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The high pressure torsion (HPT) of Ti—4 wt. % Fe and Ti—4 wt. % Co alloys has been studied. Before HPT,
the samples were annealed above and below the temperature of eutectoid transformation. After
quenching, the first samples contained a mixture of o and B phases. The latter samples contained a
mixture of ¢-Ti saturated with Fe or Co and respective intermetallic phases TiFe. During HPT the high-
pressure w-phase formed in all samples. The amount of w-phase was higher when the initial samples
contained the o+ mixture then in the case of a+TiFe or a+TiCo mixture. Most probably, the martensitic
B — w transformation occurs easier than the o — v one. The amount of w-phase was higher in Ti—Fe alloy
than in the Ti—Co alloy for both initial states. It seems that cobalt additions disadvantageously change the
lattice parameters in Ti for martensitic — w and o — w transformations. The phase transformations with
mass transfer (diffusive ones) also take place by HPT of Ti—Fe and Ti—Co alloys. Both a-based solid so-
lutions partially decomposed after HPT. After HPT, the lattice parameters of a-phase containing cobalt or
iron changed towards those of pure «-Ti. It has been observed for the first time that the composition of

TiFe phase also changes after HPT.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Severe plastic deformation (SPD) stands for a group of novel
technologies, which allow engineers and metallurgists to control
the structure and properties of materials in a new way [ 1]. The main
feature of SPD is the possibility to deform a piece of material in a
confined space. In such a way the strain can be extremely high
without breaking the piece apart. If a piece cannot destroy during
straining, the dynamic equilibrium should appear between pro-
duction and annihilation of defects. Such a dynamic equilibrium
establishes after a certain strain value. Thus, it is quite under-
standable that SPD leads to various phase transformations [2,3] e.g.
the decomposition [4—6] or formation [7,8] of a supersaturated
solid solution, disordering of ordered phases [9,10], dissolution of
phases [11—15], amorphization of crystalline phases [3,16—19],
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appearance of the high-temperature [20], low-temperature [10,12],
or high-pressure [21-23] allotropic modifications, and nano-
crystallization in the amorphous matrix [24—27].

This paper is devoted to the displacive and diffusive phase
transitions in Ti—Fe and Ti—Co alloys under high pressure torsion.
Displacive (or diffusionless, or martensitic) are the f—w and a.—
phase transformations. The martensitic nature of these trans-
formations reflect itself in the special orientation relationships
between B and w as well as between o and w phases: between -

and w-phase {111}4//(0001),;(110)4[[(1120),, [28], between a-
and w-phases OR 1 (0001),[(0171),;(1120),][(1T01),, or OR 2

w?

(0001), [ (1120), : (1120),]1(0001),, [29].

Therefore, such transformations need only small shift of the
atoms and do not require the mass transfer of atoms over long
distances. However, SPD can lead also to the diffusive phase
transformations like decomposition of (supersaturated) solid so-
lution and the dissolution of precipitates. We can expect such
transitions also in the Ti—Fe and Ti—Co alloys.
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Previously, we studied the phase transformations in the Ti—Fe
and Ti—Co alloys in the as-cast state or after annealing above the
temperature of eutectoid phase transformation T, i.e. in the a+f
two-phase area of respective phase diagram [30—32]. After
quenching, such samples contained a mixture of o (or o) and B
phases. The high pressure torsion (HPT) led to the formation of
high-pressure w-phase. The w-phase is metastable at ambient
pressure. The goal of this work is to study the HPT-driven phase
transformations in Ti—Fe and Ti—Co alloys annealed below Te. Such
alloys contain before HPT the mixture of a-phase (saturated with
iron or cobalt atoms) as a matrix and particles of respective inter-
metallic phases.

