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a b s t r a c t

The aim of this work is to provide a novel understanding of pseudoelasticity mechanisms

in an FeMnSi-based shape memory alloy and to utilize the identified parameters to control

and enhance the mechanical behavior of the alloy. The alloy was processed by employing

caliber rolling to an equivalent strain of 0.25 at room temperature. Various heat treatments

from 530 to 1000 �C were applied to study the microstructural evolution and pseudoelas-

ticity behavior during short-term post-deformation annealing (PDA) and aging. A mini-

mum residual strain of 2.85% was achieved after 4% loading in tension by annealing the

cold-worked sample at 925 �C for 50 min followed by aging at 750 �C for 6 h; this is the

lowest ever reported residual strain for this alloy. Moreover, the absorbed energy increased

from 17 to 22 J/cm3, indicating a 30% enhancement compared with the as-received aged

sample. These improvements in pseudoelasticity and absorbed energy make this alloy

more suitable for seismic damping application by providing more recentering after energy

dissipation. The improvements are mainly attributed to grain refinement, which stimu-

lates a uniform distribution of precipitates inside the austenite grains after PDA and aging.

Additionally, grain refinement modifies the morphology and size of precipitates, resulting

in an increased number of stacking faults and a high volume fraction of ε-martensite, and

diminishes the probability of the intersection of ε-martensite laths with each other and

subsequent a0-martensite formation.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
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1. Introduction

Most studies on the applications of shape memory alloys

(SMAs) have been conducted by using NieTi SMA (Nitinol)

alloys, which are the most renowned and readily available

SMAs [1]. Nitinol alloys show a significant reversible strain

because of unloading (pseudoelasticity (PE)) or heating (shape

memory effect) and have been used for many applications in

medical and aerospace engineering [2,3]. However, applica-

tions of Nitinol in large civil structures have been restricted

owing to the high cost of rawmaterials and processing routes,

hard formability, narrow thermal hysteresis, and low damp-

ing capacity (absorbed or dissipated energy) [4]. Moreover,

research on seismic damping alloys indicates that the absor-

bed energy during deformation and the PE of SMAs are vital for

improving the structural behavior in an earthquake. In addi-

tion to the high capacity for absorbing earthquake energy, the

minimum residual deformation after unloading should be

considered [5].

Fe-based SMAs (Fe-SMAs), such as FeeMneSi-based SMAs,

are an alternative to Nitinol and have more advantages for

large-scale applications in the construction sector. These

characteristics include low material costs, high elastic stiff-

ness and strength, wide thermal transformation hysteresis

[6], exceptional workability [7], good weldability and machin-

ability [8], and defensible stress and strain recovery [9].

Recently, FeeMneSi-based SMAs have been considered for

various structural applications, such as coupling devices,

mechanical tightening, structural elements [8,10], active

control [11], pre-stressing or post-tensioning of structures [12],

and damping devices [13] in civil engineering. Despite the

aforementioned attributes, FeeMneSi alloys have low PE,

which restricts their seismic applications [14].

The PE of FeeMneSi-based SMAs is a result of reverse

transformation from e-martensitewithhexagonal close-packed

(HCP) crystal structure to g-austenite with face-centered cubic

(FCC) crystal structure by backward movement of the leading

partial dislocation in the FCC crystal [15]. The PE depends on

processing parameters, such as deformation temperature and

total strain, and material parameters, such as stacking fault

energy (SFE), grain size, texture, and precipitates (volume frac-

tion, size, shape, and distribution). Strain-induced martensitic

transformation occurs when the SFE is typically lower than a

threshold value. When the SFE is greater than 40 mJ/m2, dislo-

cation slip occurs after the elastic deformation of the parent

austenite phase, causing plastic deformation. Mechanical

twinning and stress-induced martensitic transformation occur

if the SFE is in the range of 20e40mJ/m2 and less than 20mJ/m2,

respectively [16]. Furthermore, decreasing theaveragegrain size

of the austenitic matrix increases the PE, which is explained by

the effect of the growing amount of grain boundaries on

increasing the exertion of back stresses on the tip of the HCP

bands [17]. Moreover, the strength of the parent phase is

enhanced by decreasing the average grain size; thus, the plastic

deformationby twinningorslip isminimized,enabling theg# ε

transformation and, consequently, PE promotion [18].

The PE also increases by inducing a fine dispersion of nano-

sized precipitates, such as NbC, VC, and VN, in the austenite

phase.NbCprecipitates strengthentheg-phaseandassist in the
reversible movement of g/ε interfaces through a specific crys-

tallographic path. Such behavior partly results from the back

stress on the growing e-martensite lath caused by the coherent

stress fields of theNbCcarbides [19,20]. VNprecipitatespromote

the number of dislocations and stacking faults (SFs) in the

microstructure. The precipitates and SFs enhance both the for-

mationof ε-martensite duringpre-strainingand the reverse ε/

g transformation during unloading [21].

A new design for Fe-SMAs with finely dispersed VC parti-

cles, Fee17Mne5Sie10Cre4Nie1(VeC) (wt.%), has recently

been developed at the Swiss Federal Laboratories for Materials

Science and Technology (Empa). The alloy can be produced by

using an inexpensive manufacturing casting process under

atmospheric conditions [6] and can generate a high recovery

stress of approximately 448 MPa after pre-straining to 8% and

heating to a temperature of 455 �C without any high-cost

“training” processing [9]. The alloy has exhibited a high po-

tential for large-scale repair and strengthening in the con-

struction section [22] and passive vibration damping [23].

