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Titanium–tantalum based alloys can demonstrate a martensitic transformation well above 100 °C,
which makes them attractive for shape memory applications at elevated temperatures. In addition,
they provide for good workability and contain only reasonably priced constituents. The current
study presents results from functional fatigue experiments on a binary Ti–25Ta high-temperature
shape memory alloy. This material shows a martensitic transformation at about 350 °C along with
a transformation strain of 2 pct at a bias stress of 100 MPa. The success of most of the envisaged
applications will, however, hinge on the microstructural stability under thermomechanical
loading. Thus, light and electron optical microscopy as well X-ray diffraction were used to
uncover the mechanisms that dominate functional degradation in different temperature regimes. It
is demonstrated the maximum test temperature is the key parameter that governs functional
degradation in the thermomechanical fatigue tests. Specifically, x-phase formation and local
decomposition in Ti-rich and Ta-rich areas dominate when Tmax does not exceed �430 °C. As
Tmax is increased, the detrimental phases start to dissolve and functional fatigue can be
suppressed. However, when Tmax reaches �620 °C, structural fatigue sets in, and fatigue life is
again deteriorated by oxygen-induced crack formation.

I. INTRODUCTION

There is substantial interest in shape memory alloys
(SMAs) that can be operated at elevated temperatures,
and SMAs with phase transformation temperatures higher
than 100 °C are referred to as high-temperature shape
memory alloys (HTSMAs). Still, these materials are only
used for niche applications in industry. Today, most of
the HTSMAs are based on the nickel–titanium system,
where the phase transformation temperature has been
shifted up by alloying with ternary elements, such as Pt,1–5

Pd,1–4,6 and Hf.7–11 The current approaches either call for
high amounts of expensive noble elements or often result
in systems with poor workability.7,8 It should be noted,
however, that for Ni–Ti–Hf HTSMAs the workability

issue can be overcome by appropriate processing, and
even thin wires can be produced as successfully demon-
strated lately.11

Lately, titanium–tantalum has been identified as a sys-
tem that features substantial transformation strains from
a martensitic phase transformation occurring at elevated
temperature.12,13 Moreover, Ti–Ta alloys are composed
of reasonably priced constituents and demonstrate good
workability. The early alloys proposed had a tantalum
content of 30–40 at.%. In these alloys, the high-
temperature b-phase (bcc) transforms to the low-
temperature a0-phase (orthorhombic).12,14 However,
Buenconsejo and co-workers have demonstrated early
on that in binary Ti–Ta alloys a hexagonal, so-called
x-phase can form in the temperature regime between 100
and 400 °C.14,15 The formation of the x-phase stabilizes
the b phase, which in turn results in a loss of the
functional properties.15,16 Thermomechanical loading at
elevated temperatures has been reported to speed up
functional degradation.17 Interestingly, a short thermal
treatment at 600 °C can be used to dissolve the x-phase
and restore the functional properties.18,19 Such a heat
treatment may, however, not always be possible in actual
applications, and thus, other approaches are needed as

Contributing Editor: Yuntian Zhu
Address all correspondence to these authors.
a)e-mail: maier@iw.uni-hannover.de
b)e-mail: niendorf@uni-kassel.de
c)This author was an editor of this journal during the review and
decision stage. For the JMR policy on review and publication of
manuscripts authored by editors, please refer to http://www.mrs.
org/editor-manuscripts/.

DOI: 10.1557/jmr.2017.319

J. Mater. Res., Vol. 32, No. 23, Dec 14, 2017 � Materials Research Society 2017 4287
https://www.cambridge.org/core/terms. https://doi.org/10.1557/jmr.2017.319
Downloaded from https://www.cambridge.org/core. Technische Informationsbibliothek, on 05 Feb 2018 at 14:15:40, subject to the Cambridge Core terms of use, available at

http://www.mrs.org/editor-manuscripts/
http://www.mrs.org/editor-manuscripts/
http://crossmark.crossref.org/dialog/?doi=10.1557/jmr.2017.319&domain=pdf
https://www.cambridge.org/core/terms
https://doi.org/10.1557/jmr.2017.319
https://www.cambridge.org/core