2. Experimental

Pure titanium as well as Ti alloys with 4 wt% Fe and 4 wt% Co
were investigated (3.45 at.% Fe and 3.28 at.% Co, respectively). The
alloys were inductively melted in vacuum of high purity compo-
nents (99.9% Ti, 99.97% Fe and 99.99% Co). The melt was poured in
vacuum into the water-cooled cylindrical copper crucible of 10 mm
diameter. After sawing, grinding, and chemical etching, the 0.7 mm
thick disks cut from the as-cast cylinders were placed in sealed and
evacuated silica ampoules (residual pressure, p = 4 x 10~% Pa). They
have been annealed at T = 800 °C, 270 h, T = 470 °C, 750 h (Ti—Fe
alloys) and at T=800°C,91 h, T=670°C, 168 h, T= 600 °C, 2774 h
(Ti—Co alloys) and then quenched in water at room temperature.
After annealing and quenching the samples were deformed by
high-pressure torsion in a Bridgman anvil type unit (room tem-
perature, pressure at 7 GPa, 1 rotation-per-minute, 5 rotations)
using a custom built computer-controlled HPT device (W. Klement
GmbH, Lang, Austria). Pure titanium was deformed in the as-cast
state. The torsion torque measured during HPT increased during
1—2 anvil rotations and then remained unchanged (i.e. reached a
steady state as in Refs. [4,5,8,31,33—35]). The cold working in the
HPT machine leads to slight heating of a sample up to about
40-50 °C in the steady state. After HPT, the central (low-deformed)
part of each disk (about 3 mm in diameter) was excluded from
further investigations. 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 um diamond paste in the last pol-
ishing step, for the metallographic study. After etching, the as-cast
samples were investigated by means of the scanning electron mi-
croscopy (SEM).

X-ray diffraction patterns were obtained using Bragg—Brentano
geometry in a powder diffractometer (Philips X'Pert) with Cu-Ka
radiation. Transmission electron microscopy (TEM) and high reso-
lution TEM (HREM) observations have been made by using an ab-
erration corrected TITAN 80—300 transmission electron
microscope with specimens cut from bulk samples at a 3 mm dis-
tance from the disc center and further thinned in a Tenupol 5
electropolishing device. X-rays diffraction (XRD) spectra have been
collected with a Philips X'Pert powder diffraction apparatus oper-
ating in the Bragg—Brentano theta-two theta configuration and the
Cu-K; anode. The XRD peak profiles were fitted by Pseudo-Voigt
function. Lattice parameter evaluation was performed by the
Fityk software [36] using a Rietveld-like whole profile refinement.
Relative amount of «, f and w phases were estimated basing on the
comparison of the integrated intensities. The crystallographic
texture was taken into account in this estimation.

3. Results and discussion

Fig. 1 shows the bright field TEM micrographs of Ti — 4 wt% Co
alloy annealed at 600 °C, 2774 h after annealing and after

subsequent HPT. The temperature of 670 °C is below the temper-
ature T = 685 °C of eutectoid transformation for the Ti—Co system
[37]. Therefore, before HPT (Fig. 1a) the o-Ti matrix contains the
particles of TiCo intermetallic phase. They are non-faceted and
slightly elongated with diameter ~0.5—1 um and length ~1-3 pm.
After HPT (Fig. 1b) the Ti,Co particles become very fine (~10 nm)
and are almost invisible. The XRD peaks of o-Ti and TiCo are
strongly broadened after HPT (Fig. 2b). One can suppose that the
original particles were strongly fragmented during SPD, i.e. cut into
small parts by the gliding dislocations. On the other hand, one can
also suppose that the original Ti,Co particles were partly dissolved
in the o-Ti matrix and then re-precipitated again (like precipitates
in Cu—Co or Cu—Ag alloys [33,35]).

The samples of Ti — 4 wt% Fe alloy contain after long annealing

Fig. 1. Bright field TEM micrographs of Ti — 4 wt% Co alloy annealed at T = 670 °C,
168 h (a) after annealing before HPT and (b) after subsequent HPT. Selected area
electron diffraction pattern and corresponding radial intensity distribution are shown
as inserts; o and w-Ti phases are denoted by blue and red bars correspondingly. (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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at 470 °C, 750 h (i.e. below the temperature Te = 596 °C for Ti—Fe
system [37]) the particles of TiFe intermetallic phase with size of
few um (Fig. 2a, middle curve). After HPT the particles of TiFe
become very fine of ~30 nm (Fig. 2a, upper curve). The XRD peaks of
a-Ti and TiFe are strongly broadened after HPT (Fig. 2a). The phase
TiFe exists in a certain concentration interval between 51.3 and
54.0 wt¥% Fe [37]. This circumstance is very useful for us. The precise
measurements of the lattice parameter of TiFe particles show that it
changes from 0.2979 nm before HPT to 0.2989 nm after HPT (see
also Table 1). The comparison with published literature data on
Vegard law for TiFe phase [38—42] allows us to estimate the
composition change. Thus, the intermetallic particles contain
approx. 54 wt% Fe before HPT and approx. 52 wt% Fe after HPT.