Many studies have been conducted on the recovery stress

behavior [9,24,25], low-cycle fatigue [26], high-cycle fatigue

[27], elevated-temperature behavior [28], bonding ability [29],

and additive manufacturing [30] of FeeMneSi-based SMAs.

This material has been used for large-scale bridge girders,

connections [31,32], and plates [33e35]. Although the alloy

shows a very good shapememory effect, it suffers from low PE

[17]. Any improvement in the alloy's PE will result in a further

increase in its potential for recentering and energy dissipation

applications in the construction sector. Therefore, the aim of

this work is to investigate the effect of different thermo-

mechanical treatments on the PE response of the alloy.
2. Materials and methods

The as-received alloy used in this study was an 18mmØ rebar

R18 with a nominal composition of Fee17Mne5Sie10Cre

4Nie1(VeC) (wt.%) provided by re-fer AG, Switzerland. The

rebar was produced by hot rolling at 1000 �C after casting. The

as-received sample was then coldecaliber-rolled to an

octagonal-shaped specimen with equal sides of 14.2 mm at

ambient temperature by using a caliber rollingmachinewith a

roller diameter of 110 mm to achieve an equivalent strain of

0.25 after 16 rolling passes. The rolling speed was set at

800 mm/min. The cold-caliber-rolled specimens were recrys-

tallized in a vacuum furnace at various temperatures and

times. Aging was performed at 750 �C under atmospheric

conditions for 6 h followed by air cooling to the ambient

temperature. All heat treatment conditions are listed in

Table 1.

The phase constituents were determined using X-ray

diffraction (XRD) with Cu Ka radiation (wavelength

l ¼ 0.154 nm) at 45 kV and a tube current of 200 mA. Cylin-

drical samples having a length of 10 mm and a diameter of up

to 2 mm were cut and inserted in an Adamel DT1000 dila-

tometer to conduct a thermal study on the cold-worked

sample. Microstructural characterization was performed by

optical microscopy (OM; ZEISS Axioskop 2 MAT), field-

emission scanning electron microscopy (FE-SEM; FEI Nova

NanoSEM 450), and high-resolution transmission electron
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Table 1 e List of heat treatments. R. Temperature:
recrystallization temperature; R. Time: recrystallization
time.

Name Cold
worked

R. Temperature
(�C)

R. Time
(min)

Aged
(750 �C-6 h)

As-received e e e e

As-received

aged

e e e ✓

Cold-

worked

✓ e e e

Anneal-530 ✓ 530 120 e

Anneal-630 ✓ 630 120 e

Anneal-750 ✓ 750 120 e

Rex925 ✓ 925 50 e

Rex950 ✓ 950 50 e

Rex900-

aged

✓ 900 50 ✓

Rex925-

aged

✓ 925 50 ✓

Rex950-

aged

✓ 950 50 ✓

Rex980-

aged

✓ 980 50 ✓

Rex1000-

aged

✓ 1000 10 ✓
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microscopy (HR-TEM; FEI Tecnai F20 series). Local area

chemical compositionswere analyzed by energy-dispersive X-

ray spectroscopy (EDS; Oxford X-MaxN detector) in the TEM.

Samples for the OM and SEM observations were polished and

etched with a solution of H2O2 (35%), HNO3 (65%), and HCl

(32%) (7:30:9). The HR-TEM specimens were prepared by

employing standard mechanical thinning and electro-

polishing. The electrolyte was a solution of HClO4 and C2H5OH

(1:9) at �20 �C and 22 V.

To investigate the evolution of the mechanical properties

as a microstructure function, monotonic loadingeunloading

experiments were performed by using a Zwick/Roell Z020

tensile test machine. Longitudinal tensile specimens were

machined from the samples and prepared in a dog-bone

shape with a reduced section length of 32 mm and a cross-

section of 1 � 0.8 mm2 (Fig. 1). Loading to 4% strain was per-

formed 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 reached. The strain hardening

exponent (n) was calculated by plotting ln(s) vs. ln(ε) in the

nonlinear part of loading and then measuring the slope of the

resultant curve.
Fig. 1 e Geometry of the dog-bone specimens us
3. Results

The SFE value was calculated to be 5.75 mJ/m2, using the

equation provided by Li et al. [36]. A low SFE value increases

the probability of strain-induced ε-martensitic trans-

formation, rather than dislocation slip or twinning [16]. The

low SFE value suggests a good PE potential for this alloy after

microstructural engineering.

3.1. Thermal analysis and microstructural development

Isochronal analysis was conducted using dilatometry to study

the microstructural evolution during post-deformation

annealing. The corresponding curves for the as-received and

cold-worked samples are shown in Fig. 2. The curve of the as-

received sample showed a smooth deviation from the linear

curve (420e560 �C). This phenomenon will be investigated and

reported in a future publication. The related curve of the as-

received sample showed another smooth deviation from the

linear curve (680e800 �C) related to (CreV)-rich carbide forma-

tion [37]. Furthermore, in the curve of the cold-worked sample,

an intense slope change started at 505 �C and ended at 750 �C,
and a slight change in the slope at 875 �C was observed.

