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ARTICLE INFO ABSTRACT

Keywords: Fe-Mn-Si-based shape memory alloys (Fe-SMAs) have attracted much research attention due to their potential

Fe‘M“‘Si'Pi_ised shape memory alloy applications for vibration mitigation, energy dissipation, and re-centering in the construction sector. Because of

lS)upe.re'last'mty the crucial impact of precipitation on the pseudoelasticity (PE) behavior of Fe-SMAs, the equilibrium phase
recipitation

diagram of an Fe-17Mn-5Si-10Cr—4Ni-1(V-C) (wt%) SMA was used in this study to identify a low-temperature
precipitate and study its effect on the microstructure and PE of the alloy after a low-temperature aging process.
Transmission electron microscopy (TEM) studies revealed that aging at 485 °C for 6 h after aging at 750 °C for 6
h led to the precipitation of fresh, parallelogram-shaped, (Cr-V-C)-rich precipitates along with elliptical-shaped,
V-rich precipitates in the austenite grains of the recrystallized samples. Numerous parallel stacking faults (SFs)
were formed due to the presence of the precipitates within the austenite grains. It is postulated that such an
arrangement of SFs can further improve the PE by reducing the activation energy for the nucleation of
e-martensite laths and inhibiting them from colliding with each other and consequent formation of «'-martensite,

Equilibrium phase diagram
Transmission electron microscopy

resulting in a residual strain reduction to 2.7% after 4.0% tensile straining.

1. Introduction

Fe-Mn-Si-based shape memory alloys (SMAs), as one of the most
practical categories of Fe-based SMAs, have attracted much research
attention [1-4]. Due to their low material cost, high Young's modulus
and strength, exceptional workability, and high stress and strain re-
covery [5,6], these alloys have been used for a wide range of applica-
tions such as coupling devices [7], mechanical tightening, structural
elements, active controls, pre-stressing or post-tensioning of structures
[8], and damping devices [9]. However, low pseudoelasticity (PE) has
prevented them from being used in many applications such as dissipa-
tive re-centering systems in civil engineering [10].

A new design for Fe-based SMAs, Fe-17Mn-5Si-10Cr-4Ni-1(V-C)
(wt%), has been developed in Swiss Federal Laboratories for Materials
Science and Technology (Empa) [11-15]. The alloy can be produced by
a relatively cheap casting process under atmospheric conditions [16]
and has high potential for large-scale repair and strengthening in the
construction section [17] and passive vibration damping [18].

* Corresponding authors.

A combination of the reversible motion of Shockley partial disloca-
tions (SPDs) and back transformation from e-martensite (with hexagonal
close-packed (HCP) lattice structure) to y-austenite (with face-centered
cubic (FCC) lattice structure) in unloading is believed to be the micro-
structural reason for the PE effect in Fe-Mn-Si-based SMAs [19]. Several
attempts have been made to enhance the PE of Fe-Mn-Si-based SMAs,
such as controlling the grain size [20,21], texturizing, and precipitation
[22] in combination with stacking fault energy (SFE) control [23].
Among the different approaches, SFE control and precipitation have had
a greater impact on PE improvement. Precipitates such as Crg3Cq [24],
TiC [25], VN [26], VC [27], and NbC [28] are used for PE improvement.

It has been revealed that NbC carbides increase the strength of the
y-austenite phase and assist in the reversible movement of the y/e in-
terfaces through a specific crystallographic path. The back-stress on the
growing e-martensite lath due to the stress fields induced by the NbC
carbides causes this back transformation [28,29]. In addition, VC pre-
cipitates promote the formation of e-martensite by reducing the critical
resolved shear stress (CRSS) of austenite [19]. Precipitates also increase
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the number of dislocations and stacking faults (SFs) in the y-austenite
matrix, which act as embryos for e-martensite nucleation [30-34]. It has
recently been found that having a fine-grained austenite matrix along
with uniform distribution of precipitates facilitates the y = ¢ trans-
formation and enhances the PE behavior of the alloy [35].

In a recent study on the newly designed Fe-Mn-Si-based SMA [36], it
has been shown that (Cr-V-C)-rich precipitates uniformly form inside
the austenite grains by high-temperature aging at 750 °C, resulting in a
significant improvement of PE. To recognize any new low-temperature
precipitates, it is essential to investigate the equilibrium phase dia-
gram of the alloy. In the present work, the effect of low-temperature
aging at 485 °C on the evolution of a new type of precipitate is stud-
ied, and its combination with the primary high-temperature precipitates
is employed to further enhance the PE of the alloy. Low-temperature
precipitates, which may improve shape memory and superelasticity
properties, are highly desirable because lowering the aging temperature
decreases manufacturing costs and associated problems like oxidation
and grain growth. It is shown that after 4.0% loading in tension, a re-
sidual strain of 2.7% can be achieved. The underlying mechanisms of the
observed improvement in PE after low-temperature aging at 485 °C are
studied by detailed microstructural characterizations, which provide
new insights into the processing of this alloy for vibration mitigation and
seismic damping applications.

