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In this study the thermal cycling behavior of differently aged [100]-oriented Fe-28Ni-17Co-11.5A1-2.5Ta (at.%) shape memory
single crystals was investigated. The strain—temperature response determined from thermal cycling experiments revealed a strong
dependency on the precipitate morphology, which was adjusted by aging heat treatments. Specifically, a high precipitate density
in the microstructure leads to small phase transformation-induced strains and low stresses necessary for activation of the martensitic

phase transformation.
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Fe-based shape memory alloys (SMAs) have
recently attracted substantial research interest, due to
their comparatively low material costs compared to con-
ventional NiTi-based SMAs and the possibility of using
steelmaking technology, reducing processing costs
significantly [1-5]. Unfortunately, most of these alloys,
such as FeMnSi, FeNiCoTi, FeNiC or FePt, cannot
be employed for superelastic and damping applications
due to their poor shape memory properties and/or the
small recoverable transformation strains [6-8]. Recently,
however, the Fe-based SMA FeNiCoAlTa was reported
to feature superelastic transformation strains of up to
13% for a textured polycrystalline specimen and up to
6.8% superelastic strain for a single-crystal specimen
[9-11]. For both the polycrystalline specimen as well
as for the single-crystal specimen the highest superelastic
transformation strains were obtained along the [100]
loading direction. Most studies on FeNiCoAlTa SMA
have focused on characterizing the transformation
behavior following different aging heat treatments with
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the aim of maximizing the recoverable transformation
strains [9-14]. For many applications, such as high-
strength actuators, the cyclic stability is of paramount
importance. However, a systematic analysis of the ther-
mal cycling behavior of FeNiCoAlTa single crystals has
not yet been reported. Thus, the current work was
undertaken in order to determine the thermal cycling
behavior of differently aged FeNiCoAlTa single-crystal
SMA.

The material investigated was a Fe-28Ni—-17Co-
11.5A1-2.5Ta (at.%) alloy, which was initially produced
by vacuum induction melting. Next, single crystals were
grown from the ingot by utilizing the Bridgman tech-
nique in a helium atmosphere. After the heat treatment
(solution annealing and aging) described below, the
alloy exhibited shape memory properties. The crystal
structure is face-centered cubic in the austenitic and
body-centered tetragonal in the martensitic phase. For
the experimental determination of the thermal cycling
behavior, dogbone-shaped tensile specimens featuring
a gauge section of 1.5 mm x 1.5 mm x 18 mm were elec-
trodischarge machined such that the loading axis of the
specimens was along the [100] orientation. In order to
ensure a high surface quality the specimens were first
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mechanically ground down to a grid size of 5 pm and
then electropolished using a perchloric acid solution.
The solution heat treatment for all specimens was car-
ried out at 1300 °C for 24 h in vacuum followed by
water quenching, in order to ensure a homogenized
microstructure. Subsequently, the homogenized speci-
mens were subjected to different aging treatments,
namely 48 h/600 °C, 72 h/600 °C, 90 h/600 °C, 0.5 h/
700 °C and 1 h/700 °C, in order to create different L1,
precipitate morphologies (y'). These aging heat treat-
ments produced substantially different precipitate vol-
ume fractions as well as sizes. For the thermal cycling
experiments a nitrogen heating system was employed,
which allowed for heating/cooling of the specimens in
the range from —150 to 100 °C. During the thermal
cycling experiments the specimens were loaded in a
servohydraulic testing machine under force control.
For a given stress level, the initial temperatures of the
thermal cycle were chosen such as to be 30 °C above
the austenite finish temperature (A4y) for the alloy after
a specific heat treatment.

