JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;24:6982—-6991

JOURNAL OF MATERIALS
RES o ECHNOLOGY
= n

A\

Journal of Materials Research and Technology

journal homepage: www.elsevier.com/locate/jmrt

Available online at www.sciencedirect.com

Structural and superelastic properties of g

Fe—Mn—Al-Ni shape memory alloy sheets

Check for
updates

produced on industrial process routes by hot

rolling

André Bauer ", Malte Vollmer %, Vincent Fabian Viebranz °,
Hans Jiirgen Maier °, Thomas Niendorf *

& Institute of Materials Engineering, University of Kassel, 34125 Kassel, Germany
® Institut fiir Werkstoffkunde (Materials Science), Leibniz Universitdt Hannover, 30823 Garbsen, Germany

ARTICLE INFO

ABSTRACT

Article history:

Received 20 February 2023
Accepted 28 April 2023
Available online 2 May 2023

Keywords:

Shape memory alloy

Mechanical properties

Abnormal grain growth
Martensitic phase transformation
FeMnAINi

Industrial process route

In the present study the structural and functional properties of Fe-Mn—Al-Ni shape
memory alloy sheets produced on an industrial process route focusing on hot rolling were
investigated. The as-processed condition is characterized by a high fraction of the non-
transforming y-phase, which ensures good workability, but is associated with poor
superelasticity. The alloy shows good structural properties with a yield strength of about
600 MPa, which is well above the usual transformation stress related to the martensitic
phase transformation for the investigated alloy composition. After solution annealing, a
microstructure showing no preferred orientation being characterized by distinctly larger
grains is present. The results obtained reveal that the previous thermo-mechanical pro-
cessing had no impact on the subsequent texture, however, provided a sufficient amount
of driving force for abnormal grain growth. Imposed by a cyclic heat treatment, oligoc-
rystalline structures with grain sizes above 10 mm can be achieved in the industrially
processed material, which show superelastic properties similar to material processed in
small batches in the laboratory.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

energy [2]. These advantages make them very interesting for
use as damping elements in many industrial sectors, such as
civil engineering [3,4].

Shape memory alloys (SMAs) are a unique class of smart
materials, which offer completely new design solutions for
lightweight and sustainable constructions [1-5]. Through a
reversible, stress-induced martensitic phase transformation,
SMAs showing superelasticity are capable of accommodating
very large strains several times while absorbing considerable
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Currently, Ni—Ti-based SMAs are the most commonly used
SMAs in industrial applications. However, the high costs of
the alloying elements and the challenging machinability
prevent their use for material-intensive applications [6,7].
Thus, Fe—Ni—Co-based SMAs, such as Fe—Ni—Co—Al-Ta—B
[8], Fe—Ni—Co—Al-Ti [9], Fe—Ni—Co—Al-Ti—B [10,11],
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Fe—Ni—Co—Al-Nb—B [12], and Fe—Mn-based SMAs, such as
Fe—Mn-—Si [13—15] and Fe—Mn—Al-Ni—X (X = Ti, Cr) [16—18],
came into focus of research in recent years. In particular, the
alloy system Fe—Mn—Al-Ni is characterized by promising
superelastic properties [17—19]. Furthermore, Fe—Mn—AIl-Ni
exhibits a lower temperature dependence of the critical stress
for martensitic transformation (0.53 MPa °C~* [18]) compared
to Ni—Ti (5.7 MPa °C™* [18]). This significantly extends the
range of service temperature and simplifies the use in new
applications.

The superelastic properties of Fe—Mn—Al-Ni strongly
depend on size, volume fraction and interparticle distance of
nanometric B-precipitates [19—22], which can be tailored by
quenchingrate, aging temperature and aging time. Quenching
into 80 °C warm water followed by aging at 200 °C for 3 h has
proven to be suitable in several studies [23—26].