2. Materials and methods

Rebars with a diameter of 18 mm and a nominal composition of
Fe-17Mn-5S8i-10Cr-4Ni-1(V-C) (wt%), provided by re-fer AG,
Switzerland, were used in this study. The material was produced by hot
rolling at 1000 °C after casting. The microstructure of the as-received
rebars consisted of equiaxed austenite grains and fine precipitates at
the grain boundaries [35]. The as-received alloy was cold—caliber-rolled
to an octagonal-shaped speciemen with equal sides of 14.2 mm. The cold
rolling was performed in 16 consecutive steps to reach an equivalent
strain of 0.25 at ambient temperature, using a caliber rolling machine
with a roller diameter of 110 mm and a rolling speed of 800 mm/min.
The cold-rolled specimens were recrystallized in a vacuum furnace at
925 °C for 50 min followed by air cooling to room temperature [35].
High-temperature aging was performed on the recrystallized specimens
at 750 °C for 6 h in a muffle furnace followed by air cooling to ambient
tempearture. Subsequently, a set of the aged specimens was double aged
at a relatively lower temperature of 485 °C for 6 h and then cooled down
to the room temperature under atmospheric conditions. The recrystal-
lized, single aged, and double aged specimens are hereafter named as
Rex, Rex-Aged, and Rex-Double aged, respectively.

Dilatometry analysis with a cooling/heating rate of 1 °C/s was
conducted on cylindrical samples with a length of 10 mm and a diameter
of up to 2 mm in an Adamel DT1000 dilatometer. A schematic view of
the heat treatment cycles and the optical microstructures of the as-
received material before and after the cold rolling are provided in the
Supplementary Material File (see Fig. S1).

The volume fractions of phase constituents were measured using X-
ray diffraction (XRD) analysis with a Cu Ka radiation source (A = 0.154
nm) at an acceleration voltage of 45 kV and a tube current of 200 mA.
The microstructures of the specimens were studied using optical mi-
croscopy (OM; ZEISS Axioskop 2 MAT), secondary electron analysis by
field-emission scanning electron microscopy (FE-SEM; FEI Nova Nano-
SEM 450), and high-resolution transmission electron microscopy (HR-
TEM; FEI Tecnai F20 series). The chemical compositions of precipitates
were analyzed using energy-dispersive X-ray spectroscopy (EDS; Oxford
X-Max™ 80 T silicon drift detector with a take-off angle of 14.6° and a
resolution of 134 eV FWHM at reference energy of 5.9 keV) by the TEM.
Standard samples of pure elements were used for calibrating the TEM
imaging and analysis (TIA) interface of the microscope software.
Moreover, the multi-polynomial background correction for the X-ray
signals along with thin foil thickness correction for the TEM specimens
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was considered to analyze K, radiation of the alloying elements. The
EDS spectra were quantified by the TIA software based on the Cliff-
Lorimer method [37] with k-factors calculated with respect to silicon.
A maximum relative uncertainty value of ~5% was detected for the
reported chemical compositions. Samples for the OM and SEM obser-
vations were mechanically polished and etched with a solution of HoO»
(35%), HNO3 (65%), and HCI (32%) (7:30:9). The HR-TEM specimens
were prepared by standard mechanical thinning followed by electro-
polishing in a solution of HClO4 and CoHsOH (1:9) at —20 °C and 22 V.

To evaluate the mechanical properties of the heat-treated samples,
monotonic loading—unloading experiments were performed with a
Zwick/Roell Z020 tensile test machine. During the loading—unloading
tests, the strain evolution was measured with a calibrated sensor-arm
extensometer type BTC-EXMULTI.011 made by Zwick/Roell Company.
Longitudinal tensile specimens were machined from the samples and
prepared in a dog-bone shape with a reduced section length of 32.0 mm
and a cross-section of 1.0 x 0.8 mm? (Fi g. 1). Furthermore, to study the
microstructural evolution of the samples after loading-unloading tests,
sub-size tensile specimens with a gauge length of 25.00 mm and a width
of 6.25 mm were prepared according to the ASTM E8M-04 standard.
Tensile loading to a maximum strain of 4% was carried out at room
temperature with a crosshead speed of 0.5 mm/min followed by
unloading with the same crosshead speed until a force of 10 N was
attained.

