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1. Introduction

This work shows the formation of the athermal w phase in alloy Ti—4 wt%

Fe. The alloy under study, heat treated at 800 °C for 100 h and subsequently
water quenched, is investigated using X-ray diffraction (XRD), scanning
electron microscopy (SEM), and transmission electron microscopy (TEM).
The thermal stability of w-Ti(Fe) is investigated by differential scanning
calorimetry (DSC). The DSC measurements show a cascade of several
thermic events between 160 and 450 °C, and one strong and sharp
exothermic DSC peak at ~480 °C. The phase transformations and other
microstructural changes behind these events are explained by complementary
use of XRD, electron backscatter diffraction (EBSD), and TEM analyses that
are performed on samples heated stepwise in the DSC apparatus. These
experiments indicate that the embryos of athermal w-Ti(Fe) grow up to
~400°C and start to decompose into an a-Ti(Fe) + B assemblage already at
450°C. At ~480°C, the decomposition of the athermal w-Ti(Fe) phase is
practically finished. Thermal stability of athermal w-Ti(Fe) is compared with
the thermal stability of w-Ti(Fe) produced in a high-pressure torsion (HPT)
process, indicating a higher thermal stability of w-Ti(Fe) in the non-deformed

alloys.
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Due to their high strength, low density, and
excellent corrosion resistance, titanium
alloys are attractive materials for a variety
of applications like aircrafts, aero-engines,
biomedical devices, or components in
chemical processing equipment.!! The
properties of titanium alloys are further
improved by alloying, which helps to
control their phase composition and mi-
crostructure, in particular the phase tran-
sitions and the distribution of phases in the
material. Titanium and titanium alloys
crystallize in three allotropic modifications,
which are i) the hexagonal closed packed
(hcp) low-temperature a-Ti phase with the
space group (SG) P6;/mmec, ii) the body
centered cubic (bcc) high-temperature f
phase (SG: Im3m), and iii) the hexagonal
high-pressure w phase (SG: P6/mmm).l?
In addition, several metastable phases
were reported in literature for Ti being
alloyed with transition metals (e.g., V, Nb,
Mo, Ta, Fe) as a result of quenching from
a bee-type B solid solution.”* In the Ti-Fe
system, the hexagonal close packed o’ martensite (SG: P6;/mmc)
can be obtained after quenching if the iron content is low
(<5 wt% Fe).F®

The formation of the metastable w phase (SG: P6/mmm) has
been classified into two groups: athermal and thermally activated
(isothermal). The athermal w phase forms typically in a limited
compositional range via a diffusionless, displacive collapse of the
{111}, parent lattice planes of p through a shuffling mecha-
nism. b0 In contrast, the isothermal w phase precipitates during
annealing experiments involving diffusion processes (as a
consequence of the diffusion of alloying elements).l*!" For
Ti-Fe alloys, the formation of the athermal w phase was reported
to occur between 3 and 5wt% Fe.P*#!"3l For Fe contents
higher than 5wt%, the p phase is retained in the quenched
sample as a metastable phase.*'"

Only very little is known about the high-temperature stability
of metastable phases, which are produced by quenching of Ti-Fe
alloys. The stability of these phases (after water quenching) was
investigated for only two alloy compositions (1 and 10 wt% Fe) by
means of the thermal analysis upon heating.['” The presence of
exothermal events in the differential scanning calorimetry (DSC)
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curves indicated several phase transformations, but the correla-
tion of the phase transformations with the microstructure
changes was not described yet.

Metastable B alloys exhibit excellent mechanical properties
and a good formability, and offer the greatest flexibility for
designing various microstructures due to the growth and
precipitation of the a and w phases, which are connected with the
absorption/release of heat.™ Therefore, the present work is
focused on the explanation of the correlations between the
thermal events arising upon heating, phase transitions and
microstructure changes.

In the as-quenched state, the samples under study contained
4 wt% Fe and consisted mainly of athermal w. In a first step, they
were investigated by DSC in order to get an overview of the
transformation temperatures. Subsequently, the samples were
heated stepwise to the desired temperatures and investigated ex
situ using X-ray diffraction (XRD), transmission electron
microscopy (TEM/HRTEM) with energy dispersive X-ray
spectroscopy (EDS) and selected area electron diffraction
(SAED). In addition, the spatial distribution of the phases after
the decomposition process (heated up to 550 °C) were obtained
by electron back-scatter diffraction (EBSD) experiments.

