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Abstract: The application of light-weight intermetallic materials to address the growing interest and
necessity for reduction of CO, emissions and environmental concerns has led to intensive research
into TiAl-based alloy systems. However, the knowledge about phase relations and transformations
is still very incomplete. Therefore, the results presented here from systematic thermal analyses of
phase transformations in 12 ternary Ti-Al-Nb alloys and one binary Ti-Al measured with 4-5 different
heating rates (0.8 to 10 °C/min) give insights in the kinetics of the second-order type reaction of
ordered (BTi), to disordered (BTi) as well as the three first-order type transformations from Tiz Al
to (aTi), wo (TigNbAl3) to (3Ti)o, and O (TiyNbAl) to (BTi)o. The sometimes-strong heating rate
dependence of the transformation temperatures is found to vary systematically in dependence on
the complexity of the transformations. The dependence on heating rate is nonlinear in all cases and
can be well described by a model for solid-solid phase transformations reported in the literature,
which allows the determination of the equilibrium transformation temperatures.

Keywords: phase transformation; differential thermal analysis; order-disorder; heating rate dependent

1. Introduction

For future high-temperature structural applications, light-weight intermetallic ma-
terials based on TiAl alloy systems play an increasingly important role. These alloy
systems have been investigated extensively in recent decades for their energy-saving and
lightweight construction potential [1,2]. TiAl-base alloys have the advantage of lower den-
sities compared to currently used Ni-based superalloys and possess good high-temperature
properties such as specific strength, creep resistance, and oxidation and burn resistance for
low-pressure turbine blades at application temperature of 700 to 850 °C [1,3]. Therefore,
parts manufactured out of TiAl-based alloys have been introduced in aviation and car
industries over the years [2—4]. To further improve their properties, it is essential to create
a well-defined and stable microstructure at application temperature. Since the mechanical
properties are controlled by the phases and microstructure present at application tempera-
ture, a lot of experimental and theoretical studies have been performed to determine the
phases, phase transformations, resulting microstructure morphologies, and the influence
of certain alloying elements on mechanical properties [4-14].

Most of the currently used alloys consist of the binary phases TiAl (tetragonal, tP4,
P4/mmm) [15], TizAl (hexagonal, hP8, P63/mmc) [16], and (BTi) (cubic, cI2, Im-3m) [17].
The cubic ($Ti) solid solution phase is disordered in the binary Ti-Al system, but B2-
type ordering can occur by ternary alloying [18]. This ordered (Ti), phase disorders on
heating at a composition-dependent transition temperature [18,19]. The currently applied
alloys are mainly based on the Ti-Al-Nb system. Therefore, the Ti-rich ternary Ti-Al-Nb
phases w, (Ti4aNbAl;, hexagonal, hP6, P63 /mmc) [20] and O (Ti;NbAl, orthorhombic, 0C16,
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Cmcm) [21] are also of huge interest to better understand and further optimize alloys based
on this system.

A particular complication in ternary Ti-Al-NDb alloys arises from the fact that the
high-temperature microstructure and phase equilibria are significantly affected by the
solid-solid decomposition of TizAl and the two ternary phases w, and O. This is important
especially for the two ternary phases w, and O, which depending on composition both
decompose on heating in the range of 700 °C to 950 °C, i.e., near to the range of desired
application temperatures. For a targeted alloy development including also modelling-based
approaches (e.g.,, CALPHAD modelling), it is, therefore, important to understand the solid-
solid transformations and to know the true equilibrium phase transformation temperatures,
which in turn is not possible without considering the kinetics of these transformations.
However, this was never taken into account in former research, which mainly focused on
the crystallographic transformation path [10,20-23].

The Ti-Al-Nb system is not only the system all commercially used alloys are based
on, but it is also a perfect system to study the kinetics of different types of solid-solid
phase transformations from the viewpoint of fundamental thermodynamics. In this system,
classical order/disorder transformations such as the B2/ A2 transition from the ordered
(BTi), to the disordered (pTi) phase take place, but there are also some significantly more
complex solid-solid transformations, which involve the phases w,, O, and TizAL

Solid-solid transformations can behave very differently regarding their kinetics. On the
one hand, there are transformations that proceed without any long-range diffusional
processes such as, order/disorder reactions. On the other hand, there are transformations
requiring diffusion because composition, crystal structure, and fraction of the involved
phases are changing [24]. In case of the order/disorder reaction of (3Ti) there is no change
in composition and crystal lattice required. The only difference between ordered and
disordered state is that the atoms of the different elements occupy specific lattice sites in the
ordered state compared to their random occupation in the disordered variant. Therefore,
no long-range diffusion is required for this transition. The transition temperature varies
with composition and added alloying elements [18,19], but should be independent of
heating or cooling rate.

Examples for the second type of transformations are reactions involving the two
ternary phases w, and O. Both phases were first found to form on cooling from the cubic
(BTi) phase and result in a change of the crystal structure into either a hexagonal lattice
(wo phase) or an orthorhombic lattice (O phase) [20,21]. In addition, there is a change
in composition requiring long-range diffusion. Stark et al. [25] could show via in situ
high-energy X-ray diffraction (HEXRD) measurements that the formation of w, consists
of complex diffusion-controlled steps. Despite these extensive investigations on the vari-
ous transformation paths and under which thermal conditions they form [6,10,22,25-28],
there is not much known about the kinetics of these transformations. As long-range diffu-
sional processes are needed, the observed transformation temperatures can be expected to
depend on the heating or cooling rate meaning that values obtained from classical heating
or cooling experiments will differ from the true equilibrium transformation temperatures.

In order to study the different kinds of solid-solid transformations, a series of ternary
Ti-Al-Nb alloys was produced containing at least one of the phases (Ti),, TizAl, w,, or O.
After heat-treatment and initial characterization by scanning electron microscopy (SEM)
and HEXRD, the samples were investigated with various heating rates by differential
thermal analysis (DTA) to determine and classify the kinetics of the mentioned phase
transformations. The experimental procedures and results of this research are described
and discussed in the following sections.