well. One is to use ternary systems to delay formation of
the x-phase.14,20 On the other hand, the phase trans-
formation temperatures are known to increase upon
decreasing the tantalum content,14,20 but the consequen-
ces of such an approach on microstructural stability have
not be explored yet. Thus, the objective of the present
study was to shed light on the phase transformation
behavior and the microstructural evolution upon thermo-
mechanical loading in a low tantalum (25 at.%) binary
alloy. In fact, as demonstrated in the following, the
increase in phase transformation causes a substantial
change in damage mechanisms, which makes this alloy
substantially different from the previously studied higher
tantalum content system. Specifically, an intermediate
temperature regime exists for this alloy were functional
degradation can be fully suppressed.

II. MATERIALS AND METHODS

Samples for thermomechanical fatigue tests with
a nominal gauge length of 30 mm and a cross section
of 2 � 1.5 mm were prepared from polycrystalline Ti–
25Ta (in at.%) using electrical discharge machining
(EDM). Ti-25Ta block-shaped ingots with a nominal
weight of 45 g were prepared by arc melting from high
purity raw materials purchased from Hauner Metalli-
sche Werkstoffe, Röttenbach, Germany. The ingots
were remelted 15 times to ensure good initial chemical
homogeneity. For further details on the melting process
see Ref. 13. The ingots were then subjected to
homogenization annealing at 1100 °C for 25 h under
vacuum. This process minimized microscopic hetero-
geneities that result from dendritic solidification. After
annealing, sheets with a final thickness of 2 mm were
prepared from the homogenized ingots by rolling. In
the first rolling steps, which were conducted after
preheating to 800 °C, the thickness of the material
was reduced from 17 to 7.7 mm. The average degree of
deformation (u) was close to 0.2. The samples were
subjected to an intermediate annealing at 800 °C for
10 min between each two rolling steps. After reaching
a thickness of 7.7 mm, the materials were further
processed by cold rolling. A final thickness of 2 mm
was established after 9 rolling passes, and u was 0.37
in the last deformation step. Similar to the case of hot
rolling, the materials were subjected to intermediate
annealing at 800 °C for 10 min between each two cold
rolling passes. Finally, fully recrystallized microstruc-
tures were obtained after annealing at 900 °C for
10 min followed by water quenching. Further details
on thermomechanical treatments are given in Refs. 13
and 21.

Phase transformation temperatures were determined
using differential scanning calorimetry (DSC) using
a TA instruments DSC2920 cell (TA Instruments, New

Castle, Delaware). The DSC tests were carried out in the
temperature interval between 20 °C and 620 °C with
a heating and cooling rate of 20 °C/min on the recrystal-
lized samples prior to testing. A total of 12 ingots were
analyzed by DSC, and the variation between the DSC
curves was found to be negligible, which indicates that
the process conditions were well controlled. This is
important as shape memory behavior is known to be
very sensitive to both variations in chemical composition
and processing parameters.

The thermomechanical fatigue tests were performed
using an electrodynamic test system (MTS Acumen,
MTS Systems Corporation, Eden Prairie, Minnesota)
equipped with a 3 kN load cell. The samples were
conductively heated, and cooling of the samples was
realized by compressed air. Temperature in gauge length
was measured an Optris PI640 infrared camera (Optris
GmbH, Berlin, Germany). Prior to testing, all samples
were mechanically ground and polished to remove the
EDM-affected surface layer. To check reproducibility of
the strain–temperature response, a minimum of five
samples were used for each testing condition. The
variation in thermomechanical response were found to
be negligible, and the strain–temperature curves shown in
Figs. 2(a)–2(c) are representative for the given material
state.