2. Experimental Section

The titanium alloy containing 4 wt% Fe (denoted Ti-4Fe) was
prepared by inductive melting of high purity materials (99.9% Ti
and 99.97% Fe) in high vacuum. The melt was cast in vacuum
into a water-cooled copper crucible having a diameter of 10 mm.
The as-cast cylinders were cut into disks with a thickness of
approx. 1 mm. These disks were polished, etched, placed in silica
ampoules, which were evacuated to a residual pressure of
4x107*Pa, sealed, annealed at 800°C for 100h, and subse-
quently quenched in room-temperature water (denoted as initial
state). The annealing temperature of 800 °C was chosen slightly
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below the P-solvus line (Figure 1la) to generate an a-Ti+fp
two-phase microstructure with the P phase as a major
constituent. After the heat-treatment procedure, the oxygen
content was determined by carrier hot gas extraction method
using the analyzer G8 GALILEO (Bruker AXS GmbH, Germany)
in a graphite crucible using He as the carrier gas. The
measurements reveal very low oxygen contents of approx.
0.01wt% after the annealing procedure.

The microstructure of the annealed and subsequently
quenched samples (including the phase composition and the
spatial distribution of the present phases) was investigated by
means of optical, scanning electron microscopy, and electron
back-scatter diffraction (OM, SEM, and EBSD, respectively). For
these investigations, the samples were electropolished using the
polishing device LectroPol-5 and the commercial electrolyte A-3
(both from Struers, Denmark). The SEM micrographs
were taken using back-scattered electrons (SEM/BSE) with a
FEG-SEM LEO 1530 GEMINI (Zeiss, Germany) operating at
20kV. For the EBSD measurements, the acceleration voltage of
20kV and the step size of 60nm were chosen. The HKL
Channel5 software was utilized to acquire and to index the EBSD
patterns. Structure parameters needed to identify the Kikuchi
patterns, that s, the space group and the lattice parameters, were
taken from the ICSD'® database and from the analysis of the
XRD patterns, respectively.

The phases present in individual samples subjected to
different annealing temperatures were identified using X-ray
diffraction (XRD). The XRD experiments were carried out
in conventional Bragg-Brentano geometry (D8 Advanced,
Bruker AXS, Germany) using Co-Ka; radiation (wavelength:
0.178897 nm) where a Johannson-type monochromator in the
primary beam was used to suppress the spectral line Co-Ka,. The
X-ray tube was operated at 40kV and 35mA and scattered
photons were detected using a LynxEye 1D detector. The analysis
of the XRD patterns using the TOPAS!"”! software allowed to
extract the lattice parameters of individual phases. Local analysis
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Figure 1. a) Ti-rich part of the binary Ti—Fe phase diagram calculated using the database recommended by SGTE.I"® The position of the alloy Ti—4Fe at
the annealing temperature of 800 °C is indicated by the asterisk symbol. b) A representative SEM/BSE micrograph of the water-quenched sample Ti—4Fe
shows that the a-Ti and B phases are in equilibrium at the heat-treatment temperature of 800 °C. The o’-martensite plates and the athermal w phase (not
detectable by SEM/BSE) were formed upon quenching inside the B grains.
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of the chemical compositions of the phases, the phase
distribution and the analysis of the grain boundaries were done
by transmission electron microscopy (TEM) using a JEM-2200FS
microscope (JEOL, Japan), which was operated at 200kV. The
chemical compositions of each phase were analyzed using EDS
in scanning TEM (STEM) mode, the phase identification was
done using SAED and HRTEM. The TEM lamella was prepared
by a lift-out technique using the focused ion beam (FIB) Helios
NanoLab 600i (FEI, Netherland).

The thermal stability of athermal w-Ti(Fe) was studied using a
power-compensated differential scanning calorimeter DSC-8000
(PerkinElmer, United States). The DSC measurements revealed
the temperatures of the phase transitions and the kind of heat
events (endothermic/exothermic), which arise during heating
the metastable states in the quenched samples. For the DSC
measurements, the samples were placed in Pt crucibles with very
thin Al,O3 inlets to avoid the direct contact between the metallic
samples and the Pt crucible. Before each measurement, the
system was flushed with high purity Ar (99.999% -+ Varian
cleaning system) to remove remaining oxygen. The thermal
analysis measurements were performed up to 250, 360, 450, 550,
and 600°C using heating/cooling rates of 10 Kmin ', respec-
tively. The temperature calibration was executed using melting
points of standard materials (indium and tin).