2. Materials and Methods

A series of Ti-Al-Nb alloys including one binary Ti-Al reference alloy were synthesized
using an arc melting device with tiltable crucible. All compositions are listed in Table 1.
The alloys were produced in an Ar inert gas atmosphere from high-purity elements Ti
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(99.995 wt.%), Al (99.999 wt.%) and Nb (99,9 wt.%) (HMW Hauner GmbH and Co. KG,
Rottenbach, Germany). Several pieces were cut from the cylindrical alloy ingots and
encapsulated in fused silica capsules backfilled with Ti-gettered Ar gas for heat treatments
at 700 °C (1500 h), 800 °C (1000 h), 900 °C (650 h), and 1000 °C (400 h). For the DTA
experiments, samples heat-treated at 700 °C were used (except for alloy All that was
studied in the as-cast state, alloy A7, where the heat-treated state 1000 °C/400 h was used,
and alloy AQ, where the as-cast alloy was held at 1000 °C for 60 h in the DTA). In some
cases, additional samples from heat treatments at 800, 900, and/or 1000 °C were measured
to check the effect of different heat treatment states on the phase transformations.

Table 1. Composition of synthesized and heat-treated Ti-Al-Nb alloys measured with EPMA and the
phase transformations taking place in these alloys are marked by “x” (for simplification, only the
phases are mentioned that transform into each other even though other phases might be involved the
phase fraction and composition of which also changes).

.o o Nb W, to Oto TizAlto (BT, to
Alloy — Ti@t%) Al@L%) ooy (T,  (BTHe  (@T)  (BTD)
A0 57.1 429 — — — X —
Al 50.8 44.3 49 - - X -
A2 49.0 45.8 5.2 - - X -
A3 50.8 39.8 9.4 X - X X
A4 53.9 36.4 9.7 X - * X
A5 55.6 32.7 11.6 X - - X
A6 43.8 44.5 11.7 X - X
A7 60.9 25.2 13.9 - X - X
A8 50.4 32.8 16.8 X * - X
A9 40.4 39.6 20.0 X - - X
A10 454 30.7 23.9 - X - X
All 50.7 24.1 25.2 - X - X

*: transformation temperatures could not be reliably measured by DTA because of a very small phase fraction of
the transforming phase and/or proximity of the critical temperature to another reaction in the same alloy.

The alloy compositions were determined by electron-probe micro-analysis (EPMA,
JEOL JXA-8100, JEOL, Akishima, Japan). The impurity levels of O and N were checked
by inert gas fusion (Fusion Master ONH, NCS Germany, Neuss, Germany) before and
after heat treatment for a number of alloys yielding typical values of ~200 wt.ppm O and
< 50 wt.ppm N. Metallographic cross sections of the heat-treated alloys were prepared
afterwards to investigate the microstructure of these alloys by scanning electron microscopy
(SEM, Zeiss Leo 1550 VP, Oberkochen, Germany).

Phases were identified by HEXRD at the High-Energy Materials Science (HEMS) beam-
line [29] at the synchrotron storage ring PETRA III, DESY, Hamburg, Germany, operated
by Hereon. The samples with a thickness of ~10 mm were measured in transmission with a
photon energy of 100 keV (A = 0.0124 nm) and a beam size of 1 mm?. During the exposure
time of 100 s, the samples were rotated by 20° or 180° to obtain a better grain statistics.
Diffraction patterns were recorded with a 2D PerkinElmer (Waltham, MA, USA) flat panel
detector XRD 1621. The data were integrated over 360° azimuthal angle using the program
Fit2d [30].

To determine transition temperatures and investigate the kinetics of phase trans-
formations, DTA was performed using a Netzsch DSC 404C Pegasus thermal analyzer
(Selb, Germany). The device was calibrated with certified Al, Au, and Ni standards. Heat-
ing rates of 0.8, 1, 2, 5, and 10 °C/min were used for the measurements. The accuracy
of the temperature measurements was regularly checked by melting Al (660 °C) and Au
(1064 °C). The deviations were <1 °C in all cases, which is why an accuracy of +£1 °C is
assumed for all temperature values reported in the following. Square-shaped samples
with approximate dimensions of 3 x 3 x 2 mm were cut from the heat-treated alloys and
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cleaned with ethanol before the DTA experiments. The samples were placed into alumina
crucibles and the measurements were performed in an Ar atmosphere.

The standard DTA experiment consisted of two heating and cooling cycles of heat-
treated samples between room-temperature (RT) and 1300 °C. For low heating rates,
the samples were first heated with 10 °C/min to a temperature about 40 °C below the
expected reaction and only the temperature range including the transformation was mea-
sured with the low rate. For the transformation temperatures, only the values determined
upon first heating were used. For the order/disorder transitions, the peak maximum
marks the transition temperature. At this point, ordering is completely lost on heating and
the signal returns to the baseline. Heating-rate-dependent transformations are associated
with a change in enthalpy due to compositional and/or crystallographic changes. In this
case, the onset temperature of the resulting peak on a DTA curve marks the starting of
the transformation and was determined as extrapolated peak-onset temperature (for a
definition, see, e.g., the recommendations given by the German society for thermal analysis
GEFTA [31-33]).

To obtain the values of the equilibrium transformation temperature, the data were
extrapolated to a heating rate of 0 °C/min. As the heating rate dependence is not linear,
the model approach of Zhu et al. [34,35], which was specifically developed for sluggish
solid-solid reactions, was used. The thermodynamic background and the application of
this approach will be briefly explained in the results section.

3. Results
3.1. Alloy Characterisation

In case of order/disorder transitions such as the transformation from the B2-ordered
solid solution (3Ti), to the disordered A2 variant (3Ti), no transition-related changes in the
microstructure are visible since phase fractions and compositions remain the same before
and after the transition. However, in many solid-solid transformations a change in the
microstructure is observed since these transformations require changes in phase fraction
and composition which affect the microstructure. An example showing the transformation
from the low-temperature w, phase to (Ti), is presented in Figure 1. On the left-hand
side (Figure 1a), the microstructure of alloy Ti-36.4A1-9.7Nb (A4) (throughout the present
article, alloy compositions are given in the form Ti-xAl-yNb with x and y in at.%) heat-
treated at 900 °C for 650 h is shown with the w, phase (composition: 34.3 at.% Al and
11.7 at.% Nb) as bright matrix phase and fine precipitates of Ti3Al (grey) and TiAl (dark).
The microstructure on the right-hand side (Figure 1b) belongs to the transformed material
after a heat treatment at 1000 °C. It also shows a bright matrix, which, however, now is the
(BTi), phase (composition: 35.8 at.% Al and 10.7 at.% Nb) with precipitates of TizAl (grey)
and TiAl (dark) similar as at 900 °C. It is observed that the phase fractions (900 °C: 45 vol.%
Wo; 1000 °C: 64 vol.% (PTi)o, values from HEXRD analysis) and morphology of the phases
have changed significantly.