The microstructural changes induced by the thermo-
mechanical fatigue tests were investigated using optical
microscopy, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). For metal-
lography, the specimens were mechanically ground and
polished, followed by vibropolishing for 12 h with
Eposil M11 (ATM GmbH, Mammelzen, Germany)
using a Buehler Vibromet 2 (Buehler, Lake Bluff,
Illinois). A Zeiss SUPRA 55VP SEM (Carl Zeiss
AG, Oberkochen, Germany), equipped with a Bruker
energy dispersive X-ray (EDX) analyzer (Bruker Cor-
poration, Billerica, Massachusetts), was used to char-
acterize the microstructures at higher resolution. The
phases present prior to and after the thermomechanical
fatigue tests were determined by X-Ray diffraction
(XRD) using a Cu Ka source. The TEM analyses were
conducted using a Tecnai F20 G2 Supertwin FEG TEM
(FEI, Hillsboro, Oregon) operated at 200 kV. The TEM
was equipped with an EDX and high angle dark-field
detector (HAADF) detector. The TEM foils were pre-
pared using focused ion beam preparation in an FEI
Quanta 200 3D Dual Beam SEM (FEI, Hillsboro,
Oregon). To analyze the chemical composition of
specific locations with high lateral resolution, the
HAADF detector was used in combination with the
scanning transmission electron microscope (STEM)
mode. Bright-field, high-resolution TEM and fast Four-
ier transform patterns were used for local microstruc-
tural characterizations.
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III. RESULTS AND DISCUSSION

The DSC curve in Fig. 1 represents the first trans-
formation cycle of the sheet material. The phase trans-
formation temperatures for the cooling and first heating
peak determined fit with those expected based on the
literature.12,14,22 Interestingly, there is a clear sign for
another transformation (peaks beyond 520 °C). It is well
known that there can be a so-called “first cycle effect”.23

However, this is not very likely in the present case as the
dislocations which could provide for such an effect
should have been essentially wiped out by the final
900 °C recrystallization treatment. Thus, this additional
peak might indicate a potential lack of microstructural
stability instead. In fact, it is well known that the b-phase
is not stable in the temperature range from 250 °C to
600 °C.24 Specifically, the formation of the x-phase has
been reported to occur between 100 °C and 400 °C,
which in turn results in functional degradation.15,17,24 At
temperatures exceeding 400 °C, the a-phase can form as
well.24–26

To shed light on the relationship between the micro-
structural changes and functional behavior, thermome-
chanical fatigue tests were performed in three different
temperature intervals. The first one (40–430 °C) covered
the regime were the x-phase might form. The second
interval (40–520 °C) was chosen to include the extra peak
seen in the DSC data (Fig. 1). The third set of tests
spanned the range from 40 °C to 620 °C to allow for
dissolution of the x-phase. In each case, the initial
transformation strain under a superimposed stress of
100 MPa was about 2 pct (Fig. 2). This is higher than
the value (1.3 pct) reported previously for Ti–30Ta,17–19

which might indicate easier microstructural rearrange-
ment. Moreover, the phase transformation is occurring at
higher temperature than in Ti–30Ta (Ms 5 173 °C, Af 5
250 °C)27 due to the lower tantalum content. Obviously,
this would make the material more attractive for the

envisaged elevated temperature applications. However,
compared to Ti–30Ta,19 the Ti–25Ta alloy displays more
rapid functional degradation [Fig. 2(a)] in the low
maximum temperature tests.

Figure 2 also demonstrates that the strain–temperature
response in the three different temperature ranges used is
substantially different. In case of a maximum temperature
of 430 °C [Fig. 2(a)], the rapid functional degradation is
prominent, and transformation is reduced to about 0.5 pct
after just 50 cycles. There is also a quite pronounced shift
of transformation temperatures toward lower temperatures.
As it is well known, the phase transformation temperatures
decrease with increasing tantalum content12; this hints at
a change in chemical composition of the transformation
matrix. Specifically, the formation of a titanium-rich a-Ti-
phase, which itself does not show a martensitic trans-
formation, would result in an increase in tantalum content
of the matrix and the observed shift in the macroscopically
observed phase transformation temperature. In fact, the
formation of a a-Ti-phase in Ti–Ta alloys has been
reported earlier,17,21 and Albrecht et al.28 have shown that
a-Ti-phase forms under tensile stresses in b-Ti alloys at
temperatures around 400 °C. At the same time, formation
of the x-phase in the austenite is expected in the
temperature range from 100 °C to 400 °C.12,14