3. Results and Discussion

The annealing temperature (800 °C was chosen according to the
phase diagram of the binary Ti-Fe system to be located in the
a-Ti+ P two-phase region slightly below the B solvus line
for 4wt% Fe. The aim was to correlate compositional and
structural differences of the metastable phases formed after
quenching with the characteristics of the equilibrium phases.
The phase diagram was calculated using a thermodynamic
database recommended by the Scientific Group Thermodata
Europe (SGTE).!*® The Ti-rich part of the Ti—Fe phase diagram is
shown in Figure la.

The SEM/BSE analyses of the quenched sample Ti-—4Fe
revealed that this sample possesses a two-phase a-Ti+f
microstructure at the annealing temperature, where p is the
major constituent. In addition, fine laths of a precipitates were
detected inside the P grains (Figure 1b). These o precipitates
form upon water quenching. The oxygen content of approx.
0.01wt% was measured after the annealing procedure in the
samples. As already shown by Y. Todaka et al.,[**! a considerable
oxygen content would impede the formation of w-Ti(Fe).

The formation of w-Ti(Fe) in the water-quenched sample was
confirmed by SAED in the TEM. The intense spots in the SAED
pattern (Figure 2a) can be indexed as reflections from f. The
additional (not assigned) reflections, however, do not obey this
metric, but they indicate a strong orientation relationship with f.
The Fast Fourier Transformations (FFTs) of the local HRTEM
micrographs (Figure 2¢,d) revealed that the additional reflections
stem from two variants of w-Ti(Fe) with the orientation
relationships i) (121), || (0330),, and [101], || [1010],, and ii)
(121), || (0112), and flOlh3 || [1010], to the parent p phase. The
lattice parameters of w-Ti(Fe) present in this sample are
a=(0.45960 & 0.00004) nm and c¢=(0.28145 +0.00004) nm as
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determined using XRD (see below). The coincidence of crystal
structures of w and P is illustrated in Figure 2b. Obviously, these
w variants are twin related with the common twin plane (101 )e
and (0111), of the p and w (Figure 2b, left variant) lattices,
respectively. These orientation relationships are also consistent
with the orientation relationship (OR) (111)g || (0001), and
[110], || [1120], reported in literature.* 112

The analysis of the SAED patterns taken along the interface
between P+ w/a-Ti (Figure 3) showed that the reflections
corresponding to w are best developed in the interior of the
former P grains, whereas they get diffuse toward the o-Ti grain
boundary. The compositional analysis by EDS in STEM revealed
that the concentration of iron in the p+w region increases
toward the B + w/a-Ti interface. While the Fe concentration in
the interior of the former p grains was approx. 5wt% Fe, it
exceeded 10 wt% Fe at the interface between a-Ti and p + w. The
comparison of the Fe concentration profile with the quality of
diffraction spots confirms the former conclusions that the w
content increases as the Fe content approaches 4wt%.[*"*?
In addition, this result is in accordance with conclusions from
refs. B*%13 showing the formation of athermal w in a limited
compositional range between 3 and 5wt% Fe. With increasing
local Fe content, the crystal structure of w becomes distorted, as it
can be seen from the decreasing intensity and from the diffuse
shape of the additional reflections belonging to w-Ti(Fe).
Consequently, the distorted w phase resembles more and more
B-Ti(Fe). Thus, the amount of the B phase apparently increases
(Figure 3).

The main reason for the observed increase of the Fe
concentration at the p+w/a-Ti interface is the formation of
equilibrium a-Ti grains during the heat-treatment at 800 °C. As
the solubility of Fe in a-Ti is almost zero (Figure 1la), the iron
atoms are expelled from o-Ti into . During the annealing, the
iron atoms diffuse from the P+ w/a-Ti interface toward the
interior of the {3 grains. However, as the diffusion time is limited,
the Fe concentration is not equalized. The orientation relation-
ship between a-Ti and § at their interface, that is, [101] ||
[1211], and (101), || (1011),, that was concluded from the
SAED patterns is shown in Figure 3c.