These observations agree with the HEXRD measurements, which are shown in
Figure 2. Due to their common structural features, the strongest diffraction peaks of
the w, phase occur at nearly identical positions as for the (3Ti), phase. However, as can
be seen from the 900 °C diffraction pattern, there are several smaller peaks such as the
(100), (004), and (114) reflections, which are characteristic for the w, phase and which are
no longer present at 1000 °C. Instead, the (100) superstructure peak of the ordered (3Ti),
phase occurs at 1000 °C. All other diffraction peaks can be assigned to Ti3Al and TiAl at
both temperatures as indicated in Figure 2.
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Figure 1. Back-scattered electron (BSE) SEM micrographs of: (a) alloy Ti-36.4A1-9.7Nb (A4) after heat treatment at 900 °C
for 650 h showing a three-phase microstructure with w, (bright) as matrix phase, TizAl (grey) and TiAl (dark); (b) alloy
Ti-36.4A1-9.7Nb (A4) after heat treatment at 1000 °C for 400 h also showing a three-phase microstructure with (3Ti), (bright)
as matrix phase, TizAl (grey) and TiAl (dark).

Intensity (arb. units)

1900 °c/650 h

. T . . . .
il 2 3 4 5 6

20 (%)
Figure 2. HEXRD diffraction patterns of alloy Ti-36.4A1-9.7Nb (A4) heat-treated at 900 °C (blue,

wo + TizAl + TiAl) and 1000 °C (red, (BTi)o + TizAl + TiAl) with the intensity displayed on a
logarithmic scale.

For the transformation of the O phase to (3Ti),, similar observations can be made
regarding the microstructure. In alloy Ti-25.2Al-13.9Nb (A7) at 900 °C, the microstructure is
composed of O phase (light-grey), TizAl (dark grey) and the bright (3Ti), phase (Figure 3a).
At 1000 °C, the O phase has completely transformed resulting in a two-phase (3Ti), + TizAl
microstructure (Figure 3b).
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(a) (b)
Figure 3. Back-scattered electron (BSE) SEM micrographs of: (a) alloy Ti-25.2Al-13.9Nb (A7) after heat treatment at 900 °C
for 650 h showing a three-phase microstructure of (3Ti), (bright) and a two-phase matrix (TizAl and O phase); (b) alloy
Ti-25.2A1-13.9NDb (A7) after heat treatment at 1000 °C for 400 h showing a two-phase microstructure consisting of (3Ti),
(bright) and TizAl (dark).

This observed change in microstructure is confirmed by HEXRD results (Figure 4).
As can be seen in the 900 °C diffraction pattern, there are characteristic double peaks of
the O phase, i.e., (110)/(020), (111)/(021), (200)/(120). These peaks are no longer visible
at 1000 °C, which indicates that the O phase has fully decomposed into ($Ti),. This is
supported by the fact that the phase fraction of Ti3 Al only increases slightly from 30 vol.%
to 38 vol%, whereas the amount of (3Ti), drastically increases from 4 vol.% at 900 °C to
62 vol.% at 1000 °C. Apart from that, the weak (100) and (111) superstructure reflections,
which are characteristic of the ordered cubic (3Ti), phase, are clearly visible (Figure 4).

1e TiAl
1 4 (BTi),
1 ¢+ O-Phase

1000 °C/400 h

Intensity (arb. units)
’Lo (100)

110
0(0&)’( )

1900 °C/650 h

26 (%)
Figure 4. HEXRD diffraction pattern of alloy Ti-25.2Al-13.9Nb (A7) heat-treated at 900 °C

(blue, (BTi)o + O phase + TizAl) and 1000 °C (red, TizAl + (BTi),) with the intensity displayed
on a logarithmic scale.
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Transition temperature (°C)

3.2. Thermal Analysis of Phase Transformations
3.2.1. The (BTi), to (Ti) Order/Disorder Transition

Except for alloys A0-A2, all alloys listed in Table 1 contain the ordered (3Ti), phase,
which disorders at high temperatures. DTA measurements were performed with all these
alloys with at least 4 different heating rates. For each heating rate, a new sample was
used. As can be seen from Figure 5a, the temperature of the order/disorder transition
(BTi), to (3Ti) shows no heating rate dependence. In nearly all cases, the deviation from
the average value does not exceed 1 °C (only exceptions are the 1 °C/min measurement
of Ti-32.8A1-16.8Nb (A8) and 5 °C/min measurement of Ti-39.8A1-9.4Nb (A3) showing a
deviation of 2 °C).

12607 Transition (BTi), to (BTi) Transition (BTi), to (BTi)
. HEatjng rate o .
12504 & Ti-32.8A-16.8Nb (A3) W Ymin—,
————— B-------B----------2""g J =
n .
1240 + » Ti-32.7A-11.6Nb (A5) 'c
P T — B------CoZ02T 5 =]
a Peak maximum
1230 w©
) E—— z - 2
19204 B E T Ti36.4A10.7Nb (A4) 2
T onset
Q
1210 - T 4
Ti-44.5A1-11.7Nb (A6)
- - S B - - 10, 8A10.4NB [13)E ]
1200 - g--§----""- £~ 17.30.6A120.0Nb {A9) * t
] - T exotherm
Ti-32.8A1-16.8Nb (A8) ordered | disordered
1190 T T T T T T T T T T T 1 T T T T T T T T T 1
¢ 1 2 3 4 5 6 7 8 9 10 11 12 1100 1120 1140 1160 1180 1200 1220 1240 1260 1280 1300
Heating rate (°C/min) Temperature (°C)
(a) (b)

Figure 5. (a) Order/disorde

r temperatures for the (3Ti), to (3Ti) transition in selected alloys measured with heating rates of

1,2,5,and 10 °C/min; (b) comparison of a heating and respective cooling DTA curve of Ti-32.8Al-16.8Nb (A8) showing
agreement of the reaction temperature.