The thermal cycling behavior at various superim-
posed tensile stress levels for different aging heat treat-
ments employed is illustrated in Figure 1, in which the
transformation temperatures are exemplified by one hys-
teresis determined for a sample heat treated at 600 °C
for 48 h. An immediate observation is that a reversible
phase transformation was obtained for all heat treat-
ments used, except for the one at 700 °C/0.5 h—appar-
ently, this heat treatment was not sufficient to realize
an appropriate volume fraction and/or size of the pre-
cipitates as well as providing a matrix composition that
ensured an appropriate driving force for phase transfor-
mation. The precipitates both induce a coherency stress
field and provide for a decomposed matrix, which are
prerequisites for a reversible austenite-to-martensite
phase transformation [1]. The reason for the missing
phase transformation under the lower stress (750 MPa)
is the low martensite start temperature (M) and M ad-
justed due to the heat treatment at 700 °C for 0.5 h as a
consequence of the high content of solute elements with-
in the microstructure. For the heat treatments showing a
reversible phase transformation, an increasing (M) with
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Figure 1. Strain-temperature response of the [l100]J-oriented
FeNiCoAlTa single-crystal shape memory alloy during thermal cycling
experiments with constant superimposed stress levels. See main text for
details.

an increasing superimposed stress level is obvious from
Figure 1. The superimposed stress provides for an addi-
tional driving force such that the required Gibbs free en-
ergy for the phase transformation is reduced and hence
the transformation is shifted to higher temperatures
[1,10]. For the 700 °C/1 h heat treatment a reversible
phase transformation can be observed in the tensile
stress range from 500 up to 900 MPa, whereby at the lat-
ter stress level a residual strain of 0.5% results after a
complete phase transformation cycle. The higher stress
levels superimposed on the thermal cycles are possible
because of the high yield strength of the matrix of the
SMA and low density of crystal defects. In fact, Ma
et al. [10] observed fracture of their FeNiCoAlTa shape
memory single crystals during temperature cycling un-
der 75 MPa superimposed stress. Ma et al. [10,12] aged
their specimens, inter alia, at 600 °C for 90 h, and thus
precipitates with an average size of 5 nm with a high vol-
ume fraction evolved. For the 700 °C/1 h aging treat-
ment used in the present study, precipitates evolved
which were larger in size (=10 nm), cf. Figure 2. Appar-
ently, the volume fraction of the precipitates is lower
compared to those obtained with the heat treatment
used by Ma et al. [10,12] as the hardness of the micro-
structure is significantly lower (Fig. 3a). As illustrated
in Figure 1, both of the 600 °C heat treatments used
yielded comparatively low stress levels superimposed
on the thermal cycles, i.e. between 50 and 400 MPa for
48 h aging time and between 50 and 350 MPa for 72 h
aging time. At higher stress levels the specimens frac-
tured, i.e. at 500 MPa for the 48 h heat treatment dura-
tion and at 400 MPa for the 72 h/600 °C treatment. It is
obvious that the stress superimposed on the thermal cy-
cles decreases with increasing hardness (Figs. 1 and 2a).
A similar phenomenon was observed by Kroof et al.
[13], who found decreasing stress levels with longer heat
treatment durations at a temperature of 700 °C. They
traced the decreasing stresses back to an increasing pre-
cipitate size as well as a higher volume fraction. The
higher magnitudes of inherent stress surrounding
the precipitates reduce the external stress required for

Figure 2. High-resolution transmission electron microscopy image
illustrating a 7y’ precipitate in an [100}-oriented FeNiCoAlTa single-
crystal shape memory alloy austenite matrix after a 700 °C/1 h aging
heat treatment.
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Figure 3. Hardness values resulting from the aging heat treatments (a)
and the corresponding maximum transformation-induced strains (b) of
the [100J-oriented FeNiCoAlTa SMA.

the onset of the phase transformation. This effect, in
turn, appears to be one reason for the lower stress levels
superimposed on the thermal cycles at higher hardness
values of the FeNiCoAlTa alloy investigated in the pres-
ent study.