At first glance, one would expect that with increasing
maximum temperature, microstructural instability
increases, and thus, functional degradation should occur
more rapidly. However, as demonstrated in Fig. 2(b), the
change in stress-temperature response with the number of
cycles is substantially less pronounced. Moreover, the
hysteresis curves essentially change on the high-
temperature side in Fig. 2(b). In other words, functional
degradation now occurs predominantly in the austenitic
phase. This can be partly attributed to enhanced disloca-
tion activity in the high-temperature part of the test.
Recent studies on Ti–30Ta have already demonstrated
substantial dislocation activity to occur at temperatures as
low as 400 °C in thermomechanical tests.17 This not only
affects strain–temperature hysteresis29,30 but could trigger
a decomposition into Ti-rich and Ta-rich regions. This
would explain the shift of the degradation to the high-
temperature side but not obvious retardation of the
degradation kinetics. In this context, one should recall
that the maximum temperature of the tests shown in
Fig. 2(b), coincides with the extra peak seen in the DSC
chart (Fig. 1). Moreover, Fig. 2(b) indicates that despite
the substantial decrease in transformation strain during
cycling, the associated transformation temperature hardly
change at all. An explanation would be (partial) dissolu-
tion of the a- and/or the x-phase, such that the matrix
returns to its initial chemical composition. Alternatively,
the increase in dislocation density could result in an
increase in elastic strain energy.29–32 This effect could
stabilize transformation temperatures despite the change

FIG. 1. DSC charts at heating and cooling rates of 20 °C/min for
recrystallized Ti–25Ta prior to thermomechanical cycling.
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in chemical composition of the matrix as suggested for
Ti–30Ta earlier.17

To avoid excessive plastic deformation in the high-
temperature part of the curve, the thermomechanical
experiments with a maximum temperature of 620 °C
[Fig. 2(c)] were conducted in a slightly different way.
The tests were started with a superimposed stress of
100 MPa. As soon as the transformation from martensite
to austenite had occurred, the stress was reduced to
0 MPa within 1 s while heating continued up to
620 °C. Upon cooling, the stress of 100 MPa was
reapplied shortly before the onset of the back transforma-
tion. In curves shown in Fig. 2(c), this unloading and
reloading results in the little extra hump around 350 °C.
Interestingly, there is only an upward shift of the hysteresis
loops, but the overall transformation strain of about 2 pct
remained constant. For sake of comparison with the data in
Fig. 2(b), only the first 700 cycles are shown in Fig. 2(c).
However, transformation strain did not change signifi-
cantly up to 2000 cycles, when the sample finally failed by
structural fatigue (cyclic crack growth).

As the high maximum temperature of 620 °C was
chosen based on the second peak position in the DSC
chart (Fig. 1), it can be assumed that the constant

transformation strain seen in the thermomechanical fa-
tigue tests [Fig. 2(c)] indicates that the x- and/or the Ti-
rich a-phase get dissolved during the high-temperature
part of the curve. At least for Ti–30Ta it was shown
earlier that a short high-temperature excursion suffices to
dissolve the x-phase.18,19 The slight shift of the trans-
formation temperature toward higher values [Fig. 2(c)]
can be attributed to formation of Ta-rich phases which
affects the matrix composition and thus, the correspond-
ing phase transformation temperature.12,20,33

To better separate the individual contributions to the
overall macroscopic change in strain–temperature re-
sponse, the microstructures present after thermomechan-
ical fatigue were characterized by XRD and electron
microscopy. Figure 3 shows XRD data obtained from the
thermomechanically fatigued samples. In case of the low
maximum temperature test [430 °C, Fig. 2(a)], the X-ray
diffractogram shows the presence of the a0-phase and the
a-phase. As the latter is Ti-rich,21 the tantalum content in
the bulk increases and the phase transformation temper-
atures are shifted to lower values [Fig. 2(a)]. The x-phase
is not seen in Fig. 3(a), but hard to detect by XRD as the
precipitates are very fine.19 Thus, the presence of the
x-phase cannot be excluded. Formation of the x-phase

FIG. 2. Strain–temperature curves obtained for Ti–25Ta during thermomechanical cycling with heating and cooling rates of 20 °C/s at 100 MPa
between (a) 40–430 °C, (b) 40–520 °C, and (c) 40–620 °C; in the latter case, the superimposed stress was reduced to 0 MPa in the austenitic regime,
see main text for details.
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has been discussed as an important contribution to the
decrease in phase transformation temperature.12,19 In fact,
for Ti–30Ta thermomechanically cycled between 40 °C
and 400 °C, only the formation of the x-phase was
reported but no a-phase. This can be explained based on
the difference in Ta content. Tantalum shows some
solubility in the a-phase34,35 but is a b-stabilizer.34,36

Hence, the higher the tantalum content, the less probable
is the formation the a-phase, and Ti–25Ta (a- and
x-phase formation) and Ti–30Ta (x-phase formation
only) become quite different in this respect.