The possible influence of different preceding heat treatments of the samples was also
tested. Table 2 shows the disordering temperatures of samples of the alloys Ti-36.8Al1-9.7Nb
(A4) and Ti-44.5A1-11.7Nb (A6), which had been heat-treated at 700, 900, and 1000 °C
before the DTA experiments. Obviously, there is no effect on the measured order/disorder
temperature of (Ti),. Moreover, comparisons were made of the reaction temperature
on heating and cooling. As Figure 5b shows, the order/disorder temperature of alloy Ti-
32.8Al-16.8Nb (A8) on heating coincides with the onset temperature of ordering on cooling.
The same is true for all other alloys showing the order/disorder transition. The equilibrium
disordering temperatures of all investigated alloys are summarized in Table 3.

Table 2. Disordering temperature of (3Ti), as measured with constant heating rate of 10 °C/min for
differently heat-treated samples of the alloys Ti-36.4A1-9.7Nb (A4) and Ti-44.5A1-11.7Nb (A6).

Heat Treatment Disordering Temperature (°C)
(Temperature/Time) Ti-36.4A1-9.7Nb (A4) Ti-44.5A1-11.7Nb (A6)
700 °C/1500 h 1222 1204
900 °C/650 h 1223 1204

1000 °C/400 h 1223 1204
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Table 3. Equilibrium disordering temperatures of ($Ti), for alloys A3-A1l with the respective
composition of the (3Ti), phase.

Alloy Ti (at.%) Al (at.%) Nb (at.%) (BTi) to (BTi) (°C)
A3 52.3 37.4 10.4 1201 + 1
Ad 54.4 35.8 9.8 1222 +1
A5 55.6 32.7 116 1237 + 1
A6 485 37.5 141 1204 + 1
A7 60.9 252 13.9 1104 + 1
A8 50.4 32.8 16.8 1248 + 1
A9 429 38.1 19.0 1199 + 1
A10 454 30.7 23.9 1243 + 1
All 50.7 24.1 252 1169 + 1

3.2.2. The TizAl to («Ti) Transformation

In the binary Ti-Al system, the hexagonal, D0g-ordered TizAl phase transforms on
heating into the simple hexagonal, disordered («Ti) phase. However, this transforma-
tion differs from the disordering transition of the (fTi), phase in the ternary system as
it involves a slight change in composition, i.e., in the binary phase diagram there is a
small two-phase field Ti3Al + («Ti) and a eutectoid reaction involving additionally the
TiAl phase [36]. Due to the small changes in composition and phase fractions, a weak
heating rate dependence for this transformation is observed for alloy AO (Table 4). This de-
composition reaction of TizAl also occurs in the ternary system, but there is only limited
information about the effect of the Nb additions on this phase transformation and its ki-
netics in literature. Three of the present alloys, Ti-44.3A1-4.9Nb (A1), Ti-45.8A1-5.2NDb (A2),
and Ti-39.8A1-9.4NDb (A3) show the TizAl to («Ti) transformation. From the DTA results in
Table 4 it can be seen that indeed there seems to be a weak trend to increased transformation
temperatures with higher heating rates in both the binary and ternary alloys.

Table 4. Transformation temperatures for the TizAl to («Ti) transformation in different alloys as
determined from DTA heating curves. The extrapolated equilibrium transformation temperatures
(corresponding to 0 °C/min heating rate) are given in the last row.

TizAl to («Ti) Transformation Temperatures (°C)

Heating Rate Ti-44.3A1-49Nb  Ti-45.8A1-52Nb  Ti-39.8A1-9.4Nb
(o C/mll‘l) . . 1-44. -, 1-4D. -J. 1-99. =Y.
Ti-42.9A1 (A0) (A1) (A2) (A3)
10 1140 1147 1163 1174
5 1139 1148 1163 1173
2 1139 1145 1161 1173
1 1138 _x _x 172
0 1137 + 1 1143 + 1 1159 + 1 171 +1

* measured signal was too small to allow an exact determination of the value of the onset.

For diffusion-controlled solid-solid transformations showing a nonlinear heating rate
dependence, Zhu et al. [34,35] developed a model to determine equilibrium transformation
temperatures from continuous heating or cooling DTA experiments. Assuming that the
formation of the new phase is initiated by heterogeneous nucleation at the grain bound-
aries, they derived a simplified expression for the incubation time of nucleation. For the
non-isothermal situation of constant heating/cooling DTA experiments, the ‘concept of
additivity” described by Christian [37] is applied following a similar approach as is used
for the calculation of continuous-cooling-transformation diagrams from time-temperature-
transformation diagrams. The resulting integral can be solved by some approximations
such as not too high heating/cooling rates (maximum in the range 10-20 °C/min) and not
too high differences between equilibrium and measured transition temperatures. The final
equation as derived by Zhu et al. [35] is of the form Ty = Tequ. + cS1/3 where T,, is the
measured transition temperature, Teqy. is the equilibrium transition temperature, c is a
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temperature-independent constant, and S is the heating rate. Therefore, the equilibrium
transition temperatures can be obtained by plotting the measured transition temperatures
as a function of S/3 and extrapolating these values to a rate of 0 °C/min. This simple
approach is used in the present study to determine the equilibrium transition temperatures
for all heating rate dependent phase transitions. For the transformation of TizAl to («Ti),
all equilibrium transition temperatures are summarized in Table 4.

Similar as in case of the order/disorder transition of (3Ti)o, the effect of preceding
heat treatments at different temperatures on the transition temperatures was tested. Again,
the results show that the onset temperature of the Tiz Al decomposition remains unaffected,
see Figure 6.

