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In the current study, a broad experimental program was designed and conducted to investigate the effect of aging
conditions (i.e., aging temperature and time) on the thermomechanical properties (0.1% yield stress, pseudoe
lasticity, and recovery stress) of an FeMnSi-based shape memory alloy (FeMnSi-SMA) with a chemical compo
sition of Fe–17Mn–5Si–10Cr–4Ni-1(V, C) (wt.%). In addition, transmission electron microscopy (TEM) was used
to study the specimens’ microstructures under several selected aging conditions. It was found that the aging
conditions significantly affected the formation and distribution of precipitates and stacking faults in the aged
specimens. At lower temperatures (e.g., 600 and 660 ◦ C), numerous fine precipitates were randomly dispersed
both in the austenite matrix and on/near stacking faults, resulting in higher yield stress and recovery stress. At
elevated temperatures (e.g., 774 ◦ C), the majority of the precipitates formed on/near stacking faults, leading to a
lower yield stress and recovery stress. Besides, as the aging time increased, the pseudoelasticity increased at all
aging temperatures.

1. Introduction

Since Kajiwara et al. [24] found the positive impact that NbC pre
cipitates have on the SME of FeMnSi-SMAs, many studies have investi
gated improving the SME by introducing precipitates, e.g., VN [25],
Cr23C6 [26], or VC [27]. Coarse precipitates, e.g., larger than 50 nm for
NbC [28], formed during annealing can provide additional nucleation
sites to form the stress-induced martensite during deformation and
promote the SME. Lai et al. recently reported that aging at a low tem
perature (650 ◦ C) did not improve the SME in an Fe–28Mn–6Si–5Cr-1(V,
C) alloy compared to the solutionized reference state due to the for
mation of fine dispersed VC particles (approximately 6 nm) in combi
nation with full dislocations. However, when the FeMnSi-SMA was aged
at temperatures above 700 ◦ C, the formation of carbides greater than 21
nm as well as stacking faults promoted the formation of extremely thin
martensite with a single variant, resulting in an improved SME [29].
Besides, other methods for enhancing the SME have been studied
extensively, e.g., altering the alloy composition [30], suppressing the
twin boundaries formation [31], or thermomechanical treatments [32].
The conditions that result in large SMEs were summarized in Refs. [33].
The recovery stress of FeMnSi-SMAs, however, is obtained by
maintaining a constant strain during activation [8]. The value of the
recovery stress can be used to evaluate the reinforcement potential of