Fig. 3 shows the optical micrographs of the as-received (a),

as-received aged (b), cold-worked (c), Anneal-530 (d), Anneal-

630 (e), and Anneal-750 (f) samples. Annealing temperatures

were selected according to the slope change range in the

dilatometry analysis. The optical microscopy microstructure

of the as-received sample contained precipitate-free equiaxed

grains, with a mean grain size of 14 mm. After annealing was

performed for 6 h, some austenite grains experienced grain

growth, and consequently, the mean grain size reached 17 mm

with a more non-uniform size distribution of grains. The

micrograph of the cold-worked sample showed a typical

deformed microstructure containing elongated grains. The

morphologies of the grains after cold working and annealing

at 530 �C, 630 �C, and 750 �C for 2 h were similar to those of the

cold-worked sample; the elongated grains remained un-

changed. These observations indicated that recrystallization

due to annealing did not occur below 750 �C in the cold-

worked samples, but the grains were occupied by tangled

lines that could be twin bands, slip bands, or HCP martensite

bands, which are typical of cold-worked and annealed

austenitic steels [38].

Fig. 4 shows the optical micrographs of the samples

recrystallized at temperatures above 900 �C. In contrast to the
ed for the tensile tests (dimensions in mm).
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Fig. 2 e Dilatation curves versus temperature at the heating rate of 3 �C/min for the as-received and cold-worked specimens.
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samples annealed at 530e750 �C (Fig. 3def), the microstruc-

ture of the samples contained rejuvenated grains that were

free from tangled lines (Fig. 4). The grain boundaries in the

aged samples (Fig. 4bef) were more easily detectable than

those of the unaged sample (Fig. 4a). The aged sample after

annealing at 900 �C (Fig. 4b) did not exhibit a fully recrystal-

lized microstructure, indicating that annealing for 50 min at

900 �C was insufficient to achieve complete recrystallization

in this sample. However, the Rex925-aged sample (Fig. 4c)
Fig. 3 e OM microstructure of the (a) as-received, (b) as-received

Anneal-750 samples.
showed equiaxed grainswith amean grain size of 5 mmand an

almost uniform size distribution, whereas abnormal grain

growth occurred in the samples annealed at higher

temperatures.

The microstructural features are revealed in the FE-SEM

micrographs of the samples as shown in Fig. 5. The micro-

structure of the as-received sample (Fig. 5a) showed needle-

shaped and polyhedral-shaped precipitates elongated at the

grain boundaries with 250e650 nm length, but no precipitate
aged, (c) cold-worked, (d) Anneal-530, (e) Anneal-630, and (f)

https://doi.org/10.1016/j.jmrt.2022.10.092
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Fig. 4 e OM microstructure of the (a) Rex925, (b) Rex900-aged, (c) Rex925-aged, (d) Rex950-aged, (e) Rex980-aged, and (f)

Rex1000-aged samples.
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was observed inside the grains. The as-received sample after

aging at 750 �C for 6 h (Fig. 5b) showed a sharp increase in the

number of precipitates at the grain boundaries with almost

similar morphology but coarser than the as-received sample

precipitates. There were two types of precipitates inside the

grains: polyhedral- and bar-shaped, although the number of

precipitates at the grain boundaries was much greater than

that in the grain interior. Additionally, by performing aging

heat treatment, the average grain size increased from 14 mm

to 17 mm. Annealing of the cold-worked sample at 925 �C for

50 min (Fig. 5c) resulted in recrystallization, reducing the

average grain size to 5 mm. SEM-EDS analysis accompanied by
Fig. 5 e SEMmicrograph of the (a) as-received, (b) as-received age

size.
TEM studies showed that the bright areas with a diameter of

approximately 1 mm (usually in triple junctions) were

austenite grains, while the bright areas with smaller sizes of

less than 800 nm and within the grain boundaries were

precipitates (see Section 3.3). After recrystallization, the

sample was aged at 750 �C for 6 h (Fig. 5d). Unlike the as-

received aged sample, the Rex925-aged sample exhibited a

sharp increase in the number of precipitates inside the grains

with a higher volume fraction than that of the grain bound-

ary precipitates. The precipitates had a more uniform dis-

tribution within the microstructure of the Rex925-aged

sample in comparison to the as-received aged sample.
d, (c) Rex925, and (d) Rex925-aged samples. GS: mean grain

https://doi.org/10.1016/j.jmrt.2022.10.092
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Moreover, the average grain size remained close to 5 mm even

after aging for the Rex925-aged sample.

The XRD diffractograms of the specimens at different

stages of the PDA process are shown in Fig. 6a. The volume

fractions of a0-martensite and ε-martensite were calculated

according to the method provided in Ref. [39], and the results

are illustrated in Fig. 6b. Because the as-received specimen

was fully austenitic, both ε-martensite and a0-martensite

could form in the microstructure by cold working or aging.