3. Results

3.1. Equilibrium phase diagram of Fe—17Mn-5Si—10Cr-4Ni-1(V-C) (wt
%) alloy

Fig. 2 shows the equilibrium phase diagram of the studied alloy
calculated by using Thermo-Calc software with TCFE7 database [38].
The liquid phase is thermodynamically stable at high temperatures
down to approximately 1320 °C, where it starts to solidify to form the
y-austenite phase in a temperature range of about 95 °C until 1225 °C.
Further cooling to 1000 °C promotes the formation of M;Cs carbide via a
precipitation reaction of y — y + M7Cs. Subsequently, the Sigmal phase
is formed by a precipitation reaction of y — y + Sigmal at 665 °C, and its
molar fraction reaches a maximum of ~0.15 at 485 °C (inset of Fig. 2).
Additionally, the thermodynamic calculations predict that the Sigmal
phase transforms into the Sigma2 and A2 phases below 485 °C. In the
present study, the possible precipitation of the Sigmal phase and its
relation to PE evolution were investigated through double aging of the
Rex-Aged samples at 485 °C.

3.2. Microstructure development after high- and low-temperature aging

Figs. 3a—c show the FE-SEM micrographs of the Rex (a), Rex-Aged
(b), and Rex-Double aged (c) samples. The microstructure of the Rex
sample mainly consisted of recrystallized austenite grains with an
average grain size of 5 pm and reversed austenite regions with a diam-
eter of approximately 1 pm. Since grain boundary junctions act as
preferential nucleation sites for the martensitic transformation, most
strain-induced martensite forms in these locations [39]. Therefore, the
reversed austenite grains usually appeared in the triple junctions of
recrystallized austenite grains (Fig. 3a). Such formation of reversed

T\

Fig. 1. Geometry of the dog-bone specimens used for the tensile tests (di-
mensions in mm).
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Fig. 2. Calculated equilibrium phase diagram of the studied

Fe-17Mn-5Si-10Cr—4Ni-1(V-C) (wt%) alloy at 1 atm pressure by the Thermo-
Calc software.

austenite at the triple junctions of recrystallized austenite grains during
the annealing of cold-rolled austenite has also been reported elsewhere
[39,40]. Moreover, there were some constituents with sizes of less than
800 nm located inside the austenite grains and also at the grain
boundaries of austenite, which were (Cr-V-C)-rich precipitates ac-
cording to our previous findings [35]. In comparison to the Rex sample,
the Rex-Aged sample showed a sharp increase in the number of pre-
cipitates with a higher volume fraction inside the austenite grains than
at the grain boundaries. The average austenite grain size of the Rex
sample remained close to 5 pm after aging (Fig. 3b). After low-
temperature aging of the Rex-Aged sample at 485 °C for 6 h, the vol-
ume fraction and continuity of reversed austenite regions decreased
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(Fig. 3c). In addition, the number of (Cr—V-C)-rich precipitates (poly-
hedral-shaped) was reduced, but some new needle-shaped precipitates
formed inside the austenite grains. Similar to the Rex and Rex-Aged
samples, the grain size of recrystallized austenite for the Rex-Double
aged sample did not change, but the grain size of reversed austenite
slightly decreased (Fig. 3c).

Fig. 3d illustrates the XRD diffractograms of the specimens from
which the volume fractions of o-martensite and e-martensite were
calculated according to the method provided in Ref. [41]. The Rex
sample contained 14 vol% e-martensite and 7.9 vol% o'-martensite,
while the Rex-Aged sample possessed a much higher volume fraction of
e-martensite of about 43% and, interestingly, had almost zero volume
fraction of o'-martensite. The disappearance of a'-martensite and the
increase in the volume fraction of e-martensite in the Rex-Aged spec-
imen could be related to the formation of precipitates, which can change
the chemical composition of the austenite matrix and inhibit the for-
mation of randomly oriented e-martensite laths inside the austenite
grains [42]. Furthermore, the XRD diffractogram of the Rex-Aged sam-
ple showed peak splitting (indicated by the small arrow in Fig. 3d),
which can be related to the presence of precipitates, SFs, and
e-martensite that reduce the symmetry of the microstructure [43]. In
comparison to the Rex-Aged sample, the volume fraction of e-martensite
reduced to nearly 16% and the degree of peak splitting decreased for the
Rex-Double aged sample.