Shape memory alloys (SMAs) have been used widely in the aero
space, robotics, automotive, biomedical, and civil engineering industries
[1–10]. As alternatives to NiTi-based SMAs, FeMnSi-based SMAs
(FeMnSi-SMAs) have drawn plenty of attention in the past twenty years
because of their good workability, low cost, good weldability, and
machinability [11–18]. In civil engineering, FeMnSi-SMAs can be used
for concrete reinforcement [19–22]. The physical mechanism for the
FeMnSi-SMAs’ shape memory effect (SME) is the reversible phase
transformation between γ-austenite, face-centered cubic (FCC) and
ϵ-martensite, hexagonal close-packed (HCP) [23]. The initial micro
structure of an undeformed FeMnSi-SMA is γ-austenite, which is
retained by quenching from high temperatures >1000 ◦ C. During
deformation, the stress can facilitate the transformation of γ-austenite
into ϵ-martensite, which is called the “martensite transformation” or
“forward martensitic phase transformation.” After deformation, the
stress-induced ϵ-martensite can transform back into γ-austenite after
activation/heating; therefore, the shape of an FeMnSi-SMA can recover
to some extent. This process is called the “austenite transformation” or
“reverse martensitic phase transformation.”
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FeMnSi-SMAs as pre-stressing elements in real structures [9]. It should
be mentioned that a pronounced SME does not necessarily result in a
high recovery stress. Some investigations into modifying the recovery
stress involved altering the carbon composition [34] or adopting various
thermomechanical treatments [35,36]. Table 1 lists the reported re
covery stresses for different FeMnSi-SMAs subjected to different ther
momechanical treatments. Note that some of the high recovery stresses
(>450 MPa) required a very high maximum heating temperature to
induce the austenite transformation, e.g., 400 and 500 ◦ C. However, in
civil engineering applications, in case of concrete structures, the acti
vation temperature should not exceed 200 ◦ C to prevent the heat from
damaging the concrete structure.
In a recent work, the influence of grain size, texture and precipitates
on the recovery stress formation was studied [37]. It was shown that the
ageing heat treatment and thus the VC precipitates had the most pro
nounced effect; the recovery stress of an FeMnSi-SMA with composition
of Fe–17Mn–5Si–10Cr–4Ni-1(V, C) (wt.%) aged at 630 ◦ C for 48 h
(~560 MPa) was significantly higher than that of the same alloy aged at
830 ◦ C for 2 h (~280 MPa). This was hypothesized to be due to the
higher number density and smaller size of the VC precipitates in the first
case, although no quantitative evaluation of the VC size and particle
distribution using e.g. transmission electron microscopy (TEM) was
performed. It is known that VC precipitates form in the austenite matrix
in a wide temperature range below 1010 ◦ C [38]. In order to obtain a
better understanding of the effect of the aging conditions on the
microstructural and thermomechanical properties of the FeMnSi-SMA,
in particular the shape recovery stress, a systematic study considering
five different aging temperatures between 600 ◦ C and 774 ◦ C and aging
times between 0.17 h and 288 h was performed. The current study thus
complements the previous work reported in Refs. [13,37]. Based on the
experimental observations, a more complete approach for recovery
stress enhancement in FeMnSi-SMAs is proposed, which provides a
deeper understanding of the thermomechanical behavior of
FeMnSi-SMAs and is also beneficial for the industrial production and
applications of the alloy.

Fig. 1. Schematic of an FeMnSi-SMA specimen (unit: mm).

cooling. All heat treatment parameters are listed in Table 2. The solution
treatment and aging experiments were conducted in an air furnace
equipped with a Nabertherm controller. To ensure the accuracy of the
temperature in the furnace, an N-type thermocouple (suitable for tem
peratures from − 270 to +1300 ◦ C) was used to calibrate the actual
furnace temperature.
2.2. Thermomechanical investigations
The thermomechanical properties of the aged FeMnSi-SMAs were
measured through pre-straining and activation experiments. Prestraining is the process of loading the specimen to a target strain and
then fully unloading. In FeMnSi-SMAs, the nonlinear stress–strain is due
to martensite transformation or due to plastic flow or a combination of
both. It has been shown by Lee et al. that 0.1% yield stress is better
suited to estimate the stress onset for the martensite transformation than
the 0.2% yield stress [12]. Therefore, the 0.1% yield stress, was used in
this work. During unloading, the curve diverged from a straight line, and
the diverged strain is the pseudoelasticity, εpe . YS0.1 and εpe of the
FeMnSi-SMAs were determined from the engineering stress-strain
curves (Fig. 2 (a)). The intersection (black point) of the stress-strain
curve with the dashed line marks the YS0.1 . In this figure, the
maximum strain value for pre-straining is 2%. In addition, the specimens
aged at 600 ◦ C for 144 h were elongated until fracture to measure the
failure strain (Table 2). In total, 41 specimens were experimentally
examined in this study.
Activation is the process of heating and cooling an FeMnSi-SMA
while maintaining the specimen at a constant strain (Fig. 2 (b)). The
recovery stress, σrec , was measured after cooling the specimen to room
temperature. More details about the recovery stress evolution can be
found in Ref. [8]. The maximum activation temperature was 160 ◦ C. One
additional activation experiment was conducted with the specimen aged
at 600 ◦ C for 144 h, in which it was heated to 195 ◦ C (Table 2). The
pre-straining and activation experiments were done with a Z020 Zwick
tensile test machine equipped with a climate chamber. A mini-MFA 2
type extensometer was used to measure the strains, whose accuracy class
was 0.2 according to EN ISO 8513, and linearity error, including hys
teresis, was within 0.05%. The strain during activation was directly
controlled through the extensometer, whose thermal expansion was
compensated by the testing machine after calibration.