However, more formation of a0-martensite occurred owing to

cold working, and ε-martensite was more likely to be induced

by aging. The peak splitting of the XRD analysis for the

Rex925-aged sample could be related to the presence of pre-

cipitates, SFs, and ε-martensite, which reduces the micro-

structural symmetry [40] (see the TEM results in section 3.3).

After the cold-worked specimens were annealed at 530,

630, and 750 �C for 2 h, the volume fraction of a0-martensite

decreased and eventually reached zero by increasing the

annealing temperature, but the volume fraction of

ε-martensite increased to 18% at 750 �C. Recrystallization at

925 �C increased the amount of ε-martensite to 14 vol%, while

the amount of a0-martensite decreased to 7.9 vol% compared

with that of the cold-worked sample. Interestingly, the aging

of the Rex925 specimen caused a sharp increase in the volume

fraction of ε-martensite to nearly 43%, whereas a0-martensite

disappeared in the Rex925-aged specimen.

The measured lattice parameters of austenite and

martensite are listed in Table 2. The austenite lattice param-

eter was determined using the (111) peak, which corresponds

to the value calculated in previous studies [37]. The lattice
Fig. 6 e (a) XRD diffractograms of the as-received, as-received ag

fractions of a′-martensite and ε-martensite corresponding to th

Table 2 e Lattice parameters calculated based on the XRD anal
microstructural evolution during annealing of the cold-worked

a (g)
(�A)

a (ε-martensite)
(�A)

c (ε-martensite)
(�A)

a (a0-m

3.594 2.532 4.280
parameter of a0-martensite was determined from the (211)

peak. The parameters a and c for ε-martensite were deter-

mined from the (1010) and (0002) peaks, respectively. The

relative length change of the cold-worked sample after

annealing at 750 �C for 2 h was calculated using Equation (1)

[41], where Dl/l0, V, and V0 are the relative length change,

volume, and initial volume, respectively. According to the

results shown in Fig. 6b, the thermal treatment changed the

volume fraction of phase components from 15% a0-
martensite, 7% ε-martensite, and 78% g-austenite to 18%

ε-martensite and 82% g-austenite. The calculated relative

length change was close to the value measured by the dila-

tometry test. The observed 20% disparity is because of a dif-

ference in the heat treatment history, not considering

precipitation reactions in the calculations, and the standard

error of measurement of phase fractions by XRD testing.

Dl = l0 ¼ð1 = 3Þ:ðV�V0Þ =V0 (1)

3.2. Mechanical characteristics

A schematic view of the stress-strain curve for the FeMnSi-

SMA after loadingeunloading is shown in Fig. 7. During

loading, the nonlinear deformation behavior after the elastic

deformation is due to the austenite-to-martensite trans-

formation followed by the plastic deformation of austenite by

dislocation slip along with the martensitic transformation.

During unloading, the strain deviates from the linear elastic

behavior, which represents the PE (εpse), and εres indicates the

residual strain. For this particular alloy, it has been shown by

Lee et al. [42] that a 0.1% offset yield stress is better suited to
ed, and PDA-treated specimens. (b) The calculated volume

e XRD results in (a).

ysis, and relative length changes (Dl / l0) resulting from the
sample at 750 �C for 2 h.

artensite)
(�A)

Dl/l0 (calculated) Dl/l0 (dilatometry)

2.910 �0.00217 �0.00274
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Fig. 7 e Schematic view of a loadingeunloading curve for the FeMnSi-SMA strained to 4% in tension, where s4%, sY 0.1%, εpse,

εres, and εE are strength at 4% strain, 0.1% offset yield stress, pseudoelastic strain, residual strain, and elastic strain,

respectively.
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estimate theonset stress formartensitic transformation thana

0.2% offset yield stress. Therefore, the 0.1% offset yield stress

(sY 0:1%) was used in this study. The pseudoelastic strain was

calculated according to Equation (2) based on a modulus of

elasticity (E) in unloading (EUnloading). It should be pointed out

thatour resultsarenotcomparable to thoseof theother studies

[17] where a constant E value of 200 GPa is assumed despite its

variations under different microstructural conditions.

The tensile test results for theas-received, as-receivedaged,

Rex925, and Rex925-aged samples are shown in Fig. 8. The

values of PE and other mechanical properties of the samples

inferred from Fig. 8 are summarized in Table 3. According to

Bebling et al. [43], the elastic modulus of this alloy can vary

between 40 and 170 GPa under different conditions. The as-

received sample exhibited an elastic modulus of 160 GPa,

which decreased owing to recrystallization and aging and

reached 105 GPa for the Rex925-aged sample. The 0.1% offset

yield stress of the as-received sample was 375MPa. For the as-

received aged sample, the yield stress decreased by 100 MPa

compared with the as-received sample, but it increased to

555 MPa for the Rex925-aged sample as could be predicted ac-

cording to theHallePetch relationship anduniformprecipitate

distribution in the microstructure. The strain hardening

exponent (n) of the as-received specimen was calculated to be

0.11, which was the lowest among the other conditions, and

increasedas the thermomechanical treatmentswere imposed.
The maximum value of ‘n’ belonged to the as-received aged

sample with a value of approximately 0.21. The flow stress

increased owing to the applied strain for all samples. The

strengthat 4%strain (s4%)was 600MPa for both theas-received

and as-received aged samples,whichwas further increased by

the applied PDA and reached 775 MPa for the Rex925-aged

sample. The PE strain is inversely related to the residual

strain. The PE strain for the as-received sample was 0.29%,

while it increased to 0.54 after the aging process. A comparison

with the as-received sample indicated that the PE strain for the

Rex925 sample increased to 0.45% by cold rolling and recrys-

tallization annealing. The PE strain and residual strain ob-

tained for the Rex925-aged sample were 0.63% and 2.85%,

respectively. Furthermore, the amount of absorbed energy in

the as-received sample was 19.3 J/cm3, which decreased to

17.0 J/cm3with aging but increased to amaximumof 22.0 J/cm3

for the Rex925-aged sample.