A major challenge of the alloy system is the strong
dependence of the superelastic properties on grain orientation
and grain size, which is a result of the pronounced anisotropy
of transformation strains depending on grain orientation
[18,27—30]. The anisotropy leads to severe incompatibilities at
the grain boundaries in polycrystalline state, especially in the
vicinity of triple junctions, leading to inferior superelastic
behavior or even intergranular fracture [24,31]. Imposed by a
cyclic heat treatment (CHT) between the o single-phase region

Industrially cast & hot rolled

and the a+y two-phase region, abnormal grain growth (AGG)
can be promoted and the grain size can be increased signifi-
cantly resulting in an oligocrystalline structure or even single
crystals of several centimeters in size [32]. In case of these
microstructures no triple junctions are present, and the
superelastic performance is enhanced significantly [32]. In
single crystals as well as in oligocrystalline structures the
predominating factor influencing the reversibility of the
martensitic transformation is the orientation of the trans-
forming grains [25,28,29,33]. On the one hand the orientation
affects the transformation strain as well as the critical stress
for the martensitic transformation, on the other hand it is
strongly related to whether the martensite transforms in a
twinned or detwinned type [25,33]. Orientations with large
theoretical transformation strains, such as (001), tend to det-
win under tension with increasing elongation, which is
accompanied by the loss of reversibility [25,33]. In contrast,
orientations near (101) retain the twinned martensite struc-
ture, and thus exhibit superior reversibility [25,33]. For single
crystals with favorable orientations, superelastic strains up to
10% can be observed [19,32].

In many studies, the feasibility of industrial processing via
conventional process routes used in steel industry is empha-
sized as an advantage of iron-based SMAs [5,16,34,35]. How-
ever, Fe—Mn—Al-Ni has never been processed on an
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Fig. 1 — Microstructure of the industrial cast and hot rolled Fe—Mn—AIl—Ni sheets: (a) micrograph showing the cross-section
parallel to rolling direction (RD) in the hot rolled condition; (b) EBSD phase map of the area highlighted with a red box in (a);
(c—e) EBSD orientation maps of the highlighted area for the corresponding directions X (RD), Y and Z.
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Fig. 2 — Mechanical properties in the hot rolled condition: (a) stress-strain curves obtained in tensile tests of 4 specimens,
each extracted parallel to RD (0° RD) and perpendicular to RD (90° RD); (b) stress-stain curves obtained in incremental strain
tests (IST) of specimens extracted perpendicular to RD (90° RD) and (c) parallel to RD (0° RD).

industrial production line so far. In the present study,
Fe—Mn—Al—-Ni was processed on an industrial test line for the
first time, representing an industrial process route for the
production of semi-finished sheets by hot rolling. The sheets
were first characterized in the as-processed condition. Sub-
sequently, it was evaluated whether the hot rolling procedure
employed has an influence on microstructural evolution
during post (cyclic) heat treatments. Microstructural charac-
terization was carried out using electron backscatter diffrac-
tion (EBSD) and functional properties were investigated by in
situ incremental strain tests (ISTs). The results are evaluated
in direct comparison to literature values, the latter consid-
ering material produced using lab equipment.

2. Material and methods

The semi-finished sheet products investigated in this study
were provided by thyssenkrupp Steel Europe AG (Duisburg,
Germany), as part of a joint research project. For this purpose,
Fe-32.9Mn-14.1Al1-7.3Ni (at. %) sheets with a thickness of 2 mm
were produced on an industrial test line by hot rolling. Details
on processing parameters cannot be provided as these are
intellectual property of the industry partner. The specified

chemical composition of the sheet metal batch characterized
in the present study was determined by Inductively Coupled
Plasma-Optical Emission Spectrometry (ICP-OES).

To characterize the microstructure of the hot rolled con-
dition, a square specimen of 15 mm x 3 mm from the center of
the sheet was extracted by electro-discharge machining (EDM)
with the long side parallel to the rolling direction (RD). The
specimen was ground to a grit size of 5 pm and finally
vibration-polished using a colloidal SiO, suspension with
0.02 um particle size. Afterwards the specimen was etched
using a solution of 3% nitric acid and 97% ethanol for optical
microscopy.