At the same time, processing conditions of the HPT-technique
may cause residual macrostress and consequently affect lattice
parameter measurements. In our case the XRD measurements of
lattice parameters of Ti—Co and Ti—Fe alloys reveal the changes of
the order of magnitude of 0.0005—0.001 nm (see Table 1). The
precise synchrotron measurements of residual macro-stress influ-
ence gave the possible effect of 0.00008 nm [43]. Earlier, the
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Fig. 2. XRD patterns for (a) pure titanium and Ti — 4 wt% Fe alloy annealed at 470 °C,
750 h after annealing and after subsequent HPT, (b) pure titanium and Ti — 4 wt% Co
annealed at 670 °C, 168 h after annealing and after subsequent HPT.

absence of the residual macrostress was reported for HPT samples
[44]. The authors [44] checked the meanings of XRD peak shift after
different times of electrolysis erosion. At present work Fig. 2
demonstrates that the noted deviations in lattice parameter do
not influence the observed general trend.

In Fig. 2 the XRD patterns are shown for (a) pure titanium and Ti
— 4 wt% Fe alloy annealed at 470 °C, 750 h before and after HPT as
well as for (b) pure titanium and Ti — 4 wt% Co annealed at 670 °C,
168 h before and after HPT. These XRD data demonstrate that after
long annealing below eutectoid temperature T, the a-Ti is saturated
with iron and cobalt, respectively. The lattice parameters after
annealing are a = 0.29511 nm and ¢ = 0.46940 nm in Ti — 4 wt% Fe
alloy and a = 0.29481 nm and ¢ = 0.47028 nm in Ti — 4 wt% Co alloy
(Table 1). It is very good visible that after HPT the peaks of a-based
solid solutions with Fe and Co move back towards the peaks of pure
Ti. The lattice parameters after additional HPT treatment are
a = 0.2955 nm and ¢ = 0.4692 nm in Ti — 4 wt% Fe alloy and
a = 0.2957 nm and ¢ = 0.4703 nm in Ti — 4 wt% Co alloy. In pure
titanium a = 0.2959 nm and ¢ = 0.4690 nm (Table 1). It means that
after HPT the lattice parameters a and c in Ti—Fe and Ti—Co alloys
became closer to those of pure titanium. In other words, after
annealing and quenching samples contained the «-Ti-based solid
solution were supersaturated with Fe or Co at the room tempera-
ture (RT). HPT at RT leads to partial decomposition of this super-
saturated solid solution. The «-Ti-based solid solution is purified in
both cases but not completely. The lattice parameters c and a after
HPT did not reach their values for pure o-Ti. It means that after HPT
the «-Ti contains as much Fe or Co as if we would have been
annealed it at a certain effective temperature Tegf between Te and RT.
This phenomenon is very similar to the HPT-driven decomposition
of a supersaturated solid solution in several Cu-based alloys [39]. In
Cu—Ag and Cu—Co alloys Tefr is a function of HPT conditions, and
does not depend on the initial state of the alloy. It is, therefore,
equifinal [45]. On the other hand, Teff depends on the alloying
element in Cu-based alloys. Teff increases with increasing activation
enthalpy of a second component [46]. If an alloy was annealed
before HPT above T, the solid solution decomposes, but if it was
annealed before HPT below Tef;, the concentration in solid solution
increases on the cost of partial dissolution of precipitates of a sec-
ond phase (Co and Ag, respectively). The observed features of the
phase transformations under HPT support the concept proposed in
Refs. [47,48] about the appearance of additional channels for the
dissipation of mechanical energy supplied to the solid state during
SPD.

Similar to our earlier experiments [30—32], the HPT of the Ti—Fe
and Ti—Co alloys annealed below T, also leads to the formation of
w-phase. Previously, we annealed the samples in the o+ two-
phase area of respective phase diagram. After quenching, such
samples contained the mixture of « (or ¢’) and  phases. The HPT
led to the formation of w-phase. Minor amounts of o and 3 phases
remained after HPT as well. In Fig. 3 the XRD patterns are shown for
(a) Ti — 4 wt% Fe alloy annealed at 470 °C, 750 h and at 800 °C, 270 h
after HPT, (b) Ti — 4 wt% Co annealed at 670 °C, 168 h and at 800 °C,
91 h after HPT. The Ti — 4 wt% Fe alloy annealed at 800 °C contains
after HPT about 95% of w-phase. The same alloy annealed at 470 °C
contains after HPT only ~80% of w-phase. The Ti — 4 wt% Co alloy
annealed at 800 °C contains after HPT about 80% of w-phase.
However, the same alloy annealed at 670 °C contains no w-phase.
Thus, the percentage of w-phase after HPT was much lower or
substantially suppressed in the samples annealed below T, than in
the same alloys annealed at the high temperature in the o+ area of
the phase diagram. One possible explanation for this fact is that the
alloys after “low” annealing contain no B-phase, and B-phase
transforms into w-phase much easier than o-Ti. However, another
explanation of these facts is also possible. We observed recently
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Lattice parameters before and after HPT.

