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The development of Iron-based shape memory alloys holds significant promises for cost-sensitive applications.
FeMnNiAl has been attracting increasing interest due to high levels of superelasticity across a wide range of tem-
peratures (-196-300 °C). However, shape memory effect for this alloy system has not been demonstrated. In this
study, the effect of aging treatments in inducing either shape memory or superelasticity is investigated. Shape

memory strains of = 4.5% are reported for polycrystalline FeMns4Niy sAl;3 5 (at.%). The observation of shape mem-
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ory effect and the magnitude of recovery strains were dependent on aging conditions, crystal orientation, and de-
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The development and optimization of iron-based shape memory al-
loys (Fe-based SMA) is of great practical importance for cost-sensitive
applications such as the construction industry [1,2]. This class of shape
memory materials offers significant cost savings compared to NiTi and
other commercially available SMA compositions. Many Fe-based SMAs
have been proposed and shown to exhibit shape memory (SM) and
superelastic properties (SE) [3-13]. Commercialization has been never-
theless very limited due to, in general, small levels of recovery strains,
superelasticity being limited to low deformation temperatures, and rel-
atively inferior fatigue properties. Recently, the FeMnNiAl Fe-based
SMA has been receiving significant interest due to favorable superelastic
properties across a wide range of temperatures extending from sub-
zero to elevated temperatures [4,14-19]. With optimized grain size
and precipitation content, superelastic strains as high as 10% have
been reported. Despite significant progress in the understanding of
this alloy system, efforts have so far been focused on the pseudoelastic
behavior with no prior reports of shape memory effect in this Fe-
based SMA. The ability to realize recovery strains through the SM effect
in this alloy system is advantageous and enables the development of
additional applications.

The stress induced martensitic transformation in FeMnNiAl SMA
occurs between body-centered cubic (bcc) austenite phase and
face-centered cubic (fcc) martensite phase [4]. To achieve good levels
of recovery strains, large grain size and the introduction of coherent
nano-precipitates in the austenite matrix are required [15,20]. Micro-
structures composed of large grains reduce the propensity for brittle
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martensite formation at grain boundaries which can promote grain
boundary cracking and thus limit deformation and recovery levels.
Such microstructures, typically referred to as bamboo structures having
mm size grains, can be achieved through high-temperature cyclic heat
treatment (e.g., 800-1225 °C) which induce abnormal grain growth
(AGG). Rapid cooling is typically required at the end of AGG treatments
to retain the austenite bcc phase [21,22]. However, fast cooling rates
(i.e., through water quenching) can result in excessive stresses and
grain boundary cracking. The precipitates size and volume fraction at
the end of AGG heat treatment are not sufficient to achieve reversible
thermoelastic martensitic transformation. Various studies have been
dedicated to quantify and optimize the coherent precipitation content
to achieve stable and full superelastic strain recovery [14,16,17]. The
correct precipitate size is not only necessary for achieving thermoelastic
transformation but is crucial for alloy stability by preventing undesir-
able room temperature aging effects [18]. There have been no studies,
however, in which the correlation between different aging treatments
and the tendency to exhibit shape memory effect has been subjected
to investigation.

This study is dedicated to investigate the shape memory effect in
FeMnNiAl Fe-based SMA. To the best of the authors' knowledge, there
have been no previous reports of SM effect in this alloy system. The
work provides a detailed quantitative assessment of the SM recovery
strains in polycrystalline FeMnNiAl The effect of aging treatments in in-
ducing either SM or SE response is investigated. In addition, the impact
of deformation temperature and crystal orientation on the SM recovery
strains is explored. Overall, the work provides important insight into the
potential use of the shape memory effect in this alloy system.