T g Transformation Ti,Al to (aTi)
eating rate 10 °c/mip —_
’a\ = = -
=
C o
5 900 °C
o
8 A ~
— eaﬁng r _‘*\'\“‘ -
ate 10- N -l
_% C/min =
=
—
©
@
I
1ex0therm
Ti-44.3A1-4.9Nb (A1)
T T T T T T T 1
1000 1050 1100 1150 1200

Temperature (°C)

Figure 6. DTA heat flow curves (heating rate: 10 °C/min) of alloy Ti-44.3A1-4.9Nb (A1) showing the
transformation TizAl to («Ti) for three differently heat-treated samples (preceding heat treatment at
700, 800, or 900 °C).

3.2.3. The w, and O Phase Decomposition Reactions

In contrast to the above described transformation, the solid-solid transition from
w, phase to (BTi), shows a more pronounced heating rate dependence. As an example,
the transformation peak measured with alloy Ti-39.8Al-9.4NDb (A3) is presented in Figure 7a
showing a nonlinear, continuous increase of the onset temperature with increasing heating
rate (Figure 7b).

Applying the above described model of Zhu et al. [34,35] results in a plot as shown in
Figure 8. The data can be well fitted by a linear function allowing the determination of the
equilibrium transition temperature for extrapolation to zero heating rate. The same holds
true for all alloys showing this transition. The resulting equilibrium transition temperatures
are listed in Table 5.

The data for alloys A8 and A5 shows some scatter (Figure 8). This can be explained by
the additional presence of a small fraction (<10 vol.%) of O phase in these alloys, which
transforms to (3 Ti), in the same temperature range. Even though the phase fraction is small,
the O phase transformation results in a weak signal which overlaps with the w, phase
transformation peak resulting in some uncertainty in the determination of the onset point.
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_ oy @ e
N 5 °C/min -
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c N © .-H
S ~ g -
g AN 2 911 ’
= . £
H .2
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Figure 7. (a) DTA heating curves of alloy Ti-39.8A1-9.4Nb (A3) obtained with different heating rates; (b) non-linear heating
rate dependence of the transformation temperatures.
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Figure 8. Plot of the experimentally determined transformation temperatures for the transformation
w, to (BTi)o as a function of (heating rate)!/3 (approach of Zhu et al. [34,35]). From the linear
extrapolations to 0 °C/min heating rate, the equilibrium transformation temperatures for alloys A3,

A4, A5, A6, A8 and A9 were determined.

For the transformation of the O phase to (3Ti),, which was observed in three ternary
alloys, there is also a clear heating rate dependence. The measured transformation temper-
atures for the alloys Ti-25.2A1-13.9NDb (A1), Ti-30.7Al1-23.9NDb (A10) and Ti-24.1A1-25.2Nb
(A11) are listed in Table 6. Once more by using the approach of Zhu et al. [34,35], the equi-
librium transformation temperatures were determined (last row in Table 6).
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Table 5. Equilibrium phase transformation temperatures that were determined by applying the
approach of Zhu et al. [34,35] to the present DTA results for the phase transformation w, to (3Ti),.

Alloy Ti (at.%) Al (at.%) Nb (at.%) W, to (BTi)o (°C)
A3 50.8 39.8 9.4 906 £ 1
A4 53.9 36.4 9.7 908 £1
A5 55.6 327 11.6 919 £ 2
A6 43.8 445 11.7 913 +1
A8 50.4 32.8 16.8 897 £ 3
A9 40.4 39.6 20.0 923 £1

Table 6. Transformation temperatures for the O to (3Ti), transformations in different alloys upon
heating as determined by DTA. The extrapolated equilibrium transformation temperatures are given
in the last line.

O to (BTi), Transformation Temperatures (°C)

Heating Rate
(°C/min) Ti-25.2A1-13.9Nb (A7)  Ti-30.7A1-23.9Nb (A10) Ti-24.1A1-25.2Nb (A11)
10 964 985 979
5 960 981 973
2 956 976 962 *
1 951 973 955 *
0 941 +1 963 £ 1 935 +2

* increase in uncertainty to + 2 °C due to difficulties in onset determination resulting from weak signal at low
heating rates.

4. Discussion
4.1. The Heating Rate Independent Transition (BTi), to (BTi)

As can be seen from Figure 5a, the disordering temperature of ($Ti), to (Ti) is
independent of the heating rate. In addition, the slope change of the DTA heat flow curve
before the transition is very shallow (Figure 5b). This means that there is no sudden
onset of disorder. Instead, the ordered structure disorders continuously over a wide
temperature range and the process is finished at the peak maximum of the heat flow curve
during heating, which corresponds to the order/disorder transition temperature. Such a
transition is a typical example for a second-order type transformation [24]. An additional
observation supporting this classification is the fact that during cooling the ordering
process starts at the same temperature at which the disordering process finishes during
heating (Figure 5b). The same characteristics were observed in literature for example by
Das et al. [19] who investigated two ternary Ti-Al-Nb alloys using DTA as well as by
Malinov et al. [38] in quaternary Ti-Al-Nb-Cr alloys. These observations can be explained
by the fact that the B2-ordered (3Ti), and A2-disordered (3Ti) both have a cubic body-
centered crystal lattice and the only difference is that in the case of the disordered (3Ti),
the lattice sites are statistically occupied by the different types of atoms. In the low-
temperature, ordered (3Ti), state, the degree of ordering continuously decreases with
increasing temperature due to thermally induced jumps of atoms to other crystal lattice
sites resulting in a shallow slope change in the heat flow curve until there is no ordered
(BTi), left at the transition temperature.

A plot of the compositions of (3Ti), and the respective disordering temperatures
determined from alloys A3-A11 (Table 3) into a partial Gibbs-triangle (Figure 9) indicates
that there is a stability maximum of the ($Ti), phase in the range marked in the figure.
The dark colored area in Figure 9 shows a tentative region where the disordering tempera-
ture lies above 1240 °C. The maximum is located within a composition range of 30-35 at.%
Al, 15-25 at.% Nb, and 45-55 at.% Ti. This is different from other TiAl-based systems
with -stabilizing ternary elements such as the Ti-Al-Mo system. In this case, literature
results from Bohm et al. [39], Hamajima et al. [40], and Das et al. [19] also indicate the
existence of such a stability maximum, which however is suggested to lie at a stoichiometric
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composition TipAIMo. Assuming an ideal Ti content of 50 at.% for the present case of
the Ti-Al-Nb system, the composition range of the maximum stability temperature can
be roughly described by the formula Ti; Alj,xNb.« (0 < x < 0.4). To investigate the site
occupancy in the ordered B2 phase, Banerjee et al. [41] investigated an alloy with the
composition Ti-25.6A1-10.1Nb. Their experimental findings together with the results from
Leonard et al. [42], who found a strong site preference of Ti and Al atoms in a Ti-25A1-25Nb
alloy, lead to the conclusion that in the ideally ordered case the atom types on the two
independent lattice sites 1a and 1b of the B2 structure tend to be strictly separated with the
Ti atoms occupying preferentially the 1a site and Al + Nb atoms sharing the 15 site. This is
supported by density functional theory (DFT) calculations of Holec et al. [43] for (3 Ti),
indicating that Nb prefers to substitute Al. Therefore, one might indeed expect the most
stable composition on the section Tiy Al;(Nbq.y.