In the interior of the p+ w grains, the precipitation of fine
laths of o' martensite was observed (Figure 3). The FFT of the
HRTEM image (Figure 3d) shows that o’ obeys the Burgers'*’
orientation relationship [111], || [1120] and (110), || (0001),, as
shown in ref. [24]. In addition, TEM/EDS measurements of the
o/ laths show decreased Fe solubility compared to the
surrounding B+ w grain (not shown for sake of brevity).

The thermal stability of athermal w-Ti(Fe) was investigated
using DSC, which revealed a series of exothermal events
(Figure 4). In order to be able to correlate these events with
microstructure changes, another initial sample was succes-
sively heated in the DSC apparatus up to temperatures, which
are slightly above the respective exothermic events (onset
temperatures: 170, 230, 364, 484 °C), and investigated by means
of post mortem X-ray diffraction. The heating and cooling DSC
curves (heating/cooling rate of 10Kmin ') are shown in
Figure 4, the XRD patterns in Figure 5. The absence of the
thermal events in the DSC cooling curves (inset in Figure 4)
affirms the irreversible character of the reactions occurring
upon heating. Thus, the XRD measurements after each DSC
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Figure 2. TEM investigations of Ti—4Fe (initial state). The TEM/SAED image a) shows the superposition of two w variants together with B, whereas the
red rectangle marks the diffraction spots corresponding to the reciprocal bce cell. In b) the orientation relationship between B and the two w variants is
presented. The HRTEM images c) and d) with the corresponding FFTs show distinct areas where only one of these two w variants is stable. The left and
right w variants in b) correspond to the FFTs of the HRTEM images c) and d), respectively.

scan can be directly correlated with the exothermic events upon
heating in the DSC.

According to the XRD measurements (Figure 5a,b), the alloy
Ti—4Fe contains a mixture of a-Ti and f in the as-quenched state.
However, as only the diffraction line 1103 from the § phase was
detected, it can be said that this phase is strongly disordered and
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that a huge static Debye—Waller factor suppresses the subse-
quent diffraction lines. As the diffraction line 1103 from f
coincides with the diffraction lines 1011, and 1120, from w, it
cannot be concluded, whether this diffraction line stems from f
or from w. The coincidence of the diffraction lines 110z, 1011,,,
and 1120, is perfect for a, = V244 and ¢, = (v/3/2)a.*?>*%
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Figure 3. TEM investigations of Ti—4Fe (initial state) at the a-Ti + B grain boundary. The circles in the TEM/STEM image (top left) indicate the regions
a), b), and c) of the respective SAED measurements shown on the right part of this figure, the blue line mark the EDS-line scan (shown below) and the
arrows point at a’ precipitates. In the TEM/SAED images the red rectangles and the dashed gray quadrangle indicate the reciprocal bcc and hep sub-cells,
respectively and the circles in a) mark the presence of two w variants according to Figure 2. The TEM/HRTEM image d) with the corresponding FFT
shows the formation of ' martensite inside former B grains (arrows in (a)).

The w diffraction lines 1122, and 3031,. located at approx.
260~ 96°, which are not overlaid by any diffraction line of B, are
not visible because of the structural disorder described above.

Upon heating the sample to 250 and 360 °C, the intensities of
the p + w peaks increased. The structural disorder was reduced,
thus the peaks overlapping at approx. 20~96°, which are
characteristic for w, developed and its intensity increased
continuously after sequential annealing up to 450°C. This
phenomena was usually associated with the formation of
so-called isothermal w.*"?728

The intense diffuse scattering visible on the left side of the
1011,, and 1120, peaks after annealing the sample at 450°C

Adv. Eng. Mater. 2018, 1800158
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(Figure 5b) hints at the decomposition of w and at the formation of
B with a smaller lattice parameter and thus a higher Fe content as
compared to the initial state. The change of the lattice parameter
can be seen from the shift of the 1103 and 220; peaks to higher
diffraction angles after annealing the sample at 550 °C. After this
annealing, no diffraction lines of w were detected anymore.
Using published lattice parameters ag of the solution phase §-
Ti(Fe) from refs. [29-33] and ar;p. of the intermetallic phase TiFe
measured by Fischer et al.,** the Fe content (w(Fe) in wt%) of
can calculated by the application of Vegard’s law®® using the
linear lattice parameter dependence: w(Fe) = —1688.4a3[nm] +
553.6 (Figure 6). The application of Vegard’s law revealed the Fe