Polycrystalline FeMns4Ni; sAl 3 5 (at.%) was investigated in the cur-
rent study. Flat dog-bone tensile samples were electric discharge
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Fig. 1. (a) Cyclic heat treatment conditions for AGG. (b) Shape memory effect and superelasticity in FeMnNiAl with 200 °C aging temperature. (c) Full superelastic response with no shape

memory strains for 225 °C aging temperature.

loading cycle. Heating, in this case, did not induce any shape recovery
and the specimen did not exhibit any significant shape memory effect.
The gauge section of the specimen consisted of primarily two grains as
shown in the grain orientation map in Fig. 2b. The strain contour plots
presented in Fig. 2c point to the activation of a single martensite variant
during transformation in Grain 1. We emphasize that the lack of full
recovery, in this case, is associated with plasticity at the martensite
boundary and not shape memory effect. Such degradation in superelastic
strains, referred to as functional fatigue, is typical for FeMnNiAl SMA
[15,23]. This aspect remains one of the major challenges in this alloy sys-
tem, and in Fe-based SMAs in general.

A representative case showing shape memory response for
FeMnNiAl is shown in Fig. 3. This sample was subjected to the exact
same AGG heat treatment as the superelastic specimen discussed
previously in Fig. 2, however, the aging temperature differed (200 °C
compared to 225 °C). The gauge section of the specimen had two large
grains as shown in the EBSD grain orientation map (Fig. 3b). The black

machined (EDM) with 3 x 1.5 mm? cross-sectional area and 10 mm
gauge length. All specimens were encapsulated in quartz tubes
(evacuated, and backfilled with Ar gas) prior to being subjected to cyclic
heat treatment between 800 and 1225 °C with 30 min holding time at
each extreme and 45 min ramping time. The process was repeated for
4 cycles as shown in Fig. 1a. At the end of the last holding time at
1225 °C, samples were quenched in 80 °C water. The resulting structure
consisted of large grains with about 2 grains in the gauge section.
Depending on the subsequent aging conditions, full superelasticity or
primarily shape memory along with some SE strains were measured
as shown in Fig. 1b-c. Results from 3 different sets of samples have
shown full superelastic strains with 225 °C aging temperature and pri-
marily SM strains at a slightly lower aging temperature (200 °C).

An example of a polycrystalline sample exhibiting superelasticity
with 4 h aging at 225 °C is shown in Fig. 2a. The tension sample was
subjected to multiple deformation cycles. A finite accumulation of
irrecoverable (i.e., permanent) strains was observed at the end of each

I L 1 1 &

800 - = =
FeMnNiAl Fe-based SMA __,.-" ’
FUTRPESIRLICE G mpeent :’ 3
600 P A I Ch " ;L Thickness 1.5 mm
= O - . Cyclel 7 PR
§ s - \ /3 mm
S 4004 & Laaeeeeett e Cycle 2
i e
5 et e
& : ." ,'---.-
20043 2. L
B Aging: 225 °C — 4 hrs
0= T T T T T T
0 1 2 3 4 5 6

Normal Strain (%)
(2)

001 101 001 101

Transformation strain Loading direction Loading direction

i D s ]

<
b

~ V1
0

© Strain (%)

Fig. 2. (a) Stress-strain curves of superelastic FeMnNiAl tensile sample subjected to 2 deformation cycles. (b) Grain orientation map of the gauge section of the sample. The largest grain
(grain 1) has a loading direction = [122]. (c) Optical image and corresponding full-field strain contour plot of the vertical strain at point A shown in (a).
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Fig. 3. (a) Stress-strain curves of FeMnNiAl tensile sample exhibiting superelasticity and shape memory properties. The different colored curves refer to the corresponding region used for
strain calculation. (b) Grain orientation map of the gauge section of the sample. High-resolution strain contour plot showing the residual vertical strain following unloading (c) and after

temperature-induced shape recovery (d).