Transition (BTi), to (BTi)
30
@ Dasetal. [19] 70
A Muraleedharan et al. [44] 40
¥ Suryanarayana et al. [45]
% Own work
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Figure 9. Disordering temperatures and phase compositions of (3Ti) plotted in a partial Gibbs-
triangle with tentative areas of disordering temperatures above 1240 °C (dark colored area) and
1200 °C (light colored area). Included are also experimental results from Das et al. [19], Muraleedha-
ran et al. [44], and Suryanarayana et al. [45].

Our experimental observations are also supported by Das et al. [19] who investigated
two alloys (Ti-25A1-25Nb and Ti-33Al-17Nb) with DTA finding disordering temperatures
of 1141 °C and ~1242 °C, respectively. The compositions of these alloys are close to alloys
All (1169 °C) and A8 (1248 °C). The small differences in disordering temperatures can
be explained by the fact that Das et al. [19] only gave the intended composition of the
alloys and has not measured the actual composition. From TEM investigations of alloys
with nominal compositions of Ti-25A1-25Nb and Ti-12.5A1-37.5Nb, Bendersky et al. [28]
concluded that the alloy with 25 at.% Nb has the stronger tendency to form B2-ordered
(BTi). This translates into a decrease of disordering temperature with increasing the Nb
content above 25 at.% along the section TiAl-TiNb. The same trend is observed in ab
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initio total energy calculations of Asta et al. [46] using the cluster variation method (CVM).
However, as they do their calculations for a purely bee-based system neglecting the stability
of the hexagonal («Ti) and TizAl as well as the tetragonal TiAl phases, they obtain the
highest order/disorder temperature for a hypothetical, binary bcc-TiAl. Actually the
present experimental results reveal that along this section the order/disorder temperatures
first increase with Nb content (1204 °C for alloy A6 with 12 at.% Nb, 1248 °C for alloy A8
with 17 at.% Nb) and then decrease again (1169 °C for alloy A1l with 25 at.% Nb).

For a constant Al content of 25 at.%, i.e., along a section starting from TizAl in the
direction of Nb3Al, the experimentally observed disordering temperatures for alloys A7
(Ti-25.2A1-13.9Nb, 1104 °C) and A11 (Ti-24.1A1-25.2Nb, 1169 °C) show an increase of the
stability of the ordered phase by replacing Ti by Nb (Figure 9). The same observations
were made by Kestner-Weykamp et al. [47] in alloys with up to 30 at.% Nb. Additionally,
Muraleedharan et al. [44] found a disordering temperature of 1130 °C for a nominal
composition of Ti-24Al-15Nb which is in line with our experimental results. Moreover,
Asta et al. [46] found the same trend indicating a maximum of the disordering temperature
along this section at 25 at.% Nb in their calculations for a purely bce-based system.

The highest transition temperature which was measured in the present investiga-
tion was for alloy A8 (Ti-32.8A1-16.8Nb, 1248 °C). Results of Suryanarayana et al. [45],
who found for two alloys of nearby composition (Ti-36Al-13Nb and Ti-33Al-17Nb) to
contain B2-ordered (3Ti) at 1200 °C, confirm a high disordering temperature in this compo-
sition range. From Figure 9 it is clear that the maximum disordering temperature should
lie within the dark colored composition area of 30-35 at.% Al, 15-25 at.% Nb, and 45—
55 at.% Ti. This is also observed in the CALPHAD modelling of Cupid et al. [48] and
Witusiewicz et al. [49], where calculations indicate that the (3Ti), phase is stable in the
mentioned composition range even up to 1300 °C and 1400 °C, respectively. The extremely
high maximum temperature obtained in the modelling work of Witusiewicz et al. [49]
is based on some indirect observations from Bendersky et al. [20]. From the absence of
anti-phase boundaries (APBs) in the ($Ti), phase of an alloy cooled from 1400 °C, they
concluded that the sample must have been B2-ordered at 1400 °C (as rapid cooling from a
disordered to an ordered state usually leads to formation of APBs) [20]. However, since
cooling of the samples was performed in the furnace with an estimated cooling rate of 400
°C/min [20], there is the possibility that APBs indeed have formed but have been annealed
out already during further cooling, i.e., it is well possible that (3Ti) was not ordered at 1400
°C. There is not any direct measurement of such high transition temperatures mentioned in
the literature. The present results and all other experimental work reported in the literature,
where the transition temperature was directly measured, clearly suggest that the maximum
temperature is much lower and will be in the range of 1250 °C.

4.2. Heating Rate Dependent Transformations
4.2.1. The TizAl to («cTi) Transformation

In Ti-Al alloys with 38.5-46.5 at.% Al, the transformation from Tiz Al to («Ti) takes place
by an invariant (eutectoid) reaction involving a change in composition, i.e., requiring long-
range diffusional processes. In the binary Ti-Al system, this compositional change is only
very small (about 0.5 at.% Al [36]). In addition, both TizAl and («Ti) possess a hexagonal
crystal lattice and the TizAl crystal structure can be regarded as an ordered superstructure
of disordered («Ti) (for this reason TizAl is often called o, phase). Therefore, even though
some long-range diffusional processes are involved, this solid-solid transformation can be
expected to proceed comparably easily and its onset temperature in heating experiments
should only reveal a weak heating rate dependence. This weak heating rate dependence is
confirmed by the results for the binary alloy AO, see Table 4 The results for the equilibrium
transformation temperature are determined with the approach of Zhu et al. [34,35] and are
also summarized in Table 4.