For characterization of the mechanical behavior, dog-
bone-shaped tensile specimens with a cross section of
2mm x 1.6 mm and a gauge length of 18 mm were extracted
by EDM. The specimens were ground to a grit size of 15 pm.

For subsequent heat treatments, the specimens were
sealed into quartz tubes under argon atmosphere. A solution
annealing was carried out at 1225 °C for 30 min with subse-
quent quenching into 80 °C warm water in order to study the
effect of the thermo-mechanical process route on micro-
structural evolution. A cyclic heat treatment between the «
single-phase region at 1225 °C and the a+7y two-phase region
at 900 °C was carried out to obtain oligocrystalline
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Fig. 3 — (a) SEM image of the characteristic distribution of inclusions at the fracture surfaces, where a cluster of inclusions is
highlighted with a dashed box; (b) detailed view on some characteristic inclusions; (c—d) EDS line scans of the inclusions

marked in (b).

structures by AGG. Three heat treatment cycles were
conducted, each with a dwell time of 60 min at 1225 °C and
15 min at 900 °C. The heating and cooling ramps set were 5 K
min?. After the final heat treatment cycle the specimens
were quenched into 80 °C warm water and then directly aged
at 200 °C for 3 h.

For the ISTs, the specimens were also ground to a grit size of
5 pm and vibration-polished. ISTs as well as tensile tests were
carried out using a servo-hydraulic testing machine equipped
with a 5 kN load cell. The tests were performed using a con-
stant crosshead displacement of 5 pum s’ Strains were
measured using an extensometer with a gauge length of
12 mm directly attached to the specimens. Images of the
specimen surfaces in loaded and unloaded conditions were
recorded using a digital optical microscope equipped with a
tele-zoom objective.

Scanning electron microscopy (SEM) was used for in-depth
microstructural characterization of the hot rolled, solution
annealed and cyclic heat-treated condition. Electron back-
scatter diffraction (EBSD) analysis as well as energy dispersive
X-ray spectroscopy (EDS) were performed with a nominal ac-
celeration voltage of 20 kV.

3. Results and discussion
3.1. Hot rolled condition
Fig. 1a shows the cross-section of the Fe-Mn—Al—Ni sheet in

the hot rolled condition. The micrograph already reveals an
elongated microstructure parallel to RD. Fig. 1b shows the

phase map of the area marked with a red box in Fig. 1a. In the
middle of the cross-section an area, being predominantly
characterized by the presence of the a-phase is visible. In the
rest of the sheet cross-section a two-phase microstructure
with a high fraction of y-phase is present. The y-phase forms
in the selected temperature range of the hot rolling process
and provides for a sufficient ductility, which is necessary for
forming. In the EBSD orientation maps (Fig. 1c—e), different
grain orientations are visible in the different layers of the
sheet cross-section. Because of the high fraction of y-phase, it
is difficult to identify the shape of the a-grains. However, the
grains seem to be slightly elongated in RD.

The mechanical tensile properties of the hot rolled con-
dition are shown in Fig. 2a. The stress-strain curves indicate
that no pronounced directional dependence is present. The
average values for the 0.2% offset yield strength (oy) and
tensile strength (UTS) in the specimens extracted perpen-
dicular to RD (90° RD) are 625 MPa and 855 MPa, and thus
slightly higher than the average values for the specimens
extracted parallel to RD (0° RD), the latter being 585 MPa and
813 MPa, respectively. This is attributed to the stretched
grains in rolling direction, resulting in a slightly smaller
effective grain size perpendicular to rolling direction, even-
tually rationalizing the higher values for yield strength and
tensile strength according to the Hall-Petch relation [36]. For
the resulting strain at failure, pronounced scatter from 9% to
20% can be observed. This is assumed to be caused by non-
metallic inclusions. Fracture surface analysis by SEM shows
that many small spherical inclusions ranging from 1 um to
5 um in diameter are present at the fracture surfaces (Fig. 3a
and b). EDS analysis reveals that there are two types of


https://doi.org/10.1016/j.jmrt.2023.04.260
https://doi.org/10.1016/j.jmrt.2023.04.260