3.3. Loading-unloading experiments

The engineering stress-strain curves after loading—unloading tests for
the As-Received aged [35] and the heat-treated samples are shown in
Fig. 4. The values of PE and other tensile properties of the samples
inferred from Fig. 4 are summarized in Table 1. For this particular alloy,
the 0.1% offset yield stress (6yo.19%) was considered for estimating the
onset stress of the martensitic transformation [44]. The elastic modulus
of this alloy can vary between 40 and 170 GPa under different micro-
structural conditions [45]. Since the elastic moduli of the samples were
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Fig. 3. SEM micrograph of the (a) Rex, (b) Rex-Aged, and (c) Rex-Double aged samples. (d) XRD diffractograms of the specimens.
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Fig. 4. Loading-unloading curves of the As-Received aged [35], Rex, Rex-
Aged, and Rex-Double aged samples strained to 4% in tension.

calculated by using Hooke's law, the calculated values corresponded to
mixed microstructures of austenite, e-martensite, and o’-martensite with
different volume fractions of the constituents. Furthermore, it has been
shown that mainly the stress-induced martensitic transformation occurs
until the stress level reaches the yielding point of this alloy [44].
Therefore, the mixture of phases is changed by increasing (decreasing)
the strain in the elastic part, which justifies the nonlinear deformation
behavior during loading (unloading). The PE strain was calculated ac-
cording to Eq. (1):

049

@

Erotal = Eres T Epse +EE = Epes + Epse + E
unloading

where ges, £)se, and eg are the residual strain, PE strain, and elastic strain,
respectively. 649, denotes the strength at the peak tensile strain, and
Eunloading iS the elastic modulus in unloading.

The Rex sample exhibited an elastic modulus of 160 GPa in loading
which decreased to 105 and 80 GPa for the Rex-Aged and Rex-Double
aged samples, respectively. The value of 6yg 19 was 440 MPa for the
Rex sample, while it slightly increased and reached 475 MPa for the Rex-
Aged sample. After performing the aging heat treatment at 485 °C for 6
h, the oyp.19, increased to 525 MPa for the Rex-Double aged sample.
Similarly, the 649, increased from 670 MPa for the Rex sample to 737 and
750 MPa for the Rex-Aged and Rex-Double aged samples, respectively.
Furthermore, in comparison to the Rex sample with a residual strain of
3.09%, the Rex-Aged and Rex-Double aged samples showed relatively
lower residual strains of 2.87% and 2.70%, respectively. Such behavior
could be mainly related to the higher o4, values, lower Young's moduli
and higher PE strains of the aged samples compared with those of the
Rex sample (Table 1 and Eq. (1)). It is worth mentioning that the ob-
tained residual strain of 2.70% for the Rex-Double aged samples after
4% loading in tension is the lowest residual strain value reported so far
for this particular alloy.

Table 1
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3.4. TEM study on the microstructures after aging at high and low
temperatures

Figs. 5a-b show TEM images from the substructure of the Rex sam-
ple. Particles with sizes between 15 and 20 nm were uniformly distrib-
uted in the austenite matrix (white arrows in Fig. 5a). It has recently
been indicated that these particles are rich in vanadium and can be
considered as embryos for the V-rich precipitates [35]. Additionally, a
number of parallel SFs (blue arrows in Figs. 5a-b) could be observed in
the microstructure of the Rex sample. The TEM images of the Rex-Aged
sample are shown in Figs. 5c-d, indicating the formation of a higher
number of SFs and e-martensite laths after aging in comparison to the
Rex sample. The TEM-EDS analysis showed that the polyhedral-shaped
precipitates were rich in Cr, V and C elements (Fig. 5¢). These parti-
cles with approximately similar chemical compositions but with spher-
ical morphologies and relatively smaller sizes were also present in the
substructure of the Rex sample (white arrows in Fig. 5b). The details of
TEM-EDS analyses are provided in the Supplementary Material File
(Figs. S2-S9). A dark-field TEM image obtained from the [0110]
reflection of e-martensite is shown in the inset of Fig. 5d. It was observed
that e-martensite laths generally grew parallel to each other in separate
groups in the samples.

Figs. 6a—d illustrate TEM images from the substructure of the Rex-
Double aged sample. Fig. 6a shows an austenite grain with a large
number of SFs that are all located in the same orientation inside the
grain. Such a parallel orientation of SFs, but with a lower degree of
orientation, was also detected in the TEM micrographs of the Rex and
Rex-Aged samples (Fig. 5). In contrast to the other samples,
parallelogram-shaped precipitates were observed in addition to
polyhedral-shaped precipitates in the microstructure of the Rex-Double
aged sample (Figs. 6b-c). As shown in the inset of Fig. 6c¢, the
parallelogram-shaped precipitates indicated a range of 170-330 nm in
length. It seemed that these precipitates were the same as the needle-
shaped precipitates observed in the FE-SEM image (Fig. 3c), which a
portion of their cross-section could be seen in the TEM images
(Figs. 6b—c). Furthermore, e-martensite laths with a limited number of
variants were observed in the Rex-Double aged sample (Fig. 6b). An HR-
TEM image from a section of one of the e-martensite laths with a width
of nearly 2.2 nm is shown in Fig. 6d. By applying the fast Fourier
transform (FFT) and then the inverse FFT (IFFT) to a portion of the
image (dashed white square), the displacement of atomic planes for the
formation of e-martensite from y-austenite was revealed as shown with
red lines in the inset of Fig. 6d.