In the binary phase diagram assessed by Schuster et al. [36], a value of 1120 & 10 °C
is chosen for the eutectoid reaction based on the DTA measurements of Jones et al. [50],
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who determined the transformation for three different binary Ti-Al alloys (Ti-40Al/Ti-
42A1/Ti-45Al1). However, our results for alloy A0 suggest a slightly higher transformation
temperature of 1137°C. The reported literature values for the transformation temperature
from TizAl to («Ti) vary significantly. For an alloy Ti-45Al, Appel et al. [51] found a trans-
formation temperature of ~1130 °C, whereas Chladil et al. [52] determined 1122 °C by
DTA. Kononikhina et al. [18] determined the transformation temperature using in situ
neutron diffraction and obtained values between 1150 and 1160 °C. Witusiewicz et al. [49]
reported the transformation temperature to be 1108 °C in an alloy with 44 at.% Al. Recently,
Xu et al. [53] measured the transformation temperature in Ti-42.5Al (onset: 1150 °C) and
Ti-44Al (onset: 1146 °C) for a heating rate of 10 °C/min. The reason for the significant
scattering of the reported values is not obvious. As found in the present investigations,
the effect of the heating rate on the measured value is comparably weak (the difference
between the value obtained with a heating rate of 10 °C/min and the equilibrium trans-
formation temperature is only 3 °C for the binary alloy A0 (Ti-42.9Al), see Table 4). It is
reported in the literature that interstitial elements such as O and C can significantly affect
the eutectoid transformation temperature of Ti3Al to («Ti) [54,55]. The O content of alloy
A0 is only 110 wt.ppm. Therefore, we consider the transformation temperature value found
here to be representative.

A similar, weak heating rate dependence as for the binary alloy is also observed for the
ternary alloys A1-A3 (Table 4), which experience the same first-order transformation (some
typical DTA curves are shown in Figure 6) from the ordered TizAl phase to disordered
(ocTi). Similar to the binary alloy, both ternary alloys Al and A2 are two-phase TizAl + TiAl
and transform to («Ti) + TiAl on heating. The same transformation occurs in alloy A3,
which in addition contains the ordered (Ti), phase. As the heating rate dependence in all
cases is weak and similar to that of the binary alloy, it can be assumed that the change in
composition between the low-temperature TizAl and high-temperature (xTi) phase again
is small. This indeed is confirmed by EPMA analysis of the phase compositions showing a
difference of the Al content of about 2 at.% between the Ti3 Al phase (measured at 1100 °C)
and («Ti) (measured at 1200 °C) while the Nb content remains about constant.

From the transformation temperatures of alloys A0-A3 (Table 4), it is also observed
that the transformation temperature increases with increasing Nb content indicating that
Nb additions stabilize TizAl to higher temperatures. This observation is supported by
results of Chladil et al. [52], who observed a similar increase in transformation temperature
in alloys with 45 at.% Al and 5, 7.5, and 10 at.% Nb. The same trend is also observed when
comparing experiments from different authors who investigated alloys with the same Al
content but different amounts of Nb [49,52,54,56-58]. All these observations classify this
reaction as first-order type reaction.

4.2.2. The w, to (BTi), Transformation

A significantly stronger heating rate dependence is observed for the transformation
from w, to (BTi), as can be seen by the heating rate dependent shift of the DTA peak
in Figure 7a. The fact that an onset temperature can be determined and the transforma-
tion is heating rate dependent classifies this reaction as first-order type. The nonlinear
heating rate dependence (see Figure 7b) can be fitted perfectly by applying the approach
of Zhu et al. [34,35] as described above in the ‘Results’ section. A possible explanation
for the stronger heating rate dependence (compared to the TizAl to («Ti) transformation)
could be the fact that the crystal lattice needs to change from a hexagonal (w, phase) to a
cubic (Ti), structure (whereas both TizAl and («Ti) possess a hexagonal lattice). Apart
from the crystallographic rearrangements, a change in composition and phase fraction as
described in Section 3.1 (Alloy characterization) occurs during the transformation. These
two factors might be responsible for the increased heating rate dependence compared to
the transformation Tiz Al to (xTi).

Figure 10 shows the chemical compositions of the w, phases (measured with EPMA)
together with the respective equilibrium transformation temperatures plotted into a partial



Metals 2021, 11, 1991

15 of 20

Gibbs-triangle. The indicated phase field of the w, phase is for a temperature of 900 °C [59]
and serves as a guide for the eye. The obtained equilibrium transformation temperatures
vary only slightly lying in a temperature range of about 900-920 °C.

Transformation O/w, to (BTi),
40

40

7 7 >+ 0
20 30 40 90 60

Al (at.%)

Figure 10. Transformation temperature and composition of w, (stars) and O phase (circles) plotted
in a partial Gibbs-triangle with homogeneity range of w, (orange colored area) and O phase (grey
colored area) at 900 °C.

In literature, there is only limited and scattered information for the transformation
temperatures. Most of the literature concerning w, deals with the transformation mecha-
nism and possible transformation paths as well as microstructure evolution after certain
thermal and thermomechanical heat treatments. Sadi et al. [60,61], who used in situ neu-
tron diffraction to investigate the dissolution of w, in a Ti-35.6Al-12.9Nb alloy, reported
dissolution to take place at about 800 °C, which agrees with the observations made in their
heat-treated samples. Compared to alloy A4 (908 °C), which has a comparable Al content
but 3 at.% less of Nb, the equilibrium transformation temperature appears to be quite low.
By considering the fact that Nb is suspected to stabilize w, [62,63], this large difference
between the transformation temperatures is surprising. In a recent DTA investigation of
alloys with 8 at.% Nb, Xu et al. [53] determined the transformation temperature from w,
to (BTi), for Al contents between 32 and 43 at.% Al to lie around 850 °C. When compared
to alloy Ti-39.8A1-9.4NDb (A3) and Ti-36.4A1-9.7Nb (A4) with slightly higher Nb contents,
these values are 60 °C below the measured transformation temperatures of 906 °C (A3)
and 908 °C (A4). With in situ HEXRD, Stark et al. [25] determined the transformation
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temperature in a Ti-45Al1-10Nb alloy to be 870 & 40 °C. For an alloy with the same compo-
sition, Chladil et al. [52] determined the transformation temperature to be 913 &+ 10 °C by
conventional XRD and in situ HEXRD. We measured the same transformation temperature
of 913 °C for an alloy with similar composition of Ti-44.5A1-11.7Nb (A6), which agrees with
Chladil et al. [52]. In a study of a Ti-42Al-8.5NDb alloy, Rackel et al. [10] determined 928 °C
as final dissolution temperature of the w, phase using DTA. For the start of the transforma-
tion, an onset-temperature of about 900 °C can be determined from his measurements that
were performed with a heating rate of 20 °C/min. The alloy composition is similar to that
of the present alloy A3 with a transformation temperature of 906 °C. In conclusion it can be
said that the data reported in the literature show a strong scatter. While the investigations
reported in the literature focus on only one or two alloys, the present study comprises six
alloys of different composition covering a large part of the homogeneity range of the w,
phase indicating a range of transformation temperatures between 900 and 920 °C.