6986

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;24:6982—-6991

a) Industrlally cast & hot rolled > 1225°C 30 min, WQ 80°C
RD
—
Y
X
VA
111
001 101

2000 pm

Fig. 4 — Influence of thermo-mechanical processing on microstructure after solution annealing: (a) EBSD orientation maps of
a tensile specimen (extracted parallel to RD) of the industrial cast and hot rolled material batch after solution annealing at
1225 °C for 30 min followed by quenching into 80 °C warm water; (b) EBSD orientation maps of a tensile specimen of a lab-

scale cast and forged material batch (recompiled from Ref. [40]).

inclusions. The first one has a high content of Mn, S and Se.
Moreover, an increased amount of Mg can be detected within
these inclusions (Fig. 3c). The second one consists mainly of
Al (Fig. 3d). The latter appear to be AIN or Al,Os inclusions.
The occurrence of MnS(Se) as well as AIN and Al,O; in-
clusions is well known from the production of twinning-
induced plasticity steels, which also have a high content of
Mn and Al [37]. Selenium is contained in electrolytic man-
ganese, which is used as an alloying element in industrial
production of high manganese steels [37]. Depending on
volume fraction, size, distribution, composition and
morphology of the inclusions, the mechanical properties can
be strongly influenced [38]. Especially ductility is severely
decreased with increasing amounts of oxides or sulfides, as
these act as stress raisers [38]. The inclusions were observed
in the fracture surfaces of all specimens and were presentin a
scattered fashion over the whole cross section. In the center
of the cross section, some specimens showed a cluster of
inclusions in a line parallel to rolling direction (Fig. 3a dashed
box). However, no distinct differences in size, number and
distribution of inclusions were observed between the

specimens with low and high strain at failure. The most
important results obtained from the ISTs are summarized in
Fig. 2b and c. These indicate that there is almost no supere-
lastic behavior in the hot rolled condition in both directions.
This behavior had to be expected due to the high y-phase
content and the small grain size, both detrimentally affecting
the fraction of transformable a-phase volume while intro-
ducing a vast number of obstacles for martensitic trans-
formation. Therefore, a subsequent heat treatment with
defined quenching conditions is required to obtain supere-
lastic properties in case of the Fe—Mn—Al-Ni SMA.

3.2. Solution annealed condition

Due to the deformation introduced by hot rolling, recrystalli-
zation takes place during solution annealing, resulting in a
polycrystalline microstructure showing no preferred orienta-
tion (Fig. 4a). Itis obvious that the applied hot rolling process is
not sufficient to induce a strong texture upon the subsequent
heat treatment as the deformation degree upon hot rolling is
too low. For Fe-Mn—AIl—-Ni, Ozcan et al. [39] showed that a
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Industrially cast & hot rolled - CHTx3, WQ 80°C + 200°C, 3h
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Fig. 5 — Superelastic behavior of the industrially cast and hot rolled Fe—-Mn—Al—-Ni sheet after cyclic heat treatment,
subsequent quenching into 80 °C warm water and aging at 200 °C for 3 h: (a) EBSD orientation map of the tensile specimen
plotted with respect to LD; the yellow triangles mark the positions at which the extensometer was placed; (b) corresponding
pole figure for the grains involved in the martensitic transformation; (c) stress-strain curve of the depicted tensile specimen
during the incremental strain test; (d—i) optical micrographs of the area highlighted with a white dotted box in (a) at
different points of the load cycle; the red arrows in (f) and (g) mark the cross over from a necked area (right part) to a non-

necked area (left part) of the specimen.

