipitates before and after
HPT [18,21,38]. After HPT the grain size in studied Ti — Fe alloys is
about 50—100 nm (Fig. 3a and b). The iron and titanium atoms are
distributed uniformly in the samples after HPT in the steady-state
(5 rot, t = 5 min). Thus, one can use the grain size of L = 50 nm
as bottom estimation for the distance of HPT-driven mass-transfer.
The coefficient of conventional bulk diffusion D for diffusion during
duration t for the distance L can be roughly estimated as D = L%/t
[93]. The values of L = 50 nm and t = 300 s give D ~10 ~7 m?/s. In
other words, the HPT-driven mass-transfer in our case is equivalent
to the lattice bulk diffusion with D ~10 =17 m?/s. This is equivalent to
the bulk self-diffusion in titanium at 1000 K [94] and to the iron
bulk diffusion in titanium at 600 K [95]. The extrapolation to the
temperature of HPT treatment Typr = 300 K gives the values of bulk
self-diffusion in Ti of D ~10 ~3> m?[s and for the Fe bulk diffusion in
Ti of D ~10 ~28 m?/s. We can see that the HPT-driven mass-transfer
proceeds very fast. The respective diffusion coefficients Dypr are
many orders of magnitude higher than the D values for the con-
ventional bulk diffusion at the temperature of HPT treatment
(300 K). And this is despite of the fact that the applied pressure of
6 GPa additionally slows down both bulk diffusion as well as grain
boundary migration [96,97]. To be noted, numerous studies have
been made to explain so-called anomalous diffusion in B-stabilized
alloys of the IVB group of transition metals, which could form w-
phase [98—100]. According to the phenomenological model of

anomalous diffusion [99] and neutron scattering experiments
[100], it was revealed that the atomic jumps into nearest-neighbour
vacancies strongly facilitate the tendency of the bcc lattice of f-
phase to fluctuate towards an w-like structural embryos. Assuming
that these localized w-embryos are presented in the P-phase as
structural fluctuations, one expects their concentration to enhance
B — w transition as well as induced diffusion at low temperatures. In
such a way, the HPT-driven high steady-state concentration of
lattice defects [101—104] appears to be a clue factor of the accel-
erated mass transfer.

Thus, at 4 wt % Fe the B — w phase transformation does not need
mass-transfer and is, therefore, martensitic. At other concentra-
tions of iron the very fast HPT-driven diffusion-like mass-transfer
takes places. The respective diffusion coefficients Dypr are many
orders of magnitude higher than the D values for the conventional
bulk diffusion at the temperature of HPT treatment (300 K).

4.4. Diffusionless and diffusive paths of the /8 — w phase
transformation

We annealed the Ti — 4 wt % Fe samples at three different
temperatures, namely 950, 800 and 620 °C. Thus, we produced
three different “initial” states for HPT sample. After annealing at
950 °C in the one-phase B area of the Ti—Fe phase diagram and
subsequent quenching, the Ti — 4 wt % Fe alloy contained solely 3-
phase (Fig. 1a, bottom curve). As we mentioned above, 4 wt % Fe is
the optimum concentration for the lattice matching between f -
and w-phases. And we can see that the f—w transition in this
sample proceeds during HPT completely and very quickly. Already
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after 0.1 rot. the sample contained almost only w-phase (see the
middle curve in Fig. 1a). It is because no mass transfer is needed for
the p— w transition, and it can proceed via martensitic or dif-
fusionless mechanism.

Oppositely, the Ti—4 wt % Fe samples annealed at 800 °C and
620 °C, namely in the two-phase o+f area of the Ti—Fe phase di-
agram, and subsequently quenched contained the mixture of a-
and B-phases (Fig. 1b, bottom curve). In full accordance with the
phase diagram, the a-phase in such samples is almost free from
iron. Therefore, all iron atoms are diluted in f-phase. As a result it
contains much more iron than the mean concentration in an alloy
of 4 wt % Fe. Thus, if the sample contains a mixture of a- and f-
phases, the mass transfer is needed for the p— w transition. As a
result, the w-phase appears only after significant HPT strain (see the
middle curve in Fig. 1b) and B— w transition takes more time.