Alloy State Parameter a, nm Parameter ¢, nm Intermetallic compound Parameter a, nm
Ti—Fe Before HPT 0.2951 0.4694 TiFe 0.2979
After HPT 0.2955 0.4692 (Pm3m) 0.2989
Ti—Co Before HPT 0.2948 0.4703 TiyCo 1.1316
After HPT 0.2957 0.4703 (Fd3m) 1.1327
Pure Ti Before HPT 0.2955 0.4694
After HPT 0.2959 0.4690

that the w-phase with a certain amount of Fe (about 4 at. % Fe [32])
is formed during HPT at easiest. It is because the addition of iron
decreases the lattice parameter of B-phase, and the lattice param-
eter of w-phase remains almost constant. As a result the orientation
relationship needed for the diffusionless (martensitic) B-to-w
transformation fulfils optimally at about 4 at. % Fe [32]. We can
suppose that the o-Ti in the samples after “low” annealing contains
far too few Fe or Co, and the rest of Fe or Co atoms are scavenged in
the hard intermetallic precipitates.
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Fig. 3. XRD patterns for (a) Ti — 4 wt% Fe alloy annealed at 470 °C, 750 h and at 800 °C,
270 h after HPT, (b) Ti — 4 wt% Co annealed at 670 °C, 168 h and at 800 °C, 91 h after
HPT.

Another interesting fact is that after HPT the amount of w-phase
is much less in the Ti—Co alloys in comparison with Ti—Fe alloys for
similar initial states. (In our work the Ti—Fe and Ti—Co alloys
contain 4 wt% of Co and Fe. The respective atomic concentration of
second components are slightly different, namely 3.45 at.% Fe and
3.28 at.% Co. However, this minor difference does not change
qualitatively the following conclusions.) Fig. 4 shows that HPT of
the (a+p) phase mixture leads to almost complete w-phase for-
mation in Ti-Fe alloy (800 °C, 270 h) but to noticeable amount of
remained a-phase in the Ti—Co alloy (800 °C, 91 h). However, in the
case of (o + intermetallic) mixture the transformation into w-phase
appeared to be suppressed in the Ti-Co alloy (Fig. 2b). One of the
possible reasons could be the different influence of alloying with Fe
and Co on the o-Ti lattice. Thus, the addition of cobalt increases the
¢/a ratio for the hexagonal closely-packed lattice of o-Ti. This ratio
comes closer to the ideal value of ¢/a = 1.63 for closely packed
spheres. This ¢/a value maybe less convenient for the orientation
relationships needed for the diffusionless a-to-w transition.

4. Conclusions

Severe plastic deformation not only leads to the grain refine-
ment but also drives the phase transformations in materials. The
high pressure torsion of Ti—4 wt. % Fe and Ti—4 wt. % Co alloys has
been studied for two initial states: (1) mixture of o and B phases
and (2) mixture of a-phase and intermetallic compounds TiFe, TiFe;
or TizCo. HPT leads to martensitic B— w and o — w transformations.
The martensitic f— w transformation occurs easier than the o— w
one. Thus, the amount of w-phase was observed to be higher when
the initial samples contained the a+f mixture then in the case of
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Fig. 4. XRD patterns for Ti — 4 wt% Fe and Ti — 4 wt% Co alloys annealed at 800 °C after
HPT.
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a+ (TiFe, TiFe;) or a+ Ti;Co mixture. The amount of w-phase was
higher in Ti—Fe alloys than in the Ti—Co alloys for both initial states.
Most probably, it is because cobalt additions disadvantageously
change the lattice parameters in Ti for martensitic f—w and o —w
transformations. The o-based solid solutions with Fe and Co
partially decomposed after HPT. Thus, the diffusive phase trans-
formations with mass transfer also took place during HPT. The iron
concentration in TiFe phase slightly changed after HPT as well. Most
probably, the TiFe particles were not simply fragmented by cutting
during HPT but completely dissolved in the a-matrix and then re-
precipitated.
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