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Iron-based shape memory alloys came into focus as promising candidate materials for large-scale structural
applications owing to their cost-efficiency. In the present work, the superelastic properties of a recently
introduced Fe-Ni-Co-Al-Ti-Nb shape memory alloy are investigated. For Æ001æ-oriented single-crystalline
material in aged condition (650 �C/6 h), an incremental strain test reveals excellent superelasticity at
2130 �C with fully reversible strains up to about 6%. Under cycling loading at different test temperatures,
however, the alloy system investigated suffers limited functional stability.
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1. Introduction

Since decades shape memory alloys (SMAs) are in focus of
academia and industry owing to their unique functional
properties. These are based on a thermoelastic, fully reversible
phase transformation between a high-temperature austenitic
parent phase and a low-temperature martensitic product phase.
While the austenite features a high degree of crystallographic
symmetry, the martensite is of lower symmetry. SMAs can
provide for large reversible strains of up to about � 10% and,
thus, are promising materials for solid-state actuators and
damping devices in various fields (Ref 1). Binary Ni-Ti is
currently the most widely employed SMA system owing to its
good functional properties, i.e., large transformation strains and
superior structural as well as cyclic stability. Furthermore, Ni-Ti
is highly biocompatible and can be processed into various semi-
finished products (Ref 1, 2). Still, relatively high costs for
alloying elements and complex processing limit its industrial
usage to niche applications, in particular, in the biomedical
sector (Ref 1).

In order to improve the cost efficiency, iron-based SMAs
such as Fe-Ni-Co-based (Ref 3) and Fe-Mn-based systems (Ref
4) with low material costs and good cold workability are highly
attractive and, thus, have received considerable attention in
recent years. Following the development of Fe-Ni-Co-Ti
SMAs, featuring only relatively low reversible transformation
strains (2%) (Ref 5, 6), a Fe-Ni-Co-Al-Ta-B SMA was
introduced in 2010 by Tanaka et al. (Ref 3), showing almost
perfect superelasticity in polycrystalline state with high

reversible strains of up to 13%. Fe-Ni-Co-Al-based alloys
undergo a martensitic transformation (MT) from face-centered
cubic (fcc) c austenite to body-centered tetragonal (bct) a¢
martensite (Ref 3, 7). However, a prerequisite for the functional
properties in newly developed Fe-Ni-Co-Al-based alloys is the
presence of coherent nanoprecipitates, i.e., the L12-ordered c¢-
phase with (Ni,Fe,Co)3(Al,X) composition (X = Ta, Nb or Ti),
evoking a change from a non-thermoelastic to a thermoelastic
character of the MT (Ref 3, 4, 7). By increasing the strength of
the austenitic matrix via coherency stress fields, pronounced
local plastic deformation via dislocation slip during MT is
suppressed. Thereby, finely dispersed nanoprecipitates promote
the reversibility of the MT and can reduce the temperature
hysteresis by several hundred Kelvin (Ref 1, 5, 8). In addition,
the nanoprecipitates increase the transformation temperatures
by changing the matrix� chemical composition as an effect of
Fe, Ni, and Co depletion (Ref 1, 7, 9).

Since nanoprecipitates are of utmost importance for the
transformation characteristics, extensive work was conducted to
study the influence of aging treatments on the functional
properties in Fe-Ni-Co-Al-based SMAs. Ma et al. (Ref 7) found
an aging treatment of 600 �C for 90 h to obtain 3.75%
superelastic (SE) strain in single-crystalline Fe-Ni-Co-Al-Ta
under tension. Spheroidal c¢-precipitates with diameters up to
5 nm were formed after this long aging time. In order to reduce
the aging treatment time, replacing Ta by Ti is an effective
approach. Fully reversible stress-strain responses with SE
strains up to 6% were shown for Fe-Ni-Co-Al-Ti single crystals
aged at 600 �C for only 4 h (Ref 10).

A Fe-Ni-Co-Al-Ti-Nb SMA and its SE properties are in
focus of the present work. In Fe-Ni-Co-Al-based alloys, adding
Nb has been reported to increase the strength of the austenitic
matrix and, thus, improve the functional performance (Ref 11,
12). In recent years, first studies examined the fundamental
microstructural and functional properties, i.e., the shape
memory and SE behavior, of this novel iron-based SMA
system (Ref 13-17). Maximum tensile SE strains were found to
reach 6.7% in Æ001æ-oriented Fe-Ni-Co-Al-Ti-Nb single crys-
tals (Ref 16).