Figs. 7a—b show TEM micrographs from the substructure of the Rex-
Double aged sample after performing a loading-unloading test to a peak
strain of 2% in tension. Unlike the substructures of the non-deformed
samples (Figs. 5 and 6), parallel SFs crossed each other after applying
the deformation (blue arrows in Fig. 7a). Moreover, the crossing SFs
were trapped by the polyhedral-shaped, (Cr-V-C)-rich precipitates,
resulting in the formation of highly distorted areas around the pre-
cipitates in the austenite matrix (yellow arrows in Fig. 7a). Fig. 7b in-
dicates sparse V-rich precipitates, ranging from 70 to115 nm in size,
inside a variant of annealing twins in the austenite phase. No SFs were
observed in the twinned crystals that could tangle around the elliptical-
shaped, V-rich precipitates, compared with the polyhedral-shaped

Mechanical characteristics of the As-Received aged [35], Rex, Rex-Aged, and Rex-Double aged samples after loading—unloading experiments with a peak strain of 4%
in tension. & residual strain, g PE strain, g: elastic strain, oyo.19: 0.1% offset yield stress, 649, strength at peak tensile strain, Ejoading: €lastic modulus in loading,

Eunloading: €lastic modulus in unloading.

Sample name E Joading (GPa) Gyo.10 (Mpa) G40 (Mpa) Eunloading (GPa) eg (%) €pse (%) €res (%)
As-Received aged [35] 160 275 600 130 0.46 0.54 3

Rex 160 440 670 135 0.50 0.41 3.09
Rex-Aged 105 475 737 115 0.64 0.49 2.87
Rex-Double aged 80 525 750 140 0.53 0.77 2.70
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Fig. 5. (a-b) Bright-field TEM images of the Rex sample illustrating SFs and precipitates in the austenite matrix. (c) Bright-field TEM image of SFs and (Cr-V-C)-rich
precipitates in the Rex-Aged sample. (d) Bright-field and dark-field TEM images from e-martensite laths in the Rex-Aged sample; the [0110] reflection of e-martensite
was used for dark-field imaging as shown in the corresponding selected area electron diffraction pattern.

precipitates in the non-twinned regions. It was realized that these V-rich
precipitates evolved from the fine particles observed in the Rex sample
(Fig. 5a) such that their size increased at the expense of the reduction in
their volume fraction by double aging the sample (Figs. 6a and 7b).
Table 2 lists the reported chemical compositions of observed precipitates
in several FeMnSi-SMAs subjected to different heat treatment conditions
and the average chemical compositions of observed precipitates in this
study.

4. Discussion

Several studies have investigated the mechanism of PE in Fe-Mn-Si-
based SMAs. In the first attempts, Sawaguchi et al. [46] justified the PE
behavior by the reverse transformation from e-martensite to y-austenite
in unloading caused by the back-stress experienced by SPDs residing at
the top of the e-martensite plates. Leinenbach et al. [19] later showed
that the microstructural reason for PE is a combination of the back
transformation from e-martensite to y-austenite and reversible motions
of SPDs. In low SFE materials, a dislocation typically can dissociate into
two extended dislocations, creating an SF bounded by SPDs. Therefore,
SFs play an important role in the PE response of the studied Fe-Mn-Si-
based SMA with an SFE value of 5.75 mJ/m? [35].

Generally, the nucleation of e-martensite in y-austenite can be

accomplished by forming SFs on (111) planes of the FCC crystal in every
two layers at pre-existing SFs or as newly developing SFs [47,48].
Applying external stress will generate a dislocation loop two layers away
from the existing SFs to produce a four-layer e-martensite plate. When
the thickness of the e-martensite plate reaches a threshold value, a new
martensite plate will then be formed at a certain distance to the first
martensite plate to relax the lattice strain of the initially formed
martensite plate. Therefore, the SFs are considered as embryos for the
nucleation of e-martensite [49,50]. It has also been reported that the
essential factor for obtaining good PE behavior in Fe-based SMAs is the
propensity to produce very thin e-martensite plates by applying external
stress [51]. Having a high density of SFs in the austenite grains is
necessary to form extremely thin and single-variant e-martensite plates
with a uniform distribution within each grain of the austenite phase.
Given the fact that o'-martensite, which weakens the PE behavior of Fe-
based SMAs, can nucleate at the intersection of two e-martensite laths
[52], the formation of SFs in random orientations should be minimized
in the microstructure.