colored stress-strain curve in Fig. 3a was constructed using the average
DIC strain field in the entire gauge section including both grains (Grains
1 & 2). Clearly, the average response points to limited levels of
superelastic strain recovery upon unloading and shape memory strains
of =2.5% following heating. The deformation was, however, not homo-
geneous and highly localized in Grain 1 as shown in the high-
resolution strain contour plot in Fig. 3c. The second grain in the
gauge section (i.e., Grain 2) experienced limited levels of transforma-
tion. This dissimilar response, induced by the difference in grain orien-
tation, is clearly observed from the local stress-strain curves generated
for both grains, separately. The Grain 1 stress-strain curve (red curve
in Fig. 3a) shows applied strains reaching 8% with shape memory strains
of =4.5%. The deformation levels for Grain 2 did not exceed 1% and were
significantly less than Grain 1. A summary of all the measured strain
magnitudes, total, Grain 1, and Grain 2 is presented in Table 1.

To shed further insight into the source of the deformation heteroge-
neity, both grain orientations and the high-resolution DIC results were
utilized to identify potential variant activation. Habit planes along the
{110} have been previously observed for single crystalline FeMnNiAl
[24]. All the observed strain bands (traces) in the strain contour plot
shown in Fig. 3¢ were identified to coincide with one of the {110}
planes. Based on resolved shear stress calculation (i.e., Schmid factor),
with shear directions along the (111) crystallographic directions, the
two activated variants in Grain 1, V1 and V2, were the ones having the
highest Schmid factors magnitudes compared to all other potential
variants (0.49 and 0.42). In comparison, the maximum Schmid factor
in Grain 2 was 0.37 which explains the relatively lower levels of defor-
mations. The activated variant in Grain 2 (marked as V3 in Fig. 3c),
was not, however, the variant with the maximum Schmid factor. The
activation of this variant took place in the vicinity of the grain boundary
(Grain 2 side) and is expected to have been induced by the high
localized stress generated by transformation in the neighboring grain

Table 1

(ie., V1 grain boundary interaction). In addition to the previous analysis,
we note that theoretical calculations of the transformation strains iden-
tify the [111] orientation, which is the loading direction in the relatively
non-transforming Grain 2, as the orientation having the lowest magni-
tude of transformation strain [24,25]. This further explains the inferior
levels of transformation in Grain 2 compared to Grain 1 which has a rel-
atively favorable orientation.

Heat treatments optimized for superelasticity in FeMnNiAl Fe-based
SMA have demonstrated high levels of superelastic strains across a wide
range of temperatures (-193-300 °C). The measured transformation
stress levels exhibit small temperature dependence (=0.5 MPa/°C),
compared to other SMAs, which is very attractive from a practical
perspective. With aging conditions resulting in partial superelasticity
and shape memory effect upon heating (i.e., the 200 °C aging treatment
as shown in this work), the effect of deformation temperature is not
clear in this case and requires further investigation. Identification of
phase transformation temperatures would be advantageous in address-
ing this issue, in particular, the martensite start (M) and austenite fin-
ish temperatures (Af), however, such measurements remain a challenge
for FeMnNiAl and Fe-based SMAs in general. To further investigate the
effect of deformation temperature on the response of samples aged for
shape memory behavior, two samples were deformed at 25 °C and
180 °C to similar strain levels (=4.5% applied strain). The comparison be-
tween the two samples is provided in Fig. 4. Clearly, with temperature
increase, the magnitude of superelastic strains increased which would
consequently result in lower levels of shape memory strains. A sum-
mary of the resulting strain magnitudes is presented in Table 2. As the
shape memory effect relates to the presence of martensite phase prior
to deformation, the reduction in shape memory strains, and amplifica-
tion of superelastic strains, with deformation temperature increase
suggests a drop in the martensite volume fraction. Such a drop can
occur if the austenite finish temperature is higher than 25 °C and

Summary of the applied, superelastic, shape memory, and residual strain magnitudes for the specimen discussed in Fig. 3.

