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Phase Transformations in Ti–Fe Alloys Induced by
High-Pressure Torsion**
By B. B. Straumal,* A. R. Kilmametov, Yu. Ivanisenko, A. S. Gornakova, A. A. Mazilkin,
M .J. Kriegel, O. B. Fabrichnaya, B. Baretzky and H. Hahn
The Ti–Fe alloys are quite important among various Ti-based alloys doped with b-stabilisers. Severe
plastic deformation by the high pressure torsion (HPT) leads to the strong grain refinement in Ti–Fe
alloys. The high-pressure vTi-phase appears during HPTof the Ti–1wt.% Fe alloy. However, the vTi
does not appear after uniaxial compression at the same pressure, without torsion. vTi remains
quenched after pressure release and disappears by heating around 140–150 °C. However, the further
alloying with iron suppresses the formation of vTi-phase. As a result, vTi does not appear after HPT in
the Ti–10wt.% Fe alloy.
1. Introduction
The combination of low density (4 500 kgm�3), excellent

mechanical properties (strength �1 000MPa, ductility
�10%), and good corrosion resistance makes titanium and
its alloys one of the best engineering materials.[1] The
structure and properties of titanium alloys can be tailored by
using the combination of alloying, as well as thermal and
mechanical treatments.[2,3] They are especially effective
because titanium has different allotropic modifications at
low (a-phase) and high (b-phase) temperatures. Titanium
has also a high-pressure v-phase. It is supposed that the
reversible transformations of a-Ti and b-Ti to the high-
pressure phase (a$v and b$v) can improve the mechanical
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properties of the titanium-based alloys. For a targeted
thermo-mechanical treatment of the Ti alloys, a detailed
knowledge on the fundamentals of the v-phase formation at
high pressure and the phase stability at elevated temper-
atures is very important. Unfortunately, such data are very
scarce up to now.

In Figure 1 the equilibrium “temperature–pressure” phase
diagram for pure titanium obtained by in situ experiments
under hydrostatic pressure is shown.[4–13] In pure titanium,
the high-pressure phase transition from a-Ti to v-Ti
takes place.[4–6,8–13] The a–v–b triple point was experimen-
tally determined at 640 °C and 7.5GPa.[10] At room
temperature, the a!v transition occurs between 2.9 and
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Fig. 1. Temperature–pressure equilibrium phase diagram for pure titanium. Thick solid
lines mark the a–b, b–v, and a–v phase equilibrium based on the data obtained in situ
under high pressure in hydrostatic conditions.[4–13] Thin dotted lines reflect the scatter of
experimental data for the pressure of a–v transformation at room temperature. The
experimental points mark the conditions of HPT treatment and demonstrate the phases
present in the samples after HPT of pure or commercially pure titanium.[17–23] These
experimentalpoints showthephases observedafterfinishof theanvilsrotationandreleaseof
high-pressure. Diamonds are for the pure a-phase.[17–19] Triangles are for the aþv

mixture.[17–23]
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10.5GPa, depending on the experimental technique, on the
pressure environment, and on the sample purity (this
interval is shown by vertical dotted lines at 2.9 and
10.5GPa).[8–13] The low temperature a-Ti crystallizes in the
hexagonal closely packed (hcp) crystal structure (space
group P63/mmc, Wyckoff positions 2c) with the ratio of the
lattice parameters c/a � 1.58. Above 882 °C, the body-
centered cubic (bcc) b-Ti is stable, which crystallizes in the
space group Im3m, where the Ti atoms occupy the Wyckoff
positions 2a. The crystal structure of v-Ti is hexagonal (space
group P6/mmm), and the Ti atoms occupy the Wyckoff
positions 1a and 2d.[8,14] The crystallographic mechanism of
the a$v (or a$b$v) phase transformation was described
in Refs.[8,14] It was suggested that the a!v transformation at
low temperatures proceeds as a!b!v. In other words, a-
phase transforms into v-phase through the formation of b-
phase, which is thermodynamically unstable in pure
titanium below 882 °C.[8] The martensitic-type transforma-
tion is characterized by a rather large hysteresis; thus, the v-
phase can be retained in the material after release of the
pressure.[6] The experimental points in Figure 1 describe the
results of the experiments of high-pressure torsion (HPT) of
pure or commercially pure titanium and will be discussed
below.