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. DSC measurements of Ti—4Fe using heating/cooling rates of
10K min~" showing i) a single heating run of the initial sample up to
600°C and ii) stepwise measurements up to 250, 360, 450, and 550°C,
respectively. The onset temperatures mark the transformation temper-
atures of the respective exothermic events upon heating. The inset in this
figure show the cooling curves of the stepwise measurements.

content of approx. 10-14 wt% in the  phase after heating up to
550°C (ag =0.31962 nm). For the initial state, the Fe content in
the B phase was estimated to be approx. 4-6 wt% (ag = 0.32498
nm), which is in agreement with the TEM/EDS observations
(Figure 06).

Concurrently, the amount of a increased after the annealing
up to 550°C, as it can be seen on the splitting of the diffraction
line 0002 from a. In accordance with the o’-martensitic phase,
the diffraction lines of this newly formed a-Ti(Fe) phase are also
shifted toward higher diffraction angles which indicates an
increase in the Fe solubility compared to a-Ti. This phase is
denoted a-Ti(Fe) within the present work. In order to verify that
variations of the chemical compositions are primary responsible
for the shifts of the a-Ti(Fe) line positions, combined EBSD/EDS
maps were recorded on Ti—4Fe after heating up to 550°C as
shown in Figure 6. The EBSD measurement was performed
close to the a-Ti and P interface which were found to be in
equilibrium at the heat-treatment temperature of 800 °C. After
subsequent quenching and re-heating up to 550°C former p + w
grains were found to be decomposed into a two-phase mixture
containing a-Ti(Fe) and P. The EBSD/EDS measurement
(Figure 7b) revealed that the newly formed a-Ti(Fe) phase is
enriched by iron compared to the equilibrium a-Ti phase which
can be seen in the XRD patterns as line shifts to higher
diffraction angles. The decomposition of w leads to the formation
of a-Ti(Fe), which exhibits a smaller solubility of iron compared
to w. The P phase, which is already present in the initial state,
accommodates the excess iron and is therefore stabilized below
the eutectoid reaction temperature of 585 °C.I"® Figure 7c shows
the inverse pole figure map of a-Ti and a-Ti(Fe) revealing the
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Figure 5. Comparison of the ex situ XRD measurements after stepwise
heat-treatments of Ti—4Fe (initial state) up to 250, 360, 450, and 550°C.
The diagram a) shows the whole measured diffraction patterns and
b) enlarged parts between 40 and 48°26. The positions of the diffraction
lines of a-Ti, B (red markers) and w (red and black markers) are
indicated below the diffractograms. The formation of the Fe-rich B and
a-Ti(Fe) phases after annealing up to 550°C are indicated by the black
arrows.

formation of several a-Ti(Fe) variants originating from one p
grain which contains four w variants. The nature of the
decomposition mechanisms of w to a-Ti was already discussed in

literature.[36*

1) The nucleation of a in the core of w precipitates involves a
displacive mechanisms™*” or is developed directly from
athermal o with the help of vacancies,*® or

2) the w to a phase transformation at P/w interfaces is
established by a coupled displacive-diffusional pro-
cess, 363739 op

3) the a phase is formed due to a pseudo-spinodal decomposi-
tion process of B without any contribution of w.[*"*
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Figure 6. Variations of the lattice parameter ag of B-Ti(Fe) with increasing
iron solubility as shown by refs. [29-34]. The linear fit (red line) applied to
the published data lead to the equation: w(Fe) =-1688.4 ag [nm] + 553.6.
The dashed gray lines indicate lattice parameters ag measured for the
initial state and after annealing up to 550°C.

Due to the lack of the lateral resolution of XRD in the direct
space, it is difficult to conclude whether the phase transforma-
tion of a occurs at the p/w interface or not. However, it was
shown that the a phase transformation is directly related to the
decomposition of w (Figure 5) and that the diffusion process
leads to the redistribution of iron and to the formation of a-Ti(Fe)
and B-Ti(Fe) phases which contain more iron than equilibrium
a-Ti and the metastable p-Ti phase after quenching.