Consider now the subtle structural features of the (diffusionless
and/or diffusion-controlled) transformations of 3 to w phase during
HPT. The TEM data obtained on samples of Ti—4 wt % Fe alloy
annealed at T = 800 °C, 270 h, quenched and subjected to HPT for
0.1 anvil rotations are especially valuable for this purpose. In the
initial state this sample contained a- and B-phases in the volume
ratio about 1:4. After HPT for 0.1 rot. the majority of B-phase
transformed to w phase (Fig. 1a). Fig. 4 shows the a-grain sur-
rounded by a layer of B-phase which is embedded in turn in the w-
matrix. Basing in this picture we can suppose that during HPT the -
phase first transforms into w-phase. The front of this f— w trans-
formation moves towards the remaining a-particles. As a result, we
can see in Fig. 4 how the thin envelope of f-phase still covers the a-
particle. During this process the iron content in the newly-formed
w-phase becomes lower than in initial f-phase. The iron content in
the newly-formed w-phase changes towards the “optimal” one of
4 wt % Fe. On the other hand, it means that in this case the f—w
transformation during HPT requires mass transfer and cannot be
purely martensitic. It seems that all B-phase containing about
4.5 wt % Fe easily transformed into w-phase. However, we observe
that the B-phase “envelope” surrounding the particle of a-phase
contains more iron (about 6 wt % Fe). Most probably, the additional
iron migrated from the iron-free a-particle. The B-phase with 6 wt
% Fe has worse lattice matching with w-phase in comparison with
B-phase containing 4 wt % Fe. This fact explains why the B-phase
“envelope” around particle of a-phase remains non-transformed.
Thus, before HPT the sample annealed at 800 °C and quenched
contained the mixture of a- and B-phases with different iron con-
tent. However, after five HPT rotations the “final” w-phase forms
which is uniform and contains everywhere 4 wt % Fe, indepen-
dently on starting state (Fig. 3 TEM, Fig. 1, XRD).

The HRTEM image and respective FFTs in Fig. 5 show the mutual
arrangement of lattices of a-grain (area 1) surrounded by a layer of
B-phase (area 2) which is embedded in turn in the w-matrix (area
3). The martensitic OR between B and ®w phases is observed:
{111}4]/(0001),,; (110)4]|(1120),, [6,79]. For this OR three equiva-
lent positions of w-grains are possible for each B-grain. It can be
observed in Fig. 5: namely, the FFT for area 3 (w-phase) contains
all three possible film normals. In other words, the area 3
contains three families of equivalent w-grains. These equivalent w-
grains have the low-energy “quasi-twin” misorientations
among them. This fact supports the idea that the diffusionless
martensitic —w transformation took place in this sample. On
the other hand, no special OR between o and w-phases corre-

sponding to the known OR 1 (0001),//(0111),,;(1120),][(1101),,

and OR 2 (0001),,||(1120),,; (1120),|/(0001),, [6] was detected. Also,
no special OR between o« and f-phases was detected like
(0001),, (1]0)5;(11§O)a\\<111)5 [63—71]. It means that the HPT-

driven transformations between o and PB-phases as well as be-
tween o- and w-phases are diffusional (non-martensitic) and
should include mass-transfer.

In any case, after five anvil rotations (i.e. “deep” in the steady
state) the state in all three samples is the same, independently on
the starting state. They contain almost 95% of w-phase (Fig. 2a).
Similar behavior we observed also for alloys with 2 wt % Fe and 1 wt
% Fe (Fig. 2a). Therefore, the state of the Ti—Fe samples after 5 anvil
rotation can be determined as “equifinal”. In previous works we
observed that the composition and structure of phases during HPT
in the steady-state is controlled by the dynamic equilibrium be-
tween defect formation during SPD and relaxation (or annihilation)
of these defects [18,21,38]. The authors of Refs. [101—104] suc-
ceeded to observe the extremely high concentration of vacancies in
the steady-state during HPT. We found also that in many cases the
composition and structure of phases during HPT in this steady-state
depends on HPT conditions like pressure, temperature and strain
rate. However, they do not depend on the starting state of the
sample before HPT (for example, on the composition and
morphology of phases). Thus, such steady-state is a kind of attractor
and can be called equifinal following von Bertalanffi [105]. The
important difference between the systems called closed and open is
that closed systems evolve with time towards equilibrium state. The
equilibrium state does not depend on the starting state (i.e. before
evolution process starts). Analogously, the open systems tend to
seek the sustained equifinal state, which is also independent on
starting one [105].

Thus, the composition and structure of phases in the HPT
steady-state does not depend on that in the initial (starting state)
before HPT. It is, therefore, equifinal. To the contrary, the path from
the initial to equifinal state depends from the starting state. It can
include the phase transformations with and without mass-transfer.