Beside a thorough understanding of the phase transforma-
tion characteristics and the functional properties under mono-
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tonic loading, it is mandatory to characterize the functional
fatigue behavior under cyclic loading, since good cyclic
stability is a key criterion for many envisaged applications of
SMAs (Ref 1). In general, cyclic deformation can cause a
significant change of the SE stress-strain hysteresis, which can
result in a complete loss of the SE material response. This
phenomenon is attributed to microstructural mechanisms
rationalized by dislocation-slip, i.e., the introduction and
accumulation of dislocations during the repeated phase trans-
formation (Ref 1, 18-20). However, in Fe-Ni-Co-Al-Ti-Nb
SMAs cyclic functional properties have not been addressed so
far. To tackle this prevailing research gap, the current work
primarily focused on the SE cyclic deformation behavior as a
function of test temperature.

2. Experimental

Using billets melted from pure components large austenitic
single crystals in the centimeter size range with a nominal
chemical composition of Fe, 28% Ni, 17% Co, 11.5% Al,
1.25% Ti, and 1.25% Nb (at.%) were grown in helium
atmosphere by Bridgeman method. Dog-bone-shaped tensile
samples featuring a gauge dimension of 1.5 9 1.6 9 18 mm3

were electro-discharge machined (EDM) from the bulk single
crystals with their load axes parallel to Æ001æ of the austenitic
phase. Single-crystalline tensile samples were prepared to
reduce negative impact of grain boundaries on the functional
properties. In order to remove any residue from machining,
samples were mechanically ground down to 5 lm grit size.
Homogenization and subsequent aging were conducted in
sealed quartz glass tubes under argon atmosphere (to avoid
oxidation) at 1300 �C for 24 h and 650 �C for 6 h, respectively,
each followed by water quenching. To avoid issues related to
deformation of the samples during the heat treatment proce-
dures, samples were adequately supported within the quartz
glass tubes. The homogenized samples were artificially aged to
induce fine dispersed coherent c¢-nanoprecipitates, known to be
crucially needed for a thermoelastic MT and functional
properties. Aging parameters were chosen based on a series
of preliminary tests. Among various aging treatments con-
ducted in a wide range of aging temperatures and times, i.e., at
650-750 �C for 0.25-24 h, aging at 650 �C for 6 h leads to the
best functional performance (cf. Fig. 1).

Mechanical testing was carried out on a servohydraulic test
frame equipped with a 160 kN load cell, a temperature chamber
and a liquid nitrogen heating/cooling system (KGW-Isotherm,
Karlsruhe, Germany), enabling tests at temperatures from �150
to 100 �C. Quasi-static uniaxial incremental strain tests (ISTs)
and cyclic experiments up to 100 SE cycles were performed in
tension at various constant test temperatures. Temperatures
were measured using a thermocouple directly attached to the
sample. Tests were run in displacement control at a displace-
ment rate of 0.015 mm s�1. An extensometer with a gauge
length of 12 mm (632.53F-14, MTS Systems Corporation,
Eden Prairie, USA) was used for strain measurement. For
preliminary mechanical characterization (cf. Fig. 1), in turn,
displacement controlled uniaxial single cycle experiments were
conducted at room temperature and at a displacement rate of
0.005 mm s�1 using a miniature load frame (Kammrath &
Weiss, Germany) being capable of ± 10 kN. Strains were
calculated from displacement data. In each cycle, a maximum
nominal strain of 2% and a minimum load of 50 N were set for
the loading and unloading path, respectively.

Microstructural analysis was conducted using a JEOL JEM-
2100Plus transmission electron microscope (TEM). The TEM
was operated at a nominal voltage of 200 kV. TEM samples
were prepared by double-jet electro-polishing using a solution
of 10% vol. perchloric acid in ethanol at �10 �C. In order to
determine the characteristic transformation temperatures, elec-
tric resistance measurements were carried out using a liquid
nitrogen heating/cooling system. Prismatic samples with
dimensions of 1 9 3 9 20 mm3 were investigated at heat-
ing/cooling rates of 10 �C min�1. Furthermore, hardness
according to Vickers was determined with a hardness testing
device using a load of 9.8 N.