The Ti–Fe alloys are quite cheap among other Ti-based
alloys doped with b-stabilizers. Most Ti–Fe binary alloys
exhibit an excellent combination of high strength and large
plasticity.[15] Ti–Fe alloys are also useful for medical
applications.[16] Severe plastic deformation (SPD) by HPT
permits to obtain the extremely fine-grained structure in Ti
and Ti alloys.[17–23] They also contain the high-pressure v-
1836 http://www.aem-journal.com © 2015 WILEY-VCH Verlag GmbH & C
phase which remains quenched after release of high pressure.
Moreover, SPD permits to drastically improve the mechanical
properties of Ti and Ti-based alloys.[24,25] In particular, the
extraordinarily high strength and ductility has been achieved
in nanograined Ti.[24,25] The v-phase appears after SPD also in
Zr but not in Hf.[26,27] If one would compare the phases in
alloys before and after SPD with an equilibrium phase
diagram, one could estimate the so-called effective tempera-
ture for the SPD treatment.[28,29] The investigation of
peculiarities of phase transformations in the SPD-treated
Ti–Fe alloys was the goal of this work.
2. Experimental Section

Two Ti–Fe alloys with 1 and 10wt% Fe were investigated.
The alloys were inductively melted in vacuum of high purity
components (99.9% Ti and 99.97% Fe). The melt was poured
in vacuum into the water-cooled cylindrical copper crucible
of 10mm diameter. After sawing, grinding, and chemical
etching, the 0.7mm thick disks cut from the as-cast cylinders
were deformed by HPT in a Bridgman anvil type unit (room
temperature, pressure at 7GPa, 5 torsions, 1 rotation-per-
minute) using a custom built computer-controlled HPT
device (W. Klement GmbH, Lang, Austria). Both alloys were
also compressed in the same HPTmachine without torsion at
7GPa during 5min. After HPT, the central (low-deformed)
part of each disk (about 3mm in diameter) was excluded
from further investigations. The 2mm thick slices were also
cut from the ; 10mm cylindrical ingots and then divided into
four parts. These as-cast samples were embedded in resin
and then mechanically ground and polished, using 1mm
diamond paste in the last polishing step, for the metallo-
graphic study. After etching, the as-cast samples were
investigated by means of the scanning electron microscopy
(SEM).

SEM investigations have been carried out in a Tescan Vega
TS5130 MM microscope equipped with the LINK energy-
dispersive X-ray spectrometer produced by Oxford Instru-
ments. Samples for the transmission electron microscopy
(TEM) were prepared by electropolishing in BK-2 non-acid
electrolyte.[30] TEM investigations were carried out using a
TECNAI F2 electron microscope with acceleration voltage of
200 kV. X-ray diffraction patterns were obtained using Bragg–
Brentano geometry in a powder diffractometer (Philips
X’Pert) with Cu–Ka radiation.

Both the as-cast samples and fine-grained HPT-treated
samples were studied by differential thermal analysis (DTA)
and differential scanning calorimetry (DSC) in the tempera-
ture range of 200–1100 °C using the DTA/TG SETSYS
EVOLUTION 1750 (SETARAM, France) device and
NETZSCH Pegasus 404C calorimeter. DTA measurements
were performed in the dry argon or helium atmosphere, in
Al2O3 crucibles and at the cooling and heating rates of
20Kmin�1. DSC was performed in Ar atmosphere and the
same other conditions as for DTA. The results obtained by
DTA andDSCwere in perfect agreement with each other. DSC
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2015, 17, No. 12
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investigations at 25–700 °C were performed in Netzsch 204 НР
calorimeter in He atmosphere with the heating rate of
10Kmin�1. The heating rate of 10Kmin-1 has been chosen
because at the heating rates higher than 20Kmin�1, the
temperatures of heat effects would be shifted toward higher
temperature on heating and lower temperature on cooling.
The lower heating rates of 5 or 1Kmin�1 led to the substantial
grain growth in the HPT-treated samples. Additionally, the
effects the authors would like to study became less visible at
low heating/cooling rates.
3. Results

In Figure 2a and b, the SEMmicrographs of the as-cast Ti–
1wt% Fe (Figure 2a) and Ti–10wt% Fe (Figure 2b) alloys are
Fig. 2. SEM micrographs of the as-cast (a) Ti–1wt% Fe and (b) Ti–10wt% Fe alloys. The
appears dark; the b-phase appears bright; (c) bright field, (d) dark field TEM micrographs,
electron diffraction pattern of the Ti–10wt% Fe alloy after HPT.