Although the microstructure of the Rex specimen contains relatively
equiaxed austenite grains with a small grain size, the tensile test does not
show a significant PE response for this specimen (Figs. 3 and 4). The
presence of 7.9 vol% o'-martensite in the microstructure is one of the
reasons for this inferior PE behavior. Furthermore, the TEM images
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Fig. 6. Bright-field TEM images of the Rex-Double aged sample illustrating (a) a high number of parallel SFs in an austenite grain, (b) polyhedral- and parallelogram-
shaped precipitates along with parallel SFs and e-martensite laths in the austenite matrix, and (c) the distribution of parallelogram-shaped precipitates in the
austenite matrix. (d) HR-TEM image and corresponding FFT and IFFT images of an e-martensite lath formed parallel to the {111} planes of austenite. Selected lattice
spots for producing the IFFT image are shown by the red circles in the FFT pattern. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

show elliptical-shaped particles with a size of 15-20 nm in the micro-
structure of the Rex sample (Fig. 5a). Stanford et al. [53] have shown
that fine particles with a size of less than 30 nm can be counterpro-
ductive to achieving superior PE behavior by pinning stress-induced
e-martensite and inhibiting its reversion to y-austenite.

The €5 value of the Rex-Aged sample (2.87%) shows about 7.1%
improvement over that of the Rex sample (3.09%). This enhancement is
mainly related to the more formation of (Cr-V-C)-rich precipitates in-
side the austenite grains with the same austenite grain size (5 pm)
compared with the Rex sample. These polyhedral-shaped precipitates,
which create lattice strains (Fig. 5c), are uniformly distributed in the
austenite matrix (Fig. 3b), leading to the formation of a significant
number of SFs accompanied by a high fraction (43 vol%) of e-martensite
(Figs. 5c-d). The high number of SFs not only facilitates the y — €
martensitic transformation but also results in the significant reduction of
Young's modulus compared with the Rex sample (Table 1). The reduc-
tion in Young's modulus is related to the change in the interatomic
bonding configuration at the SFs [54].

In comparison to the g, value of the Rex-Aged sample, an increase
of 57% in & is observed for the Rex-Double aged sample, resulting in a
higher PE strain of 0.77%. According to the equilibrium thermodynamic
data at 485 °C (Fig. 2), sigma-type precipitates can form along with

M7C3 carbides in the microstructure. By comparing these data with the
precipitation behavior of the studied alloy at three different tempera-
tures of 925, 750, and 485 °C (Figs. 5 and 6), the polyhedral-shaped and
parallelogram-shaped precipitates in the Rex-Double aged sample could
be related to M;Cs-type and sigma-type precipitates in the phase dia-
gram, respectively. Although there are some studies that support these
arguments [55,56], the crystallography of the parallelogram-shaped
precipitates with the average chemical composition of
Fe-14Mn-58i-26Cr-3Ni-6V-12C (wt%) needs to be investigated in
detail in the future.

The observed improvement of epse in the Rex-Double aged sample is
thought to be partly caused by the formation of the new precipitates,
which can induce the development of a higher number of SFs grouped in
the same orientation inside the austenite grains compared with the other
samples (Figs. 6a-b). The generation of a high number of precipitate/
matrix interfaces in the double-aged sample can play a role in the for-
mation of new SFs in the microstructure. It has been shown that dislo-
cations form at the precipitate/matrix interface to accommodate the
elastic strain fields (represented in Figs. 5¢c and 6b) accompanied by the
formation of the precipitate [35,57]. Consequently, the SFs can be
formed by the dissociation of the dislocations associated with the pre-
cipitate/matrix interface [58]. In addition, the formation of SFs after
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31Fe—7Mn—10Cr—-S0V—
2Ni—0.28i-0.2C (wt.%)

7/
/// 2Fe-30Cr-15Mp;8C
,/ 6V—7Si-2Ni (W)

14

Fig. 7. Bright-field TEM images of the Rex-Double aged sample after a loading—unloading experiment to a peak strain of 2% in tension. (a) Groups of parallel SFs
crossing each other (blue arrows) around a (Cr-V-C)-rich precipitate in non-twinned regions of the austenite matrix, creating distorted zones around the precipitate
(yellow arrows). (b) Three elliptical-shaped, V-rich precipitates (inset) in a variant of annealing twins inside the austenite matrix with no observation of SFs around
them. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Chemical compositions of various kinds of precipitates formed under different heat treatment conditions in several FeMnSi-SMAs and average chemical compositions
of precipitates observed in this study (*).

Alloy composition (wt%) Heat treatment Comments Precipitate composition (wt%) Ref.