3. Results and Discussion

Figure 2 shows the characteristic microstructure of Fe-Ni-
Co-Al-Ti-Nb single-crystalline material following homogeniza-
tion and subsequent aging treatment conducted at 650 �C for
6 h. In addition to the diffraction spots of the austenitic matrix
(fcc), the selected area diffraction (SAED) pattern (Fig. 2b)
obtained from the [011] zone axis reveals reflections (cf. white
circle), which can be attributed to the c¢-phase (fcc unit cell
with L12-ordering). As can be deduced from the dark field (DF)

Fig. 1 SE stress-strain curves obtained under tensile load at room temperature for Æ001æ-oriented Fe-Ni-Co-Al-Ti-Nb single crystals following
homogenization (1300 �C/24 h) and different aging treatments
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images (Fig. 2c and d), the nanometric c¢-precipitates feature
spheroidal shape with diameters up to 6 nm. The precipitate
crystal structure and morphology (size and shape) reported in
this study are fully consistent with data shown for long-time
aging treatments (up to 72 h) at 600 �C in the Fe-Ni-Co-Al-Ti-
Nb SMA system (Ref 13, 14).

In order to investigate the role of loading history on the
reversibility of the stress-induced MT in Æ001æ-oriented Fe-Ni-
Co-Al-Ti-Nb single crystals aged at 650 �C for 6 h, ISTs were
conducted under tensile load at �130 �C. From the electrical
resistance measurement in Fig. 3, it is obvious that the selected
test temperature of �130 �C ensured a fully austenitic state
prior to SE testing. No phase transformation upon cooling is
visible in the resistivity curve, indicating a martensite start
temperature (Ms) being below the temperature of liquid
nitrogen. Fig. 4 shows a representative stress-strain curve. As
can be deduced from the SE material response and the relation
between reversible and applied strain (s. inset in Fig. 4), the
sample exhibits a fully reversible stress-induced MT up to
applied strain levels of 6% and a transformation strain
(determined using the tangent method) of � 4.0%. With further
loading, however, the plastic yield stress of the stress-induced
martensite is reached at around 950 MPa, as can seen from the

Fig. 2 TEM analysis of Fe-Ni-Co-Al-Ti-Nb revealing the microstructure following homogenization and aging at 650 �C for 6 h. TEM image
(a) and corresponding SAED pattern (b) with reflection spots of the c¢-phase. DF images (c,d) obtained from the reflection spot encircled in (b)
showing the morphology (size and shape) of c�-precipitates (bright areas) formed after aging

Fig. 3 Electrical resistance measurement of Fe-Ni-Co-Al-Ti-Nb
following homogenization and aging at 650 �C for 6 h revealing no
martensitic phase transformation upon cooling. The resistivity q is
normalized to the resistivity measured at 150 �C (q0)
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change of the stress-strain slope in the loading path. As a result
of the onset of plastic deformation pronounced residual strains
arise (s. Fig. 4) (Ref 1).

For the stress hysteresis (Dr), defined as the difference
between the stress of the loading and unloading plateaus, a
slight increase is already visible within the first increments. A
quite large value of about 160 MPa is reached after the 6th
increment (s. Fig. 4). In general, non-chemical effects related to
the accommodation of austenite and martensite structures are
decisive for the hysteretic character of the MT (Ref 1).
Employing in situ techniques, significant differences in the
stress-induced transformation behavior between the loading and
unloading path have been reported in various SMA systems
(Ref 20-22). As well-known from literature, Dr is directly
related to energy dissipating processes taking place during
stress-induced MT. High values of Dr can be ascribed to: (1)
high frictional work spent to overcome the resistance for phase
boundary motion, (2) dissipation of stored elastic strain energy
accumulated during the martensitic forward transformation,
and/or (3) dissipation of interfacial energy (Ref 1, 23).
Moreover, high values of Dr indicate ease of defect formation,
e.g., dislocation formation during stress-induced MT (Ref 23).
However, it should be emphasized that these defects do not
affect the reversibility of the stress-induced MT within the first
increments (cf. inset in Fig. 4). As already stated above, only
when reaching the yield stress of martensite, residual strains
can be seen. This is also consistent with the trend in the
evolution of critical stress level (rcr), describing the nucleation
stress, i.e., the onset, of the stress-induced MT upon loading:
rcr remains nearly constant (around 300 MPa) irrespective of
the applied strain until stress-induced martensite reaches the
yield stress. In the subsequent cycles the accumulation of
irreversibly deformed martensite may eventually lead to a
decrease in rcr.