strong [110] recrystallization texture can be achieved upon cold
wire drawing to an area reduction of 75%. Studies focusing on
Fe—Ni—Co—Al-X (X = Ti [9], Ti-B [10,11], Nb—B [12]) SMAs
revealed that a reduction ratio of more than 90% has to be
achieved during cold rolling to obtain a distinct recrystalliza-
tion texture. In the present study, the heterogeneous grain size
distribution after solution annealing (Fig. 4a) has to be
considered. Some grains already reached a size of about 2 mm,
and thus span the entire specimen cross-section. A direct
comparison to a lab-scale cast and forged material batch can
be made taking into account the work of Vollmer et al. [40] (cf.
Fig. 4b), where a more homogenous grain size distribution and
smaller maximum grain sizes are visible after solution
annealing at 1225 °C for 30 min (considering the same spec-
imen geometry and identical procedure of heat treatment).
Therefore, hot rolling already seems to provide a suffi-
cient driving force for AGG. It is known that subgrain

structures resulting from dislocation rearrangements pro-
vide the main driving force for AGG during cyclic heat
treatment [32]. The dislocations usually form as a result of
growth of the semi-coherent y-phase during cooling from the
temperature of the « single-phase region into the a-+y two-
phase region. The dislocations rearrange into subgrains
during subsequent heating and remain in the a-parent-phase
even after dissolution of the y-phase [32]. Due to the
additional energy induced by the subgrains, some grains
grow much faster and consume the neighboring grains
including subgrains [32].

By hot rolling in the temperature range of the two-phase
region and subsequent solution annealing at 1225 °C, the ma-
terial has undergone a temperature history similar to one cycle
of the cyclic heat treatment according to Omori et al. [32]. In
addition, it can be expected that dislocations were formed
during the deformation process, influencing the resulting
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Fig. 6 — Superelastic behavior of a lab-scale cast and forged material batch after cyclic heat treatment, subsequent
quenching into 80 °C warm water and aging at 200 °C for 3 h: (a) EBSD orientation map of the tensile specimen plotted with
respect to LD; (b) corresponding pole figure for the grains involved in martensitic transformation; (c) stress-strain curve of

the depicted tensile specimen up to 18% applied strain (recompiled from Ref. [25]).

subgrain structures. Vollmer et al. [16] revealed that the
morphology of the y-phase has a strong influence on the
resulting subgrain size and, eventually, on the grain growth
rate. A refinement of the formed y-phase and subgrains can
significantly promote AGG [16]. This can be achieved by
changing the chemical composition, such as adding titanium
[16] or increasing the aluminum content [41]. Due to hot rolling,
the y-phase also exhibits a much finer morphology, which
likely also boosts AGG. It should be noted, however, that the
additional driving force introduced by hot rolling, in contrast to
tailoring the chemical composition, can only take effect on
grain growth behavior during the first solution annealing step
at the beginning of the cyclic heat treatment. After solution
annealing at 1225 °C, the fine y-phase precipitates as well as
the dislocation structures induced by hot rolling should be
completely dissolved. Thus, the previous process route, i.e. the
hot rolling, has no remarkable further influence on the AGG in
the subsequent steps of a cyclic heat treatment. In contrast,
the adjustment of the chemical composition, e.g. by the addi-
tion of Ti[16], has a permanent effect on the morphology of the
y precipitates, and thus on the size of the resulting subgrains
and the driving force for the AGG during each heat treatment

cycle.
3.3. Cyclic heat-treated condition

After cyclic heat treatment a bamboo-like microstructure with
grain sizes above 10 mm is visible (Fig. 5a). The microstructure
and the grain orientations of the specimen are very similar