εpse ¼ 0:04� s4%

EUnloading
� εres (2)

3.3. TEM observations of precipitates and stacking
faults

Fig. 9 shows TEM andHR-TEM images of the Rex925 sample. In

Fig. 9a, the dashed white circle indicates a part of the twins

with the (111) plane of austenite as the twin plane according to

https://doi.org/10.1016/j.jmrt.2022.10.092
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Fig. 8 e Loadingeunloading curves of the as-received, as-received aged, Rex925, and Rex925-aged samples strained to 4% in

tension.
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the selected area electron diffraction (SAED) pattern (inset).

Particles with sizes between 180 and 380 nm were located in

the austenite matrix. More spherical precipitates are visible in

Fig. 9b next to a 1.2 mm polyhedral precipitate at the austenite

grain boundary. A dark-field TEM image of the polyhedral

precipitate (obtained from the indicated reflection in the SAED

pattern) is also shown in Fig. 9b. The TEM-EDS analysis

showed that the polyhedral precipitate was a non-carbide rich

in Fe, Cr, Mn, and V, but the spherical precipitates were

FeeCreMneV-rich carbides. According to the shape and

chemical composition of the polyhedral-shaped precipitates,

these precipitates were considered to be the same as the

precipitates in the grain boundary of the as-received sample

that enlarged during annealing at 925 �C. Fig. 9c illustrates fine
particles of nearly 20 nm in diameter distributed in the

austenite matrix. As indicated by the EDS map and HR-TEM

image, the revealed fringes were rich in vanadium that

could be considered as embryos for the vanadium-rich pre-

cipitates. In addition to Si-poor precipitates, Si-containing

precipitates with a small amount of carbon (~2 wt.%) were
Table 3 e Characteristics of loadingeunloading mechanical pr
Rex925-aged samples strained to 4% in tension.

Sample name ELoading
(GPa)

sY0.1%

(MPa)
n s4% (MPa)

As-received 160 375 0.11 600

As-received aged 160 275 0.21 600

Rex925 160 440 0.14 650

Rex925-aged 105 555 0.17 775
present in the microstructure as shown in Fig. 9d. These

precipitates were observed at a dislocation in the austenite

phase. An SAED pattern and a dark-field TEM image from one

of the precipitates are shown as insets in Fig. 9d.

The TEM image of the Rex925-aged sample is shown in

Fig. 10a, indicating a sharp increase in the number of SFs after

aging as compared with the Rex925 sample (Fig. 9c). The large

number of SFs was consistent with the XRD analysis results,

which showed a large amount of ε-martensite in the micro-

structure. According to Kajiwara's proposedmodel [44,45], SFs

act as nucleation sites for ε-martensite, and the presence of a

large number of SFs owing to lattice strain leads to

ε-martensite formation to compensate for the lattice distor-

tion induced by the formation of other ε-martensite laths or

precipitates. These SFs were formed in specific directions and

were limited to the grain boundaries. As a result of aging,

various precipitates were formed in the microstructure as

shown in Fig. 10b. The TEM-EDS analysis showed that these

polyhedral precipitates were carbides rich in Cr, Mn, and V

with amuch higher carbon content than those observed in the
operties of the as-received, as-received aged, Rex925, and

EUnloading

(GPa)
εpse (%) εres (%) Absorbed energy

(J/cm3)

145 0.29 3.3 19.3

130 0.54 3 17

145 0.45 3.1 20

150 0.63 2.85 22
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Fig. 9 e (a) Bright-field TEM image of the Rex925 sample and the corresponding SAED pattern of recrystallization twins from

the area enclosed by the dashed white circle, and (b) carbides and non-carbide precipitates in the austenite constituent; the

insets show the corresponding SAED pattern of the precipitate from the area enclosed by the dashed black square and the

dark-field TEM image of the precipitate produced from the indicated reflection. (c) Bright-field TEM image of SFs along with

HR-TEM image and EDS map of dark particles as insets. (d) Bright-field TEM image of Si-containing precipitates; the insets

represent the SAED pattern of the precipitate from themarked area and a typical dark-field image of the precipitate obtained

from the indicated reflection in the diffraction pattern.
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Rex925 sample (Fig. 9d). An HR-TEM image of a fine precipitate

in the Rex925-aged sample is shown in Fig. 10c. The inverse

fast Fourier transform (IFFT) image of the (220) plane of

austenite (from the indicated region by the dashed yellow

square) confirmed that the precipitate had a semi-coherent

interface with the FCC matrix. Additionally, the FFT image of

the precipitate indicated double diffraction spots (Fig. 10d).