Figure 5 shows tensile cyclic SE stress-strain curves
obtained at different test temperatures for Æ001æ-oriented single
crystals in aged (650 �C / 6 h) condition. In each SE cycle, a
fixed maximum tensile strain of 4.5% upon loading was set
with respect to the transformation strain determined in the IST
(Fig. 4). Results are shown for �130 �C,�75, �25 �C and
room temperature (RT). At all test temperatures, an almost
perfect SE material response is observed in each initial cycle. In
turn, upon cyclic loading-unloading all Fe-Ni-Co-Al-Ti-Nb

single crystals are characterized by an obvious change of the
stress-strain behavior. A decrease in the critical stress level
(rcr), a decrease in the stress hysteresis (Dr), as well as an
accumulation of residual strains are visible (Fig. 5). The degree
in the cyclic functional degradation behavior, however, differs
from temperature to temperature, i.e., increases with increasing
test temperature (s. details below). Numerous studies over the
last decades have proven that this cyclic evolution of the SE
transformation characteristics is attributed to dislocation activ-
ities in the austenitic matrix (Ref 18-20, 24). In order to
accommodate the mismatch between the austenitic and marten-
sitic crystal structure, dislocation arrangements are known to be
formed at the interphase boundaries during stress-induced MT
(Ref 25). On the one hand, localized internal stress fields
around these dislocations can stabilize the stress-induced
martensite by providing mechanical energy, leading to an
accumulation of residual strain. On the other hand, the internal
stress fields promote the nucleation of martensite in subsequent
cycles, causing the decrease of rcr. As the critical stress level
for the reverse transformation remains almost unchanged upon
cycling (s. Fig. 5), the decrease of Dr results from the
decreasing values of rcr (Ref 20).

In order to quantitatively assess the cyclic stability of the
stress-strain behavior for Fe-Ni-Co-Al-Ti-Nb SMA at a given
test temperature, the evolution of rcr in relation to the 1st cycle
of each fatigue experiment is plotted as a function of cycle
number in Fig. 6(a). While in the early stages of cycling (up to
10 cycles) a quite rapid reduction of rcr is visible, the decrease
of rcr slows down (at RT) or even nearly saturates (at
�130 �C, �75, and �25 �C) with further cycling. Such cyclic
saturation of the SE transformation characteristics, attributed to
a steady-state dislocation structure (Ref 24), was numerously
observed in various SMAs (Ref 18-20, 24). In total, the
decrease of rcr steadily increases with test temperature.
According to the steep Clausius-Clapeyron (CC) relationship
of 2.8 MPa �C�1 (s. inset in Fig. 5), the value of rcr increases
from 285 MPa at �130 �C to 700 MPa at RT. Sobrero et al.
(Ref 26) reported for the iron-based Fe-Ni-Co-Al-Ta SMA
system that the degree of functional degradation increases with
test temperature and correlates to how far the yield strength of

Fig. 4 SE stress-strain curve under tensile load at �130 �C for
single-crystalline Æ001æ-oriented Fe-Ni-Co-Al-Ti-Nb aged for 6 h at
650 �C. The inset depicts the relation between reversible (erev) and
applied strain (eapp)

Fig. 5 SE cyclic stress-strain responses under tensile load at
different test temperatures for single-crystalline Æ001æ-oriented Fe-Ni-
Co-Al-Ti-Nb aged for 6 h at 650 �C. The inset reveals the Clausius-
Clapeyron relationship
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the material is exceeded at a given temperature. Thus, the
temperature-dependent evolution of rcr, i.e., more pronounced
changes of rcr during cyclic loading-unloading with increasing
test temperature, is in perfect agreement with data shown in
previous work (Ref 26). However, a direct correlation between
the inherent width of the stress hysteresis (Dr) and the fatigue
performance, which was reported for Ni-Ti (Ref 27), Co-Ni-Ga
(Ref 20) and Fe-Ni-Co-Al-Ta (Ref 28) SMAs, is not found in
present work. The initial hysteresis in the 1st cycle (determined
at half of the applied strain) is found to be 119, 125, 160, and
131 MPa at �130, �75, �25 �C, and RT, respectively (Fig. 5).
While the sample tested at �25 �C features the largest stress
hysteresis, it is obvious from Fig. 5 and 6 that testing at RT
leads to the most pronounced changes in the cyclic stress-strain
behavior. Thus, it seems to be that the critical stress level and its
increase according to the CC relationship dominates the
functional degradation of the Fe-Ni-Co-Al-Ti-Nb single crys-
tals.