Recently, several works investigated the phase transforma-
tions in the Ti-Fe system being induced by a high-pressure
torsion process (HPT) and the thermal stability of the pressure

www.aem-journal.com

induced phases.!"*?"***¥ The comparison of these findings with
the results of the present work shows very interesting
similarities in the transformation pathway upon heating, which
will be discussed in the following.

In these works,!'*2!2>*3 it was shown that the transformation
of o’ and p to the high-pressure w phase strongly depends on the
iron composition. The smallest lattice mismatch between the
and w lattices was found for an Fe content of approx. 4 wt%.12!>%
Consequently, for this composition the transformation of p — w
does not require mass transfer and thus just a small deformation
(36° HPT'rotation) is sufficient to transform f3 in this alloy almost
completely to the w phase. The studies of the thermal stability of
HPT w-Ti(Fe) revealed the transformation sequence w— a-
Ti(Fe) — a-Ti + p — B upon heating.”” The DSC measurements
performed in this work showed that the w-Ti(Fe) phase
transformation to an Fe-rich a-Ti(Fe) phase is an exothermic
process occurring at approx. 380 °C. With further temperature
increase, above 650 °C, this a-Ti(Fe) phase decomposes into the
equilibrium phases a-Ti and f. This transformation was found to
be endothermic and the transformation temperature decreases
with increasing iron content in the sample. The observed heating
curve of Ti—4Fe after annealing at 800 °C and subsequent water
quenching (initial state) also shows a cascade of exothermal
events and one strong exothermal event at approx. 482°C
(Figure 8). The comparison of the DSC measurements for the
initial sample investigated in the present work and after
deformation using HPT presented in ref.[22] reveal that the
transformation temperatures upon heating are lowered by
strong deformations and/or small grain sizes which are
characteristic features of the microstructures after the HPT
process. For the sample after HPT, the origin of the exothermic
events with increasing temperature was correlated with defect
annihilation and recrystallization processes, and the most
dominant effect with the transformation of the metastable
high-pressure w phase to the supersaturated a-Ti(Fe) phase at

B + a-Ti(Fe)

400

£ S
EDS Sig
1

]’:. &,,;‘;k
Ko

1
800 1200

Figure 7. EBSD measurement at the a-Ti + B phase boundary after annealing of sample Ti—4Fe up to 550°C. In a) the EBSD phase map, in b) the EDS
signal of Fe Ka, and in c) the inverse pole figure map of a-Ti and a-Ti(Fe), all superimposed on the band contrast image, are shown.
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Figure 8. Comparison of DSC measurements of Ti-4Fe in the initial state

and after deformation using HPT as published in ref. 22, For the DSC
measurements, heating rates of 10Kmin~' were applied.

approx. 381°C.”? For the initial sample investigated in the
present work, it can be concluded that the exothermic events
(Figure 8) originate from the decomposition of the metastable
phases such as athermal and/or isothermal w inside the sample
Ti—4Fe.

4, Conclusions

The initial microstructures of the titanium alloy containing
4wt% Fe, which was annealed at 800°C for 100h and
subsequently quenched in water, was investigated by means
of X-ray diffraction, high-resolution TEM and selected area
electron diffraction. The observations showed that the formation
of athermal w is favored inside metastable p grains with Fe
contents of approx. 5wt%. During heating in the DSC, the
thermal stability of w was investigated and correlated with ex situ
XRD measurements. Up to 450 °C, the amount of w increases
with increasing temperature. At approx. 480 °C the decomposi-
tion of w into an Fe-rich B and a supersaturated a-Ti(Fe) phase
was observed to proceed as an exothermic event in the DSC.

In summary, the transformation path upon annealing of the
quenched Ti—4Fe sample was found to be:

aTi+ (B + w) — o-Ti+ (B-Ti(Fe) + a-Ti(Fe))
. oTi + p-Ti(Fe).

The comparison of the thermal stability of athermal w-Ti(Fe)
with the pressure induced w-Ti(Fe) phase produced in a high-
pressure torsion (HPT) process, indicates a higher thermal
stability of w-Ti(Fe) in the non-deformed alloys.
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