ADVANCED ENGINEERING MATERIALS 2015, 17, No. 12 © 2015 WILEY-VCH Ve
shown. The Ti-rich a-phase appears dark and the b-phase
appears bright. The as-cast Ti–1wt% Fe alloy contains mainly
the a-Ti-phase (Figure 2a). The structure consists of the
lamella-shaped a-grains (about 100–200mm long and 10mm
broad) separated by the thin b-lamellae with the thickness of
3–5mm (Figure 2a). The alternating a- and b-lamellae form
differently oriented colonies. The mean size of such an a/b-
colony is about 300–500mm. The as-cast Ti–10wt% Fe alloy
contains mainly the b-Ti-phase (Figure 2b). The size of b-Ti
grains is about 100–300mm. The a-phase forms the uniform
layers with thickness of about 3–5mm separating the b-grains
(corresponding image is not shown here). This phenomenon
is so-called complete wetting of b-Ti/b-Ti grain boundaries
by the second solid phase a-Ti.[31–33] Additionally, the a-
phase forms the numerous needle- or plate-like precipitates
Ti-rich a-phase
and (e) indexed

rlag GmbH & Co. K
in the volume of b-grains. They have a
length of �10–30mm and thickness of �2–
5mm. The needles (plates) are parallel or
perpendicular to each other; it is the indication
of a certain orientation relationship between a-
and b- phases.

HPT drastically refined the grains (see the
TEM micrographs in Figure 2c and strong
broadening of XRD lines, especially like a

(1,0,–1,0) or b (200) in Figure 3). Figure 2 shows
also the bright field (c), dark field (d) TEM
micrographs, and (e) indexed electron diffrac-
tion pattern of the Ti–10wt% Fe alloy after
HPT. The dark field image was taken using the
brightest reflections of both a- and b-phases.
Unfortunately, it was not possible to separate
the reflections from these two phases due to
their vicinity (see Figure 2e). The size of
slightly elongated a- and b-grains is about
100–150 nm. Therefore, both Ti–Fe alloys be-
came ultra-fine grained. This grain size is close
to the values previously obtained after HPT of
commercially pure titanium (100–120 nm after
HPT at 6GPa, 5 turns, 1 rpm, 20–300 °C;[18]

120 nm after HPT at 5GPa, 5 turns, 1 rpm, 20 °
C;[19,20] 100–200 nm after HPT at 1, 5, and
5GPa, 10 turns, 0.2 rpm, 20 °C;[21,22] 50–150 nm
after HPT at 3, 4, 5, and 6GPa, 0.5–10 turns,
1 rpm, 20 °C[23]), and of 99.4wt% pure titanium
(200 nm after HPT at 1.2GPa and 150 nm
after HPT at 6GPa, 0.5–10 turns, 0.2 and
0.5 rpm, 20 °C[17]).

XRD-patterns demonstrated that the coarse-
grained (initial) as-cast alloy with 1% Fe
contained mainly a-Ti with hcp lattice with a
small amount of cubic b-Ti (Figure 3a). After
uniaxial compression of this alloy (7GPa
without torsion), a redistribution of the integral
intensities between the XRD peaks (110) and
(200) of the b-phase took place in favor of the
first one. This redistribution of the peaks
GaA, Weinheim http://www.aem-journal.com 1837



Fig. 3. X-ray diffraction patterns of (a) Ti–1wt% Fe and (b) Ti–10wt% Fe alloys in the as-cast (initial) state, after uniaxial compression at 7GPa and after HPT. The patterns are
vertically shifted for better comparison.
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intensities could be the indication of weak <110> texture. It
should be noted here that according to the theoretical
predictions, the<110> texture component plays an important
role for the a!b!v-phase transformation via the atomic
shuffling within the (0001)a planes.

[14] This is expected for the
transformation pathways obeying one of the orientation
relationships (0001)a j (110)b j (01 �1 1)v or (0001)a j (011)b j (11 �2
0)v pathways.[14] After HPT, the majority of aTi transformed
into v-Ti, only minor amount of a-Ti remained, bTi
completely disappeared.