Another quantitative measure for cyclic degradation is
illustrated in Fig. 6b. The accumulated residual strain is plotted
for a given cycle number. For better comparability values are
normalized to the initial transformation strain within the 1st
fatigue cycle at each temperature. Since a constant absolute
strain limit of 4.5% was considered in the cyclic experiments,
contributions of strain being associated with the stress-induced
MT and the elastic deformation of austenite changed from test

temperature to test temperature. This is due to variations in rcr
according to the CC relationship (cf. Fig. 5). As can be seen
from the results presented in Fig. 6b, all single-crystalline
samples suffer pronounced accumulation of residual strains
upon cycling. In line with the evolution of rcr (Fig. 6a), the
degree in residual strain accumulation increases with test
temperature. Only the obviously and slightly improved recov-
erability of the sample tested at �75 �C compared to �130 �C
deviates from this trend and cannot be explained so far. It has to
be emphasized that this behavior, i.e., functional degradation
occurring at all test temperatures, is in clear contrast to the Fe-
Ni-Co-Al-Ta SMA, where excellent functional stability with
perfect recoverability of the stress-induced MT upon cycling,
i.e., no residual strain accumulation, was observed at �130 �C
(Ref 26). Obviously, the Fe-Ni-Co-Al-Ti-Nb SMA in current
state (aged at 650 �C for 6 h) features lower resistance against
functional degradation, i.e., higher susceptibility for dislocation
formation. With 390 HV1 the hardness value is lower compared
to 440 HV1 obtained in Æ001æ-oriented Fe-Ni-Co-Al-Ta single
crystalline material after aging at 700 �C for 1 h (Ref 29).
Furthermore, it has to be noted that the precipitate morphology
(size, shape and coherency) has a significant impact on the
hardness of the microstructure and, thus, on irreversible
processes (Ref 20, 27, 28, 30). For the Fe-Ni-Co-Al-Ta system,
Ma et al. (Ref 7) and Krooß et al. (Ref 28, 29) reported the
influence of different aging treatments on the precipitate
structure, hardness and functional properties. With increasing
aging time and precipitate size, for example, the width of the
stress hysteresis (Dr) increases, promoting pronounced cyclic
instability (Ref 28). However, the complex interactions
between the chemical composition and the precipitate mor-
phology, explaining the lower hardness value of the aged
(650 �C / 6 h) Fe-Ni-Co-Al-Ti-Nb condition than that in Ref.
(Ref 29), cannot be clarified at this point. Such investigations
require advanced techniques such as atom probe tomography
and, thus, are beyond of the scope of present work.

4. Conclusions

In the present work, microstructure and superelastic (SE)
properties were investigated for Æ001æ-oriented Fe-Ni-Co-Al-
Ti-Nb shape memory alloy (SMA) single crystals in aged
condition. The results obtained can be summarized as follows:

(1) TEM analysis reveals the formation of nanometric
c¢-precipitates (L12-ordering) with spheroidal shape fol-
lowing homogenization and subsequent aging at 650 �C
for 6 h.

(2) For this aging condition, incremental strain tests at
�130 �C revealed excellent recoverability of the stress-
induced martensitic transformation (MT) with transfor-
mation strains up to � 4%.

(3) Irrespective of the applied test temperature, however, the
Fe-Ni-Co-Al-Ti-Nb SMA suffers poor functional stabil-
ity under SE cycling.

All in all, the present work reveals that the existing scientific
knowledge about the microstructural and functional properties
in the Fe-Ni-Co-Al-Ta SMA system seems not to be completely
transferable to other alloy systems, that are characterized by
slight compositional changes, i.e., substitution of 2.5% Ta by

Fig. 6 Evolution of SE parameters versus cycle number for single-
crystalline Æ001æ-oriented Fe-Ni-Co-Al-Ti-Nb aged for 6 h at 650 �C
under SE cyclic tensile load at different test temperatures: (a) the
decrease in critical stress (rcr), and (b) the residual strain after cycle
number N (eNres) normalized to the initial transformation strain of the
1st cycle (eN¼1

tr ). Data points were extracted from the results shown
in Fig. 5
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1.25% Ti and 1.25% Nb (at.%). Whereas the Ta-alloyed SMA
system shows perfect cyclic stability at lower temperatures, the
Ti-Nb-alloyed material is characterized by functional degrada-
tion between room temperature and �130 �C. In particular, the
impact of variations in local chemistry as well as changes in the
local stress fields (coherency) in the vicinity of nanometric
c¢-precipitates on the martensitic transformation and its stability
upon cyclic loading is not fully understood so far and, thus,
needs to be addressed in future studies.
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