Fe-30Mn-6Si-5Cr Hot-rolled GB-phase Fe-29.5Mn-5.9Si-6.3Cr [701

Fe-15Mn-7Si-9Cr-5Ni Aged at 900 °Cfor 1 h Intermetallic Fe-17.5Mn-13.5Si-11.2Cr-7.6Ni [71]

Fe-15Mn-6Si-9Cr-5Ni-1.5Ti-0.16C Aged at 850 °C for 0.5 h Rod-like Fe-16Mn-8.5Si-10Cr-4Ni [72]

Fe—-(13-27)Mn-5.5S8i-8.5Cr-5Ni As-cast Sigma-phase Fe-17.7Mn-8.1Si-15.8Cr-3Ni [73]
Chi-phase Fe-31.5Mn-15.8Si-7.8Cr-10.6Ni

Fe-12.5Mn-7Si-12.1Cr-3Ni
Fe-14Mn-6Si-30Cr-2Ni-6V-8C
Fe-14Mn-5Si-26Cr-3Ni-6V-12C
Fe-7Mn-10Cr-2Ni-50V-0.2Si —0.2C

Lathy-phase
Polyhedral-shaped
Parallelogram-shaped
Elliptical-shaped

Fe-17Mn-58i-10Cr-4Ni-1(V-C)
Fe-17Mn-58i-10Cr-4Ni-1(V-C)
Fe-17Mn-58i-10Cr-4Ni-1(V-C)

Aged at 750 °C for 6 h
Aged at 485 °C for 6 h
Aged at 485 °Cfor 6 h

aging can also stem from the segregation of solute atoms at the newly
generated dislocations during aging, resulting in the local lowering of
the SFE at the dislocations and causing the dislocations to dissociate to
nucleate new SFs [30]. The formation of SFs in one orientation inhibits
the development of new SFs in random orientations and reduces the
chance of the intersection of SFs with each other. Furthermore, the in-
crease in the size of the pre-existed V-rich particles from less than 30 nm
(15-20 nm) to about 70-115 nm can have a synergistic effect on the PE
improvement of the Rex-Double aged sample compared with the Rex
and Rex-Aged samples.

The shape and morphology of the precipitates are determined by the
interplay between the elastic strains and interfacial energy minimization
during precipitation. The elastic energy is dependent on the elastic
stiffness, misfit strain, precipitate size, and applied stress, and the
interfacial energy is dependent on imbalanced atomic forces in the
precipitate/matrix interface [57,59]. As shown in Fig. 6b, the SFs form
around the polyhedral-shaped, M;Cs-type precipitate, and after
applying tensile strain they are multiplied in different orientations and
trapped by the precipitate (Fig. 7a). However, the stress fields around
the parallelogram-shaped, sigma-type precipitate can to some extent
prevent the SFs from colliding with the precipitate (Fig. 6b), resulting in
a more oriented distribution of the SFs in the austenite matrix that may
reduce the probability of their trapping by the precipitate during the
deformation. It should be noted that possible local chemical fluctuations
in the matrix near the precipitates and their effects on local SFE varia-
tions may also influence the formation of SFs, which require further
investigations in the future.

In the Rex-Aged sample with fewer oriented SFs, in comparison with
the Rex-Double aged sample, multiple martensite variants form in
different orientations within each austenite grain (Fig. 5d). However,
due to the presence of enough large precipitates (70-330 nm) along with
the higher number of oriented SFs in the Rex-Double aged sample,
e-martensite laths almost form in one orientation within each austenite
grain (Fig. 6b). As a result, a relatively lower volume fraction of ther-
mally formed e-martensite develops in the Rex-Double aged sample
(16%) compared with that of the Rex-Aged sample (43%), which may be
beneficial for PE improvement because the chance of intersection be-
tween thermally formed and stress-induced formed e-martensite is
reduced.

To investigate the role of martensite-start (Mg) and austenite-start
(As) temperatures of the y = ¢ phase transformation in the evolution
of thermally formed e-martensite, dilatometry tests were performed on
the heat-treated samples. As shown in Fig. 8, the measured Mg tem-
peratures for the Rex, Rex-Aged, and Rex-Double aged samples are 240,
255, and 260 °C, respectively, which are well above the room temper-
ature. The increases in the Mg values after aging can be related to the
formation of the precipitates and the resultant changes in the chemical
composition of the austenite matrix near the precipitates and also to the
lattice strains generated during the evolution of the precipitates
[60-62]. Moreover, the measured Ag temperatures for the Rex, Rex-
Aged, and Rex-Double aged samples are 155, 140, and 115 °C, respec-
tively, which are lower than the corresponding Ms temperatures. These
results can indicate the facilitation of martensite-to-austenite trans-
formation by precipitation; obstacles such as precipitates can increase
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Fig. 8. Dilatation curves versus temperature at the cooling/heating rate of
1 °C/s for the Rex (C1 and H1), Rex-Aged (C2 and H2), and Rex-Double aged
(C3 and H3) samples. The samples were first cooled from the heat treatment
temperature and then heated to measure the y = & phase transformation
temperatures.

the elastic energy storage during the y — ¢ phase transformation,
assisting the reverse transformation [63-66]. These observations sug-
gest that the type of precipitates and the orientation of SFs are the
decisive factors in determining the volume fraction of thermally formed
e-martensite in the microstructures.