The double diffraction phenomenon occurs when the dif-

fracted beams formed inside the crystalline specimen act as

the incident beams for further diffraction by the crystal [46]. In

addition, the IFFT image of the entire diffracting planes of the

precipitate depicted that colonies of atoms inside the precip-

itate were arranged in domains with different orientations to

accommodate the strain energy to have a semi-coherent

interface with the matrix (Fig. 10e). It could be concluded

that the relative alignment of several ordered clusters of
atoms in the precipitate with respect to the incident electron

beam might intensify the double diffraction. The HR-TEM

image of an SF line and the IFFT image of a portion of the SF

(indicated by the dashed yellow square) are shown in Fig. 10f,

indicating that the atomic planes inside the SF were displaced

by one atomic layer distance resulting in the formation of

ε-martensite (shown with red lines in the inset).
4. Discussion

Equation (3) shows the relationship between the applied

strain during the tensile test (εtotal) and the residual strain, PE

strain, and elastic strain. The elastic strain can be rewritten

using Hooke's law. Because the left side of the equation is

constant (εtotal ¼ 4%), s4% must be increased or E should be

https://doi.org/10.1016/j.jmrt.2022.10.092
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Fig. 10 e (a) Bright-field TEM image of the Rex925-aged sample. (b) A precipitate inside the austenite grain with SFs and

ε-martensite laths around it; the insets show the corresponding SAED pattern of the precipitate from the area enclosed by

the dashed yellow square and the dark-field TEM image of the precipitate obtained from the indicated reflection. (c) HR-TEM

image of a fine, semi-coherent precipitate; the inset shows IFFT of (220) plane of austenite from the area enclosed by the

dashed yellow square. (d) FFT image from the precipitate in (c), and (e) corresponding IFFT considering the entire diffracting

planes in (d). (f) HR-TEM image and corresponding IFFT (inset) from ε-martensite.
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decreased to reduce the amount of residual strain (εres). In

addition, the strain reversibility from the martensite phase to

the austenite phase (PE) is another variable that may increase,

leading to a reduction in εres.

εtotal ¼ εres þ εpse þ εE ¼ εres þ εpse þ s4%

EUnloading
(3)

4.1. Effect of aging on the microstructure and
pseudoelasticity of the as-received sample

The as-received sample exhibits equiaxed austenite grains

with an average size of 14 mm (Fig. 3a). The as-received alloy is

generally used for construction applications after solution

annealing at 1100 �C and aging at 830 �C for 2 h [17]. It has

recently been observed that aging the as-received alloy at

750 �C for 6 h is a more suitable processing route to improve

the PE than aging at 830 �C for 2 h, which is generally con-

ducted on the alloy [47]. The OM images show that aging of the

as-received sample leads to a slight increase in the average

grain size (Fig. 3b). The FE-SEM images show that polygonal-

and rod-shaped precipitates with sizes of 200e700 nm are

formed in themicrostructure after aging (Fig. 5b). Lai et al. [37]

have reported that the formation of these precipitates in the

microstructure induces lattice distortion, which in turn in-

duces dislocations and SFs in the microstructure, finally

leading to the formation of ε-martensite laths. This
observation is consistent with the results of this study; after

aging of the as-received sample, the volume fraction of

ε-martensite increases to 16 vol% along with 8.9 vol% of a0-
martensite (Fig. 6b). According to Bracke et al. [48], a0-
martensite can nucleate at the intersection of two

ε-martensite laths. The tensile test demonstrates that the

elastic modulus remains unchanged owing to precipitation,

but the yield strength decreases by 100 MPa after aging of the

as-received sample (Fig. 8 and Table 3). Tensile yielding in

these alloys is a result of the martensitic transformation

which is encouraged by the presence of precipitates in the

microstructure. Hence, the reduction in the yield strength is

due to precipitate formation and the promotion of martensitic

transformation. Although the yield strength of the as-received

aged sample is 100 MPa lower than that of the as-received

sample, the s4% values are the same for both. The as-

received aged sample compensates for this difference by its

higher strain hardening rate (0.21 vs. 0.11). The higher strain-

hardening rate in the as-received aged sample is related to the

sharp increase in the dislocation density and ε-martensite

volume fraction resulting from the aging process [37]. Despite

the same s4%, the residual strain (εres) of the as-received aged

sample is 0.3% less than that of the as-received sample. Ac-

cording to Equation (2), the residual strain reduction is due to

the improvement in reversibility of the g / ε phase trans-

formation. Lai et al. [37] have observed that the promotion of

reversibility by aging is caused by the formation of very thin

(less than 3 nm), single-variant ε-martensite laths induced by

https://doi.org/10.1016/j.jmrt.2022.10.092
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lattice strains around precipitates, in contrast to the very

thick, multi-variant ε-martensite plates that exist in the

precipitate-free microstructure. Furthermore, despite the

same s4%, because of the lower yield strength of the as-

received aged sample, the amount of absorbed energy re-

duces by 12% compared with that of the as-received sample.

4.2. Microstructure and pseudoelasticity evolution
during post-deformation annealing

Generally, the following threemicrostructural phenomena are

likely to occur due to the annealing of cold-worked austenitic

steels [49,50]:

1) Strain-induced martensite transforms into ultrafine-

grained austenite (reversed austenite).