compared to a specimen of a lab-scale processed
Fe—Mn—Al—Ni material batch shown in Fig. 6a. Specifically,
the grain orientations involved in martensitic transformation
are nearly identical. The stress-strain curves obtained in the
IST are shown in Fig. Sc. A first martensitic transformation
takes place at a stress level of 382 MPa and is followed by an
initial stress drop to 250 MPa, followed by further serrations in
the stress-strain curve of the first loading cycle. Stress drops
are linked to abrupt martensitic transformation of areas
spanning the entire specimen cross-section. This trans-
formation behavior has already been observed in several
studies [24,26,39,42).
The reason for this specific transformation behavior,
however, is not yet completely understood. Omori et al. [42]
attributed the stress drops to nucleation barriers for
martensitic plates and Ozcan et al. [39] observed that the size
of the B-precipitates (B2) significantly influences the serrated
flow behavior. With increasing size, the stress drops were also
more pronounced. The influence of non-metallic inclusions
present in the industrially processed material on martensitic
transformation has not yet been considered. These inclusions
might also act as barriers for martensitic transformation,
which could explain the slightly more serrated stress-strain
curve in the first loading cycles (Fig. 5c) compared to the lab-
processed reference sample (cf. Fig. 6¢). While the first trans-
formation cycle is associated with a relatively high absolute
value of irreversible deformation, the two subsequent cycles
(blue and red curves in Fig. 5¢) show an almost completely
reversible transformation. The high reversibility of the third
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cycle can also be deduced from the in situ images in the loaded
(Fig. 5d) and unloaded state (Fig. 5e). A similar behavior was
also observed in a previous study by Vollmer et al. [26] for a
sample with the same grain orientation. Here, the first
transformation seems to induce a high degree of dislocation
activity. Thereby, the local stress states lead to a multi-variant
martensitic transformation in the following load cycle, which
at first glance seems to be supportive for good reversibility.
However, the width of the stress-strain hysteresis is increased
with each loading cycle, indicating cyclic degradation. In
further load cycles of the IST reversibility decreased rapidly,
starting at loading levels above 8% strain. The in situ images
(Fig. 5f and g) show that the loss of reversibility is accompa-
nied by macroscopic necking of the specimen (right side of the
red arrow in Fig. 5f and g). This observation was also made
in Ref. [25] and was linked to detwinning of the martensite.
Even the specimen is completely functionally degraded
at 18.7% strain, no structural failure occurs. With respect
to the transformation stress (=380 MPa) as well as
reversibility of the transformation (=2.8% superelastic strain
after loading to about 8% total strain), the industrially
processed material (Fig. 5) shows almost the same properties
as the lab-scale processed material (Fig. 6) after cyclic heat
treatment.

4, Conclusions

In the present study, the structural and functional properties
of industrially processed Fe—Mn—Al—Ni sheets were investi-
gated. The impact of the process route on microstructural
evolution during post (cyclic) heat treatments as well as on the
functional properties was studied in direct comparison to re-
sults of lab-scale processed material. Based on the results of
the present study, the following conclusions can be drawn.

e Fe—Mn—Al—-Ni semi-finished sheet products can be pro-
duced via industrial process routes well-established in
steel industry using hot rolling.

e A high fraction of y-phase is necessary to provide a suffi-
cient ductility to achieve high deformation degrees during
forming. However, this makes subsequent heat treatments
necessary to obtain a functional behavior.

e The hot rolled condition is characterized by good structural
properties featuring a yield strength of about 600 MPa,
which is well above the transformation stress of the cyclic
heat-treated condition (=380 MPa). This opens up the op-
portunity to use the alloy as structural as well as functional
material even in one component.

e The hot rolling process used does not induce a specific
texture when post heat treatments are conducted. How-
ever, the formation of fine dispersed y-precipitates and the
deformation induced dislocations due to hot rolling seem
to provide a driving force sufficient for abnormal grain
growth.

e Imposed by a cyclic heat treatment, oligocrystalline
structures with grain sizes above 10 mm can be established
in the industrially processed material. Most importantly,
the shape memory alloy studied shows almost identical
superelastic properties as lab-scale processed material.

This is shown for a near-(001) grain orientation under
tensile load with critical stresses for martensitic trans-
formation of about 380 MPa and superelastic strains of 2.8%
after loading to about 8% total strain.
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