The XRD data shown in Fig. 3(b) demonstrate that both
the a-phase and the a0-phase were still present after the
thermomechanical test conducted with higher maximum
temperature of 520 °C [Fig. 2(b)]. However, the a-phase
content is lowered, which indicates that part of the a-phase
has been dissolved during the high-temperature part of the
test, which explains the lower functional degradation rate
in this case [see Figs. 2(a) and 2(b)].

The TEM studies substantiated the above interpreta-
tions and provided further insight. The EDX analysis
[Fig. 4(a)] clearly demonstrated the presence of Ti-rich
phases. In addition, there are bright appearing, Ta-rich
b-phases (bcc), which are known to form preferentially at
grain boundaries.21,27 Because of the small size and low
volume fraction, these are not captured in the XRD data
[Fig. 3(a)]. By contrast, the needle-like Ti-rich a-phase
which is seen within the grains (Fig. 4) is already
detectable by XRD [Fig. 3(a)]. Thus, functional degra-
dation under these conditions appears to be governed by
b-phase formation at the grain boundaries and needle-like
a-phase within the grains.

The material contrast used for the back-scattered
electron image in Fig. 5 clearly demonstrates the de-
composition in the Ti-rich a-phase (darker) and the
Ta-rich b-Ta phase (brighter). In addition, fine needle-
like precipitates are apparent within the grains. In creep tests
conducted on Ti–30Ta, similarly appearing precipitates

FIG. 3. XRD profiles showing relative intensities at room temperature for Ti–25Ta (a) after a thermomechanical fatigue test conducted at 100 MPa
between (a) 40 °C and 430 °C and (b) 40 °C and 520 °C; heating and cooling rates were 20 °C/s.

FIG. 4. TEM images of Ti–25Ta after thermo-mechanical cycling between 40–430 °C under a superimposed stress of 100 MPa: (a) HAADF
STEM image, (b) bright-field image, and (c) two times filtered high resolution detail showing the needle-like precipitation (a-phase) and the
surrounding matrix (a0-phase).
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have been observed for tests conducted at 500 °C and
120 MPa, i.e., test parameters close to the one used for
thermomechanical experiments in the present study.
These precipitates were identified as Ti-rich b-Ti,21,27

which can transform back to a0-martensite. However, the
transformation temperatures would be very high, as this
phase contains little tantalum. Thus, the Ti-rich b-Ti will
be essentially retained upon cooling to 40 °C, which in
turn results in loss of transformation strain. The overall
kinetics of the process are, however, slower than in the
40–430 °C test.

The TEM analysis of the sample thermomechanically
fatigued between 40 °C and 520 °C also demonstrated the
presence of the x-phase. This phase is very small and
hard to see in bright-field images. In annular dark-field
mode, the contrast is improved [Fig. 6(a)] and the
selected area diffraction pattern [Fig. 6(b)] clearly dem-
onstrate the extra reflections from the x-phase that has
precipitated [Fig. 6(c)] with the b-matrix. This process
hinders back transformation, and thus, functional degra-
dation sets in. Moreover, the presence (and dissolution)
of the x-phase seems to fit with the extra peak observed

in the DSC curves (Fig. 1). This rationale, however,
requires additional microstructural studies.

In a previous study on Ti–30Ta, it has been demon-
strated that a short heat treatment at 600 °C allows for
a dissolution of the x-phase.18,19 Based on the data
shown in Fig. 6, the maximum temperature of 520 °C is
not high enough to provide for this effect in the
thermomechanical fatigue tests conducted on Ti–25Ta.
Thus, functional degradation in Ti–25Ta for the 40–
520 °C case can be attributed to the combined effects of
a-Ti-phase and b-Ta-phase formation at the grain bound-
aries, precipitation of needle-like b-Ti-phase within the
grains along with formation of x-phase and enhanced
dislocation activity in the high-temperature part of the
test.