Recovered strain &sg (%)

Shape memory strain €gv (%) Residual strain €es (%)

Region Max applied strain € (%)
Total gauge section (Grains 1 & 2) 44

Grain 1 7.6

Loading direction = [529]

Grain 2 1.0

Loading direction = [111]

14 25 05
22 47 0.7
05 03 02
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Fig. 4. Stress-strain curves of FeMnNiAl tensile sample exhibiting superelasticity and
shape memory properties at different deformation temperatures.

potentially even higher than the aging temperature of 200 °C. In addi-
tion, the presence of martensite during room temperature deformation
can be induced by a martensite start temperature above 25 °C. The
identification of phase transformation temperatures using differential
scanning calorimetry (DSC) is not feasible in this Fe-based SMA. Despite
some efforts to identify transformation temperatures in FeMnNiAl SMA,
for example, Ms using dilatometry measurements [17], electric resistiv-
ity measurements [26], and magnetization measurements [4,19,27],
a comprehensive quantitative assessment of transformation tempera-
tures remains a challenge. In addition, heat treatment conditions and
their influence on the martensite/austenite volume fractions still
require further investigation. Such efforts are well motivated as they
are crucial for proper control and customization of either the SE or SM
response in FeMnNiAl

It's important to note that despite the clear ability to achieve shape
memory effect in FeMnNiAl with SM strains as high as 4.7% as shown
in this work, limited levels of superelasticity was still detectable. Efforts
to optimize aging conditions for complete and full SM strain recovery
were attempted, however, with limited success. With further reduction
in aging time or temperature, which has an inverse relation with precip-
itates size and volume fraction, deformation was primarily accommo-
dated through plastic slip with limited SE or SM strains. The conditions
reports in this work (200 °C for 4 h.) resulted in the highest magnitudes
of SM strains, however, further improvements can potentially be gained
through further optimization and fine-tuning of aging conditions.
Another aspect that would help optimize the SM strain magnitudes is
proper control of grain orientation. In the results presented in Fig. 3,
the grain with loading along the [529] orientation achieved significantly
higher SM strains compared to the other grain with loading along the
[111] direction (4.7 compared to 0.3%, respectively). Loading along the
[001] should theoretically provide higher magnitudes of transformation
strains. However, the currently adopted AGG heat treatment procedures
do not allow for proper control and selective growth of specific orienta-
tions and/or texturing.

The shape memory effect and SM strain magnitudes reported in
this work decreased once the deformation temperature was increased
from around 25 to 180 °C. The achieved levels of SM strains will
potentially improve at lower deformation temperatures, however,
high-temperature SM effect will obviously be limited. Extending the
SM range will require increasing the M temperature. A clear path to

Table 2
Summary of the applied, residual, and superelastic strain magnitudes for the specimen
discussed in Fig. 4.

Deformation Max applied strain Residual strain Recovered strain

temperature (°C) € (%) €res (%) &sg (%)
25 4.4 3.0 14
180 4.6 1.2 34

accomplish this task is not feasible yet based on the current understand-
ing of heat treatment and aging effects. In fact, previous works have
shown that the M temperature attained its highest value prior to
aging and decreased after any aging treatments [17,26]. It should be
noted that samples deformed following AGG treatments only (i.e., no
aging, potentially the highest M temperature) deformed plastically
without exhibiting any SE or SM strains. Despite this limitation, various
applications can still be envisioned for FeMnNiAl utilizing the shape
memory effect at room temperature, and below.

In summary, the work has investigated the effect of aging conditions
on the shape memory properties of FeMnNiAl Fe-based SMA. With
proper selection of aging temperature and time, the alloy can be tailored
to exhibit shape memory effect at room temperature. The shape mem-
ory strains were accommodated by multiple martensite variants having
the highest Schmid factors. Grains with unfavorable orientations, based
on resolved shear stress, exhibited limited levels of transformation
strains leading to highly heterogeneous deformation fields. At elevated
temperatures, superelastic strains increased at the expense of shape
memory strains. This was attributed to low M temperature and a re-
duction in martensite volume fraction.
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