Jian et al. [67] have shown that during applying strain, more SFs
would form on a specific set of {111} y planes and combine with the pre-
existing SFs on these planes. The accumulation and extension of SFs on
the same plane lead to the coalescence of individual SFs, generating
longer SFs. The long SFs tend to be spaced regularly with the increase in
the applied strain (Fig. 7a). When the spacing between adjacent long SFs
reaches twice the spacing between adjacent {111} y planes, the local
regions will transform into e-martensite. Similar to the role of pre-
cipitates, having more oriented groups of SFs may also assist in the
formation of e-martensite laths just on a specific set of {111} y planes,
thereby reducing the possibility of the intersection of e-martensite var-
iants with each other and consequent formation of o'-martensite, which
is detrimental to PE. Additionally, the activation energy required for the
y — € martensitic transformation is reduced by forming a high number of
SFs in the matrix, resulting in better PE behavior [19]. These conditions
can be met in the Rex-Double aged sample due to the formation of the
sigma-type precipitates alongside the M;Cs-type precipitates in the
austenite matrix compared with the Rex-Aged sample (Figs. 6 and 7).

Another factor that improves the PE of the aged samples is the
absence of coarse annealing twins in the microstructures. To obtain a
good PE response, the formation of annealing twins should be sup-
pressed in Fe-Mn-Si-based SMAs [21,68,69]. The interactions between
annealing twins and stress-induced e-martensite not only distort the
twin boundaries but also significantly inhibit the y — € martensitic
transformation. The annealing twins may also prevent the formation of
thermally induced e-martensite because a rise in the fraction of the twins
lowers the Mg temperature [69].

5. Conclusions

The microstructure and pseudoelasticity (PE) of an
Fe-17Mn-58i-10Cr-4Ni-1(V-C) (wt%), Fe-based shape memory alloy
have been studied under recrystallized (Rex), recrystallized and aged
(Rex-Aged), and recrystallized and double aged (Rex-Double aged)
conditions. According to experimental investigations and detailed
microstructural and mechanical assessments, the following conclusions
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can be drawn:

1. The Rex specimen with a y-austenite grain size of 5 pm has the lowest
measured PE strain of 0.41% among the other specimens. Although
the microstructure of the Rex specimen contains fine, equiaxed
austenite grains, the presence of 7.9 vol% o'-martensite along with
small V-rich particles with a size of 15-20 nm reduces the PE effect.

2. A significant improvement of approximately 20% in the PE strain is
achieved by aging the Rex specimen at 750 °C for 6 h. This
enhancement of PE for the Rex-Aged specimen is mainly due to the
precipitation of polyhedral-shaped, (Cr-V-C)-rich precipitates
(M;Cs-type) with a uniform distribution inside the austenite grains,
which causes the formation of a large number of stacking faults (SFs)
and e-martensite laths in the microstructure.

3. The highest measured PE strain of 0.77% for this alloy is attained by
performing double aging heat treatment on the Rex-Aged specimen
at 485 °C for 6 h. The formation of fresh, parallelogram-shaped,
(Cr-V-C)-rich precipitates (sigma-type) with the average chemical
composition of Fe-14Mn-5Si-26Cr-3Ni-6V-12C (wt%) and an in-
crease in the size of pre-existed V-rich particles to 70-115 nm with
the chemical composition of Fe-7Mn-10Cr-2Ni-50V-0.2Si-0.2C (wt
%) are believed to be responsible for the PE improvement in the Rex-
Double aged specimen.

4. The formation of sigma-type precipitates in the microstructure of the
Rex-Double aged specimen causes a large number of SFs to be ori-
ented in the same direction inside the austenite grains. It is postu-
lated that the parallel alignment of these SFs may further improve
the y = & martensitic phase transformation by reducing the proba-
bility of the collision of e-martensite laths with each other and
consequent formation of o’-martensite during tensile loa-
ding-unloading experiments. This results in a residual strain of 2.7%
after 4% loading in tension for the Rex-Double aged specimen, which
shows about 13% improvement compared with that of the Rex
sample.
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