As demonstrated in Fig. 2(c), structural degradation is
pronounced in the thermomechanical fatigue tests con-
ducted on Ti–25Ta in the temperature range between
40 °C and 620 °C. In fact, the material failed by
conventional fatigue crack nucleation and propagation.
This substantial difference in behavior to the tests
conducted with lower maximum test temperatures is
again rooted in microstructure. In this case, the XRD
data were not revealing accurate phase information as the
peaks of the b- and a-phase almost coincide in the
interesting regime for this alloy.27 However, the SEM
images shown in Fig. 7 clearly demonstrate that de-
composition in Ti-rich [Fig. 7(b)] and Ta-rich [Fig. 7(c)]
phases occur under these conditions as well. Given the
higher maximum temperature, it is understandable that
the effect is more pronounced than in the other test. More
importantly, the decomposition clearly has started at the
grain boundaries and triple points [Fig. 7(a)]. EDX
analysis demonstrated up to 93 at.% Ti for the regions
appearing dark in the SEM images and up to 36 at.% Ta
for the bright ones. As the material still displayed an
almost unchanged transformation strain after 700 cycles
[Fig. 2(c)], it can be assumed that the material is

FIG. 5. Back-scattered electron image of Ti–25Ta after thermome-
chanical cycling between 40–520 °C under superimposed stress of
100 MPa with heating and cooling rates of 20 °C/s.

FIG. 6. TEM images of Ti–25Ta after thermomechanical cycling between 40 °C and 520 °C under a superimposed stress of 100 MPa: (a) annular
dark-field image in STEM mode, (b) selected area diffraction pattern for [102]b TiTa showing reflections from the x-phase, and (c) corresponding
dark-field image.
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essentially austenitic in the high-temperature part of
cycle, but with locally Ti-rich and Ta-rich regions. In
fact, EDX analysis revealed areas with a composition of
Ti–25Ta, which explains the slight increase in trans-
formation temperature seen upon cycling [Fig. 2(c)].

Upon cooling, the chemical heterogeneity of the
austenite results in the martensitic transformation to a0
with locally different Ti and Ta content. If the Ti content
gets high enough, the transformation might get sup-
pressed locally, and some of the Ti-rich phases seen at
the grain boundaries should have formed this way.

As seen in Fig. 2(c), the upward shift in the hysteresis
loops is small initially and then increases significantly.
This shift is essentially due to conventional fatigue crack
formation. These cracks started at the surface and propa-
gated within the grains (not shown here). This indicates
that the local decomposition observed at the grain bound-
aries (Fig. 7) does not play a significant role in this
context. It is well known that Ti–Ta alloys are prone to
high-temperature oxidation,37 and it appears that the
oxidation-induced crack formation dominates in this case.

As detailed above, the microstructural evolution is
quite complex in this system. Thus, the effect of
temperature test regime on microstructural evolution
along with the resulting changes in macroscopic strain–
temperature response has been summarized in the sche-
matic shown in Fig. 8. To ease interpretation a schematic
DSC chart along with the key temperature regimes is
shown in Fig. 8(a).

In each experiment, the test started with the material
being in the martensitic state (marked by A in Fig. 8).
Upon heating, the x-phase is formed. The relevant
temperature range for this process in Ti–Ta alloy is about
100–400 °C.12,14 Starting at around 400 °C, a-phase
formation sets in both at grain boundaries an in the grain
interiors. In parallel to this Ti-rich phase, the Ta-rich
b-phase forms at grain boundaries. Thus, at point B in
Fig. 8(b), the bulk of the alloy is in the austenitic state,
but there is x-phase and a-phase in the grain interiors and
a-phase and Ta-rich b-phase at the grain boundaries. For
Ti–Zr alloys it has been reported that the a- and b-phase
observed at the grain boundaries form by “consuming” b
and x.15 A similar process might occur in Ti–25Ta as

well. In fact, the formation of the a-phase upon dissolu-
tion of the x-phase has been observed in Ti–30Ta upon
heat treatment. Similarly, a-phase formation from
x-phase has been reported for Ti–Mo and Ti–Nb.26

Upon cooling from 430 °C (point B), the detrimental
phases x, a-Ti, and b-Ta remain, and as the process is
cyclically repeated, their volume fraction increases and
rapid functional degradation sets in [point C in Fig. 8(b)].