2) Cold-deformed austenite grains recrystallize into

micrometer-sized austenite grains (recrystallized austenite).

3) Reversed and recrystallized austenite grains start growing.

According to the XRD analysis, strain-induced martensite

is formed by cold working, which has already been reported

elsewhere [42]. Themicrostructure of the cold-worked sample

consists of 15 vol% a0-martensite and 7 vol% ε-martensite.

Because of the presence of precipitates at the grain boundaries

and triple junctions, as well as the fact that precipitates

reduce the critical resolved shear stress (CRSS) for the FCC /

HCP phase transformation in this alloy [51], the formation of

martensite laths ismore concentrated in the areas close to the

grain boundaries and triple junctions of the austenite phase.

The cold-worked sample in the dilatometry analysis ex-

hibits a nonlinear length change in the temperature range of

505e750 �C (Fig. 2). The OM images of the samples heat-

treated at 530 �C, 630 �C, and 750 �C for 2 h show that

annealing at these temperatures does not lead to recrystalli-

zation, and the microstructure includes many tangled lines

(Fig. 3def). The XRD analysis reveals that the amount of a0-
martensite decreases after annealing in this temperature

range, whereas the number of ε-martensite increases (Fig. 6).

For the sample annealed at 750 �C, a0-martensite shows no

peaks; and instead, the microstructure contains 18 vol%

ε-martensite. According to the research of Lee et al. [52],

during continuous heating of the cold-worked sample, a0-
martensite transforms into lath-shaped austenite with non-

diffusional transformation mechanism and forms subgrain

boundaries that are partly represented as the tangled lines

seen in theOM images. Another reason for the existence of the

tangled lines can be related to the formation of annealing

twins and shear bands. The increase in the number of

ε-martensite laths with increasing annealing temperature can

partly be due to the thermal strain caused by the cooling

process [53], which also increases with increasing tempera-

ture. Additionally, the precipitation of carbides, which creates

a heterogeneous stress distribution within the microstruc-

ture, can encourage the formation of ε-martensite [51].

Increasing the annealing temperature to 750 �C increases the

volume fraction of carbides and, consequently, induces lattice

strains and eventually leads to increased ε-martensite for-

mation. The calculated relative length change for the cold-
worked sample after annealing at 750 �C is equal to �0.00217

(Equation (1) and Table 2). This value is caused by the change

in the phase fractions from 15 vol% a0-martensite, 7 vol%

ε-martensite, and austenite to a microstructure containing

18% ε-martensite and austenite. The calculated value corre-

sponds to the value measured by the dilatometry analysis

(�0.00274), which indicates that the relative length change is

due to the transformation of a0-martensite to austenite and an

increase in the ε-martensite volume fraction.

The OM image of the sample annealed at 925 �C for 50 min

shows recrystallized, equiaxed grains with a diameter of

approximately 5 mm replacing the deformed grains (Fig. 4a).

Additionally, the FE-SEM image of this sample indicates small

bright austenite grains (1.2 mm) in the triple junctions next to

the 5 mm equiaxed austenite grains (Fig. 5c). Twins are also

seen inside the austenite grains in the TEM images of the

Rex925 sample (Fig. 9a). Considering the morphology of the

observed twins and also the thermomechanical history of the

Rex925 sample, these twinned crystals cannot be formed

mechanically. According to the study by Bozzolo et al. [54],

these are recrystallization twins, which are a subset of

annealing twins formed during recrystallization of FCCmetals

and alloys. Such a twinning mechanism has also been iden-

tified in FeMnSiCrNi SMAs [55e57].

As revealed by the TEM investigations in this study, pre-

cipitates with less than 1 mm diameter can form in the

austenite matrix and its grain boundaries (Fig. 9). Particularly,

the TEM-EDS analysis of the dark spots (Fig. 9c) depicts them

as vanadium-rich particles. As mentioned previously, these

vanadium-rich particles can be considered as embryos for

vanadium-rich precipitates. The ellipsoidal morphology of a

particle bears an optimum shape to minimize coherent

interface energy. In practice, the equilibrium shape of the

particles is determined when the following equation is satis-

fied [58]:

SAigi þDGs ¼ minimum (4)

where Ai is the particle surface area, gi is the particle/matrix

interfacial energy, and DGs is the elastic strain energy. An oval

shape without any sharp corners (which cause high stress

concentration fields) with a low ratio of surface area to volume

is the optimum shape to satisfy Equation (4). Additionally, as a

result of minimizing the particle stain energy, lattice fringes

can form during the accommodation of lattice strains within

the matrix due to the entry of larger atoms (e.g., vanadium)

into the matrix (Fig. 9c).

Owing to the higher ‘n’ value of the Rex925 sample

compared with that of the as-received sample, it is expected

that the difference of s4% between the two samples (50 MPa)

would be higher than their yield strength difference (65 MPa);

however, this is not the case (Fig. 8 and Table 3). This

discrepancy can be explained by the stress-strain curve of the

Rex925 sample, which becomes nonlinear at a much lower

stress (320 MPa) than the 0.1% offset yield strength of the as-

received sample (440 MPa). By considering only Equation (3)

and the s4% difference between the two specimens, a 0.034%

PE strain improvement in the Rex925 sample is expected,

while the results show an improvement of approximately

0.16%. This may indicate more transformation of austenite to
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ε-martensite and vice versa during the loadingeunloading

tests, which can partly be related to the higher mobility of

Shockley partial dislocations in the Rex925 sample compared

with the as-received sample.