The coarse-grained (initial) as-cast alloy with 10% Fe
contained almost exclusively b-Ti with a small amount of a-Ti
(Figure 3b). The weak peaks of a-Ti are shifted due to the
alloying with Fe. After uniaxial compression of the Ti–10wt%
Fe alloy, the portion of a-Ti increased, that of b-Ti decreased.
The v-Ti was absent (see also TEM results in Figure 2c–e). The
redistribution of intensity between peaks of b-phase (like that
in the Ti–1wt% Fe alloy) was not observed. After HPT, the Ti–
10wt% Fe alloy still contained only the a-Tiþb-Ti mixture,
again without any sign of v-Ti. Therefore, the alloying of Ti
with big amounts of iron suppresses the formation of v-Ti-
phase during HPT.

In Figure 4, the results of thermal analysis are presented.
The temperature dependencies of heat flow (heating curves)
are shown for the initial as-cast, uniaxially compressed, and
HPT-treated Ti–Fe alloys. It should be noted that no heat
effect were observed on cooling for all investigated samples
that is why cooling curves were not presented. Based on the
results obtained during the second heating, it can be
concluded that no reverse transformation occurred on
cooling. All three high-temperature heating curves for the
Ti–1wt% Fe alloy are quite similar (Figure 4a) with some
small decrease of the onset temperature in compressed and
HPT-treated alloys. Each of them reveals one endothermic
reaction (deep minimum), which starts around 841 °C (onset)
and finishes close to 880 °C (peak). According to the
equilibrium Ti–Fe phase diagram, this endothermic
1838 http://www.aem-journal.com © 2015 WILEY-VCH Verlag GmbH & C
transformation can be attributed as a-Ti to b-Ti transition.[34]

Indeed, according to the XRD data (Figure 3a), the initial Ti–
1wt% Fe alloy as well as the Ti–1wt% Fe alloy after uniaxial
compression contain only a-Ti. According to calculations
based on thermodynamic data,[34] the temperature of
diffusionless transformation of a-Ti to b-Ti is equal to
793 °C. According to equilibrium calculations, transforma-
tion a-Tiþb-Ti!b-Ti finishes at 860 °C. After HPT the Ti–
1wt% Fe alloy contains exclusively only v-Ti (Figure 3a). The
low-temperature heating curve for HPT-treated sample
(Figure 4c) contains the exothermic peak around 143 °C. It
has been shown earlier that in pure Ti, this exothermic
reaction corresponds to the v-Ti!a-Ti transformation.[23] By
further temperature increase, the a-Ti transforms into b-Ti
similar to the initial and compressed samples (Figure 4a). It
should be noted that no transformation of b-Ti occurred
during the second heating of Ti–1wt% Fe samples.

In the Ti–10wt% Fe alloy, the heating curves are more
complicated (Figure 4b). All three samples reveal the
combination of an exothermic reaction followed by the
endothermic one. The exothermic reaction starts between
�460 °C (HPT-treated sample) and 518 °C (initial sample). It
should be noted that the exothermic effect is not very
pronounced in case of the HPT-treated sample that makes it
difficult to determine the onset. In the uniaxially com-
pressed Ti–10wt% Fe alloy, the exothermic reaction starts at
469 °C. XRD reveals that all Ti–10wt% Fe samples contain
large amounts of b-Ti (Figure 3b), which is absent in Ti–1wt
% Fe samples (Figure 3a). By heating, the metastable b-Ti
first transforms into equilibrium a-Ti. Further heating leads
to the equilibrium a-Ti!a-Tiþb-Ti!bTi transitions. There-
fore, the exothermic maximum is immediately followed by
the endothermic minimum in the curves shown in
(Figure 4b). In accordance with the phase diagram, the a-
Tiþb-Ti!b-Ti transition occurs in the alloy Ti–1wt% at
higher temperature and in more narrow temperature range
than in the Ti–10wt% Fe alloy (see Figure 4a and b). The
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2015, 17, No. 12