In addition, the thermal hysteresis, i.e. the difference
between A and M, is of great importance and is illus-
trated in Figure 1: a larger temperature hysteresis
(max. 90°C at 250 MPa) can be observed after the
600 °C/72 h heat treatment as compared to the temper-
ature hysteresis observed after heat treatments at
600 °C for 48h (max. 40°C at 150 MPa) and at
700 °C for 1 h (max. 30 °C at 900 MPa). This effect is
also attributed to the different precipitate morphologies
resulting from the various aging heat treatments. In
addition, the high hardness values indicate a high vol-
ume fraction of precipitates in the microstructure. Thus
the probability of an interaction between the growing
martensitic phase and the precipitates is high. This inter-
action, in turn, aggravates the martensitic growth, mak-
ing additional supercooling of the austenitic phase
necessary to attain the Gibbs free energy required for
the completion of the phase transformation [1,10]. Fur-
thermore, increasing hardness values indicate an
increasing volume fraction of precipitates within the ma-
trix and thus a decomposition of the matrix takes place,
i.e. the fraction of the chemical elements which form
precipitates is reduced in the matrix surrounding the
precipitates. By reducing the fraction of the alloying ele-
ments in the matrix the driving force for the phase trans-
formation derived from the chemical composition is
affected, and thus it is necessary to balance the driving
force for the phase transformation by supercooling the
austenite [3,12-14].

In terms of the transformation strains, the specimen
aged at 700 °C for 1 h exhibits the largest value with
5.2% under a superimposed stress of 900 MPa, whereas
the specimens aged at 600 °C for 48 h (max. 4.6% at
200 MPa) and for 72 h (max. 3.7% at 150 MPa) exhibit
lower transformation strains (Fig. 1). Figure 3b illus-
trates an increase in the maximum transformation strain
with a decrease in hardness. The high transformation
strains at low hardness values can again be attributed
to the reduced interaction between the growing martens-
itic phase and the precipitates within the microstructure.
Therefore, the growth of the martensite is less inter-
rupted at low hardness values, providing for a more
complete phase transformation and thus resulting in
larger transformation strains [10,12].

Figure 4 summarizes the effect of the different heat
treatments on the onset of the martensitic phase
transformation in the [100J-oriented FeNiCoAlTa
SMA single crystals. Again, a relationship between the
precipitate morphology within the microstructure and
the transformation behavior can be inferred, whereby
a low precipitate volume fraction (700 °C for 1 h) needs
higher stresses to initiate the martensitic transformation
than a higher precipitate volume fraction (600 °C for
72 h). Furthermore, Mj increases with increasing super-
imposed stress level nearly linearly for all aging heat
treatments investigated. This dependence of the stress
(o) necessary for initiating the martensitic transforma-
tion on the temperature (7) can be described by the
Clausius—Clapeyron equation:

do  4S
AT~ Vyew'

where AS represents the transformation entropy, Vi, is
the molar volume and ¢, represents the phase transfor-
mation-induced strain. For the cases considered in this
paper the stress—temperature behavior depends only on
the transformation strain since both AS as well as V,,
are not affected by the direction of the stress applied
and hence both variables can be considered as constants
[10,15-18]. The slopes of the Clausius—Clapeyron plots
are very similar for both aging treatments at 600 °C
(doldT varies from 3.5 to 3.8 MPa K'!), but the slope
is slightly smaller for the heat treatment conducted at
700 °C (do/dT = 2.8 MPa K'). The results of this study
are different to those determined by Ma et al. [12] who
carried out their work on nominally the same type of
single crystal. In particular, the slope in the Clausius—
Clapeyron plot for the material heat treated at 600 °C/
90 h was 4.12 MPa K !, i.e. slightly above the values
determined in this study. Clearly, this alloy is very sen-
sitive to small variations in chemical composition [18].
The current findings shed light on the thermal cycling
behavior of [100]-oriented FeNiCoAlTa SMA single
crystals. Specifically, an increase in the hardness of the
microstructure results both in decreasing phase transfor-
mation-induced strains and a lower stress level needed
for the onset of the martensitic transformation. This
behavior can be attributed to (i) the interaction between
the growing martensite plates and phase boundaries;
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Figure 4. Required tensile stress for initiating the martensitic phase
transformation of the [100]-oriented FeNiCoAlTa SMA for different
aging heat treatments.
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(i1) the coherency stress fields of the precipitates; and (iii)
a change in the chemical composition of the matrix due
to precipitation.
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