4.5. Structural details of the w phase formation

Iron is an important alloying component in numerous Ti-based
alloys with excellent mechanical strength and superior plasticity
[106,107]. We saw in Section 4.4 that if the composition of f-phase
is close to 4 wt % Fe, the lattice matching between - and w-phases
is optimal for the f to v transformation. It takes place without mass
transfer and is, therefore, quick and easy. However, if the compo-
sition of B-phase differs from 4 wt % Fe, the mass transfer is needed
before the martensitic 3 to w transformation can happen. In other
words, B-phase should first obtain the missing iron atoms or to
remove the superfluous ones. If total iron concentration is close to
4 wt % Fe, the iron-rich B-phase and iron-free a-phase can react and
form B-phase with 4 wt % Fe which then easily transforms into w
phase. However, if the total iron content is below 4 wt % Fe, the
surplus of a-phase remains. It should transform into v phase “by
itself”, i.e. like in pure titanium, without help of iron atoms. This
case is analysed in Figs. 3 and 4.

The Ti—2 wt. % Fe alloy annealed at T = 800 °C, 270 h, subse-
quently quenched and subjected to HPT for 0.1 rot. (Fig. 6 a,b) has
layered structure with alternating Fe-enriched and Fe-depleted
layers. They correspond to the layers of originally B-phase and
originally a-phase. The phase map shows that the HPT-driven for-
mation of “new” w-phase took place both in Fe-rich and Fe-poor
layers. As a result, the sample contains after 0.1 rot. the areas of
w-phase with two different concentrations of iron. The w-phase
transformed from the B-phase contains more iron than the w-phase
transformed from the a-phase. Moreover, the w-phase transformed
from the B-phase contains less iron than the original B-phase.
Similarly, w-phase transformed from the a-phase contains more
iron than the original a-phase. Thus, the iron concentrations in w-
grains originated from «- and B-phases “come together” during
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HPT. They “meet in a middle point” and in the steady state after 5
rot. the iron concentration becomes uniform and equal to the
nominal one of 2 wt % Fe.
HREM micrographs and FFT patterns of this alloy witness that
(Fig. 7a):
MW between f- and w-phase exists the wusual OR
{111}5H(0001)w; (110)4][(1120),, [6,79].
B between «o- and w-phase exists the OR 1
(0001),[|(0111),;(1120),]|<1101),, [3.6].

On the other hand, one can find locations where abutting a- and
w-grains do not belong to any known OR (Fig. 7b). It means that in
case if the total iron concentration differs from the optimal one of
4 wt % Fe, the formation of w-phases can proceed martensitically
both from B-and a-phases. However, the diffusional transformation
is not excluded. Moreover, most probably, the diffusion-like redis-
tribution of iron should take place first in order to create the good
conditions for the following martensitic transformations.

5. Conclusions

The effect of alloying of titanium with iron (up to 10 wt % Fe) on
the w phase formation during high pressure torsion was studied
using XRD analysis, high resolution and orientation imaging TEM.
During shear deformation under uniaxial pressure, a pronounced
orientation relationship between adjacent grains of ¢- and w-
phases is accompanied by a strong local preferred orientation,
which is recognized as a “basal” crystallographic texture in a-phase.
It appears favorable for the realization of the o — w transformation
under HPT conditions.

The amount of retained w-phase after HPT depends on the iron
concentration. In alloys containing B-phase, the addition of iron to
titanium changes the lattice matching between B- and w-phases,
and their best conformity makes easier the f—w phase trans-
formations in comparison with pure Ti. The best matching between
B and w lattices is at 4 wt % Fe. The B— w phase transformation at
4 wt % Fe does not need mass-transfer and is, therefore, martensitic.
At other concentrations of iron the very fast HPT-driven diffusion-
like mass-transfer takes places. The respective diffusion coefficients
Dypr are many orders of magnitude higher than the D values for the
conventional bulk diffusion at the temperature of HPT treatment
(300 K).

HPT-driven o—w and B—w phase transformations can be
distinguished at early-stage deformation due to primarily different
solubility of iron in the precursory a- and fB-phases respectively.
Formation of the almost free of iron w-phase implies o — w transi-
tion and creates conditions for subsequent redistribution of iron
atoms between iron rich and iron depleted w-phase under HPT
influence. Rather homogeneous distribution of iron takes place in
the w-phase at the HPT steady state. Thus, a reduction of the w-
phase volume fraction at the concentrations higher than 4 wt % Fe is
caused by the decrease of the a-phase content in the initial states as
well as by more pronounced lattice mismatch between B- and w-
phases.
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