4.2.3. The O Phase to (ATi), Transformation and Comparison of the Heating Rate
Dependent Transformations

Similar as for the transformation w, to ($Ti),, there is also a change of the crystal
structure required for the transformation of the orthorhombic O phase to cubic ($Ti)o,
which was theoretically described by Banerjee et al. [21]. As is the case for the transfor-
mation of the w, phase, there is also a change in phase composition and phase fraction
involved. As can be seen from Table 6, the difference in the measured transformation
temperatures for heating rates of 10 °C/min and 1 °C/min is larger than 10 °C resulting
in an equilibrium transformation temperature well below the measured values (Table 6).
Obviously, the transformation of the O phase has the strongest heating rate dependence of
the three described transformations (Figure 11).
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Figure 11. Comparison of the heating rate dependence of the transformations TizAl to («Ti), O to
(BTi)o, and wy, to (BTi), (for each type of transformation one specific example was chosen, the pre-
sented data belong to alloys A0 (squares), A4 (circles), and A10 (triangles), respectively).

Although there is a great interest in developing new alloys based on the O phase [6],
there is little to nothing reported in the literature about the equilibrium transformation
temperatures. There is general agreement that the O phase is stable above 900 °C, which
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is confirmed by the present results. Alloys Ti-25.2A1-13.9Nb (A7) and Ti-24.1A1-25.2Nb
(A11) transform in the same temperature range and it appears that the influence of the
Nb content is not very strong. When the Al content is increased by 5 at.% keeping the
Nb content similar to that of A11, the transformation temperature increases to 963 °C in
alloy Ti-30.7A1-23.9Nb (A10) (see also Figure 10). This behavior is surprising as one might
have expected to find the highest stability of the O phase at the stoichiometric composition
(TipAIND, i.e., Ti-25A1-25Nb). In contrast to this expectation, alloy A11 with its O phase
composition (Ti-25.3A1-24.3Nb) very near to this stoichiometric composition possesses the
lowest of the measured transformation temperatures. Furthermore, the shape of the phase
field of the O phase, which is adumbrated in Figure 10, indicates that the highest stability
of the O phase most likely is at a composition somewhat lower in Nb and higher in Al
compared to the stoichiometric one.

In Figure 11 characteristic examples for the three different heating rate dependent
transformations are shown. As described above, the transformation from TizAl to («Ti)
only requires a slight compositional change and no rearrangement of the crystal structure.
Therefore, this transformation can proceed relatively easy. As soon as the transformations
become more complex involving changes of the crystal structure as well as significant
changes of the phase fractions and phase compositions, it can be well understood that the
heating rate dependence becomes stronger, which is the case for the w, to (3Ti), and O to
(BTi)o transformations.

5. Conclusions

By systematic DTA investigations of one binary Ti-Al and 12 ternary Ti-Al-Nb alloys
applying at least four different heating rates, the phase transformation characteristics
of four solid-solid phase transformations in the Ti-Al-Nb system were investigated and
correlated to microstructural observations. From the viewpoint of the performed DTA ex-
periments, there are two types of transformation. In one case, the measured transformation
temperatures were found to be independent of the heating rate, while in the other cases
the measured temperatures increase with the applied heating rate.

The order/disorder transition of the (3Ti) phase from the cubic B2-ordered (3Ti),
structure to the otherwise identical but disordered A2 structure belongs to the first (heating
rate independent) type of transformations. The observed heating rate independence of the
measured disordering temperatures is in agreement with the second-order-type nature of
this transition. The disordering temperature only changes as function of composition and
the stability of the ordered (3Ti), phase reaches a maximum in the composition range of
30-35 at.% Al, 15-25 at.% Nb, and 45-55 at.% Ti.

The other three transformations TizAl to («Ti), w, to (BTi)s, and O to (BTi), are first-
order transformations, in agreement with that the measured transformation temperatures
are dependent on the heating rate. This dependence is clearly nonlinear. To describe the
heating rate dependence of such kind of solid-solid phase transformations, Zhu et al. [34,35]
had developed a model resulting in a linear relation between (heating rate)!/® and the
measured transformation temperatures. The present data can be very well described by
this approach confirming the applicability of the model and allowing the determination of
the equilibrium transformation temperatures, which are not accessible directly by a DTA
heating or cooling experiment.

The magnitude of the heating rate dependence increases with increasing complexity
of the transformation. For the TizAl to («Ti) transformation, there is only a weak heating
rate dependence. In this case, both phases have the same hexagonal structure and the
(oTi) structure can be regarded as the disordered variant of the ordered TizAl structure.
However, the transformation always also includes a (comparatively small) change in
chemical composition and with that also a change in phase fractions. Therefore, there is
a dependence on the heating rate, but this dependence is only weak. In case of the w,
to (BTi), and O to (BTi), transformations, both the crystal structure types and the phase
compositions (and phase fractions) change resulting in a more pronounced heating rate
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dependence. This dependence is the strongest for the O to (3Ti), transformation, possibly
because of the higher Nb content and/or the more complex crystallographic transformation
path [20,23].
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