FIG. 7. SEM images of Ti–25Ta after thermomechanical cycling between 40 °C and 620 °C under a superimposed stress of 100 MPa: (a) back-
scattered electron image and corresponding elemental distribution map for (b) titanium and (c) tantalum.

FIG. 8. Schematic illustration of microstructural evolution that result
in functional degradation of Ti–25Ta during thermomechanical
cycling; (a) schematic DSC chart including the key microstructural
features, (b), (c) and (d): corresponding strain-temperature hysteresis
loops; see main text for details.
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As discussed above, the changes in matrix composition
also cause a slight shift toward lower transformation
temperatures as marked by the arrow in Fig. 8(b).

In case of the tests conducted up to the higher
temperature of 520 °C [point D in Fig. 8(c)], the a-phase
starts to transform to Ti-rich b. This process sets in
around 500 °C in the grain interior and at about 520 °C
also at the grain boundaries, and corresponds to the
second peak in the DSC chart. This process appears to be
mainly driven by temperature but not by cycling, as it has
been reported for creep tests performed under similar test
conditions.21,27 Because of the combination of high
temperature and superimposed stress, dislocation activity
is enhanced as well. During cooling from point D, the
x-phase, the b-Ta, and a-Ti-phase at the grain boundaries
and the dislocations all remain in the microstructure.
Depending on their actual chemical composition the b-Ti
precipitates in the grain interiors can transform to
martensite or remain as well [point E in Fig. 8(c)]. As
detailed above, these processes also result in functional
degradation, but this time the effect is more pronounced
on the high-temperature side of the loop [marked by eT in
Fig. 8(c)].

The behavior in the modified test, where the external
stress was not present in the high-temperature part of the
cycle to curtail excessive plastic deformation, is sketched
in Fig. 8(d). On heating, the detrimental x-phase gets
dissolved again and the a-Ti-phase transforms (partly) to
b-Ti. In addition, dislocations can annihilate or rearrange.
Upon cooling, the austenitic matrix, Ti-rich b-phase
within the grain and at the grain boundaries and the
b-Ta phase at the grain boundaries can all transform back
to martensite. Depending on actual chemical composi-
tion, part of these may locally not transform. This effect
is, however, only minor, and thus, functional degradation
is not a key issue in this case. Given the high maximum
temperature, oxidation becomes relevant instead and
structural fatigue starts to govern fatigue life. As in-
dicated by the arrows in Fig. 8(d), crack opening
macroscopically results in an upward shift of the hyster-
esis loops.

Apparently, functional degradation can be minimized
by appropriate temperature-time-profiles, but the high-
temperature excursions needed will limit fatigue life. In
case of the test shown in Fig. 8(d), the samples did not
fail before 2000 cycles. As this will not suffice for many
of the envisaged applications, research is underway to
address oxidation behavior.

IV. CONCLUSIONS

The functional fatigue behavior of a Ti–25Ta shape
memory alloy was studied under thermomechanical
loading in different temperature regimes. The main
results can be summarized as follows:

(1) The material shows a martensitic transformation at
elevated temperatures (�350 °C) with substantial trans-
formation strain (�2 pct) under a superimposed stress of
100 MPa.

(2) Functional degradation behavior does vary sub-
stantially with the maximum test temperature used in the
thermomechanical test. For lower maximum test temper-
atures (Tmax � 430 °C), formation of the x-phase and
local decomposition in Ti-rich and Ta-rich areas along
with a-Ti formation are the dominant processes.

(3) As Tmax is increased further, the detrimental
phases start to dissolve and functional behavior can
be almost fully suppressed in thermomechanical test
when Tmax substantially exceeds 520 °C as long as
dislocation activity in the high-temperature part is not
excessive.

(4) In thermomechanical fatigue tests with a Tmax of
620 °C, functional degradation could be essentially sup-
pressed, but the samples finally failed beyond 2000
cycles by structural fatigue due to oxidation-induced
crack formation.
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