Unlike the as-received aged sample, the precipitates are

uniformly distributed inside the austenite grains of the

Rex925-aged sample. Fig. 6b shows that the Rex925 sample

consists of approximately 14 vol% ε-martensite and 8 vol% a0-
martensite, while the latter martensite fades and the former

one increases to approximately 43% after aging. The a0-
martensite interfaces in the Rex925 sample likely act as

nucleation sites for precipitation, leading to a more uniform

particle distribution. The sharp increase in the volume frac-

tion of ε-martensite can be attributed to semi-coherent par-

ticle/matrix interfaces that introduce lattice strains in the

austenitic matrix (Fig. 10c), leading to strain-induced

martensitic transformation.

Despite the formation of a significant amount of

ε-martensite in the Rex925-aged sample, a0-martensite, which

is known to form as a result of ε-martensite intersection, is not

observed. As reported by Pan et al. [59], reducing the average

grain size increases the austenite phase strength, resulting in

the prevention of ε-martensite formation along different ori-

entations within the austenite grain. This condition reduces

the probability of the intersection of ε-martensite laths with

each other and subsequent a0-martensite formation.
Fig. 11 e Schematic view of the microstructural e
The tensile test reveals that the Young's modulus of the

Rex925-aged sample is reduced by nearly 34% compared with

that of the as-received sample. The decrease in the Young's
modulus may be due to the large number of SFs in the

austenite matrix (Fig. 10a). Moreover, the presence of pre-

cipitates in the matrix along with SFs leads to an increase in

the dislocation density in themicrostructure. The reduction in

Young's modulus is attributed to the change in the inter-

atomic bonding configuration at the SFs and additional

dislocation motion [60,61].

Finally, the reason for the lowest residual strain value

(2.85%) in the Rex925-aged sample can be well interpreted and

summarized by means of Fig. 11. The figure shows that by

microstructural engineering through cold working process,

annealing, and controlled precipitation, a microstructure

composed of fine austenite grains, SFs, precipitates, and thin

ε-martensite laths accompanied by partial dislocation arrays

is evolved which eventually leads to PE improvement. In fact,

the microstructural engineering facilitates the g # ε trans-

formation during loadingeunloading which is shown by the

reduction of the Young's modulus and the increase in s4%.

Also, an increase of 30% in the absorbed energy during

loadingeunloading compared with that of the as-received

aged sample makes this modified microstructure more suit-

able for civil engineering applications, particularly for

manufacturing dampers and energy dissipation structures.
volution during post-deformation annealing.
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Although it is possible to increase the absorbed energy by

enhancing the flow stress level, a reduction in the residual

strain leads to a lower value of the absorbed energy. Hence,

the achievement of this study is the reduction of the residual

strain and increasing the absorbed energy simultaneously.
5. Conclusions

This study provides a new understanding of the most impor-

tant mechanisms that influence the pseudoelastic behavior of

an FeMnSi-based shapememory alloy (SMA) that can be further

used to control and improve the mechanical performance of

the alloy. The effects of recrystallization parameters (temper-

ature and time) and aging on themicrostructural evolution and

mechanical properties of the Fee17Mne5Sie10Cre4Nie1(VeC)

(wt.%) SMA have been investigated. Based on experimental

investigations and detailed microstructural and mechanical

analyses, the following conclusions can be drawn:

1. Annealing the cold-worked samples in the temperature

range of 530e750 �C does not lead to recrystallization.

With increasing the annealing temperature in this range,

the microstructural analysis reveals that a0-martensite

transforms to austenite (g), and the volume fraction of

ε-martensite increases.

2. Annealing the cold-worked sample at 925 �C for 50min and

subsequent aging at 750 �C for 6 h (named as Rex925-aged

condition) result in a microstructure consisting of recrys-

tallized, equiaxed austenite grains with an average size of

5 mm and reversed austenite grains of 1e2 mm in triple

junctions of the recrystallized matrix. The uniform distri-

bution of precipitates leads to the formation of a high

density of SFs and ε-martensite laths in themicrostructure.

3. Microstructural engineering through cold working,

annealing, and controlled precipitation in the FeMnSi-

based SMA is employed to obtain a microstructure

composed of fine austenite grains, SFs, precipitates, thin

ε-martensite laths accompanied by partial dislocation ar-

rays. In comparison to the as-received microstructure, the

engineered microstructure of the Rex925-aged sample re-

sults in a decrease in Young's modulus and an increase in

the s4% owing to facilitating the g # ε transformation

during loadingeunloading experiments. These changes

eventually lead to a reduction in the residual strain.

4. The absorbed energy attains a value of 22 J/cm3, a nearly

30% improvement over the as-received aged sample. The

reduced amount of the residual strain and increased

amount of the absorbed energy of the Rex925-aged sample

in comparison to those of the as-received aged sample

make this alloy more suitable for seismic damping and

recentering applications.
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