Fig. 4. The temperature dependencies of heat flow for (a) Ti–1wt% Fe alloy, (b) Ti–10wt% Fe alloy, and (c) Ti–
1wt% Fe alloy at low temperatures.
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second heating of samples with 10wt% Fe indicated more
distinct exothermic effects attributed to transformation of b-
Ti to a-Ti with some shift to higher temperature in
comparison with first heating. It should be mentioned that
ADVANCED ENGINEERING MATERIALS 2015, 17, No. 12 © 2015 WILEY-VCH Verlag GmbH & Co. KGa
at low temperature, transformations in both
alloys do not correspond to the phase
diagram, and comparison with equilibrium
diagram is only possible after metastable b-
Ti transforms to equilibrium assemblage a-
Tiþb-Ti.
4. Discussion

Figure 1 shows the results of the HPT
treatment for pure titanium published in the
literature.[17–23] Full symbols mark the con-
ditions of HPT treatment and demonstrate
the phases present in the samples after HPT
(i.e., observed after pressure release).[17–23]

Diamonds are for the pure a-phase.[17–19]

Triangles are for the aþv mixture.[17–23] The
HPT of commercially pure titanium at slow
speed of 0.2 rpm and high strain of 10 turns
resulted in a-phase at 1.5GPa (diamond in
Figure 1) and v-phase with small amount of
a-phase at 5GPa (triangle in Figure 1).[29,30]

The HPT (0.5–10 turns, 0.2 and 0.5 rpm, 20 °
C) of 99.4wt% pure titanium in the range
between 1.2 and 40GPa permitted to observe
the transition from pure a-Ti in the pressure
range between 1.2 and 5GPa (diamonds in
Figure 1) to the two-phase a-Tiþv-Ti
mixture in the pressure range from 6 to
40GPa (down triangles in Figure 1).[17] Upon
that the amount of a-Ti in samples deformed
at 14, 21, 28, and 40GPa was very low.[17] The
two-phase a-Tiþv-Ti mixture (down trian-
gles in Figure 1) has been observed after HPT
of commercially pure titanium in Ref.[23] The
amount of v-Ti grew from zero (diamond in
Figure 1) at 3GPa to 70% at 6GPa by
constant number of anvil turns of 5. The
amount of v-Ti also grew at 6GPa from 55%
after 0.5 anvil turn to 90% after 10 anvil
turns. It has to be underlined that a-Ti still
can be found in the samples together with v-
Ti even after HPT at 40GPa.[17] Most
probably, it appears due to the reversal v-
Ti!a-Ti transformation after pressure re-
lease at the end of HPT treatment.

It is well known that the a!v phase
transformation is of martensitic (diffusion-
less) type, and the v-Ti is in equilibrium at
room temperature above 7.4� 2GPa (Fig-
ure 1).[4–13] Obviously, the reason for the
formation of the v-phase during HPT at
significantly lower pressures is related to a considerable
contribution in the thermodynamic driving force provided
by the external shear stress.[23] It is known that shear stress
can facilitate the martensitic transformations,[35] and
A, Weinheim http://www.aem-journal.com 1839
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 enhancement of the a!v transition in the presence of

external shear stress has been shown previously.[12,17–23] It
has been also predicted theoretically[36] basing on the ab
initio calculations employing the density functional theory
(DFT) that the alloying with b-stabilizer elements such as
V, Mo, Fe, and Ta should lead to a decrease in the onset
pressure of the a!v transformation. However, it is not
clear yet, why v-Ti was not formed in the same HPT
conditions in Ti–10wt% Fe alloy. It happens despite of the
fact that Ti–10wt% Fe alloy contained mostly b-Ti. The
mechanism of b!v transformation at present is not
known. Some authors discussed the possibility of the b-
Ti formation as the intermediate product of the a!v

transformation taking place at temperatures below 882 °C,
where this phase is thermodynamically unstable.[8] Our
study had shown that this scenario is rather implausible, as
soon as we observed a!v transformation, and not the
b!v at identical conditions of HPT.
5. Conclusions
1)
184
SPD by HPT leads to the strong grain refinement in Ti–Fe
alloys.
2)
 The high-pressure v-Ti-phase appears during HPT and
remains quenched in the Ti–1wt% Fe alloy at the ambient
pressure.
3)
 The high-pressure v-Ti-phase disappears by heating
around 143 °C.
4)
 The Ti–10wt% Fe alloy contains the a-Tiþb-Ti mixture in
the initial state, after compression and after HPT; however,
the v-Ti does not appear even after HPT. It means that the
addition of Fe suppresses the formation of v-Ti during
HPT.
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