2. Experiments
2.1. Material and heat treatments
The material investigated in this paper was a hot-rolled strip with a
composition of Fe–17Mn–5Si–10Cr–4Ni-1(V, C) (wt.%) produced by
BÖHLER Edelstahl GmbH, Kapfenberg, Austria. To eliminate the resid
ual precipitates and reduce the distinct textures from production, the
specimens were solutionized at 1070 ◦ C for 2 h, followed by water
quenching to avoid precipitate formation during the cooling process.
The solution treatment temperature of 1070 ◦ C was chosen based on a
series of microstructural investigations of specimens solutionized be
tween 920 and 1120 ◦ C. Below 1070 ◦ C, the residual precipitates in the
original specimens were not fully dissolved after 2 h; above 1070 ◦ C,
austenite grain growth was observed. The solutionized specimens were
subsequently cut into dog-bone shapes (Fig. 1) and aged at various
temperatures between 600 and 774 ◦ C for various times, followed by air

Table 1
Recovery stresses for different FeMnSi-SMAs with different thermomechanical treatment. Max. heating T denotes maximum heating temperature. Adapted from
Ref. [23].
Composition

Comments

Recovery stress [MPa]

Max. heating T [◦ C]

Reference

Fe–28Mn–6Si–5Cr
Fe–28Mn–6Si–5Cr-0.5(Nb, C)
Fe–19Mn–5Si–8Cr–5Ni
Fe–15Mn–4Si–8Cr–4Ni-(0.012–0.18)C
Fe–16Mn–5Si–10Cr–4Ni-1(V, N)
Fe–17Mn–5Si–10Cr–4Ni-1(V, C)
Fe–17Mn–5Si–10Cr–4Ni-1(V, C)

With training (5–8% pre-deformation); 5% pre-straining
0–70% pre-rolled; 4% pre-straining
Equal channel angular pressing; 4.5% pre-straining
Cold drawn and annealed at 650–750 ◦ C; 4–8% pre-straining at RT
4% pre-straining at − 45 ◦ C and RT
4% pre-straining at RT
Aged at 630 ◦ C for 48 h; 2% pre-straining at RT

180
145–295
460
520–565
500 and 440 (cooled to − 45 ◦ C)
580
560

350
400
500
Maybe 500, not clear
225 and 160
130
160

[39]
[35]
[40]
[36]
[41]
[13]
[37]
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Table 2
List of heat treatments, thermomechanical investigations, and microstructural observations. S.T. denotes solution treatment; A.T. denotes aging temperature; and A.
Time denotes aging time.
Heat treatment

Number of specimens

Thermomechanical experiments

Microstructural observations

Pre-straining[%]

Activation[◦ C]

SEM TEM

3
1
2
3
1
3
3

2
2
2
2
2
Until failure
2

160
160
160
160
195
–
160

4
15
24
39
72

1
1
1
1
1

2
2
2
2
2

160
160
160
160
160

See results in supplementary data

1
2.5
4
9
24

3
1
1
3
3

2
2
2
2
2

160
160
160
160
160

See results in supplementary data

700

0.5
2.5
8

1
1
1

2
2
2

160
160
160

774

0.17
0.5
2.5
8
24

1
2
1
1
1

2
2
2
2
2

160
160
160
160
160

S.T.[◦ C]

A.T.[◦ C]

A. Time[h]

1070

600

1
19
72
144
144
144
288

632

660

Comments

✓
✓

✓
See results in supplementary data

✓

✓

✓

Fig. 2. (a) Typical stress-strain curve for an FeMnSi-SMA specimen during pre-straining. (b) Typical stress-temperature curve during activation: the specimen was
heated from 23 to 160 ◦ C and then cooled to 23 ◦ C.

2.3. Microstructural characterization

3. Results

Microstructural investigations were conducted by employing scan
ning electron microscopy (SEM, FEI NanoSEM230) and transmission
electron microscopy (TEM, JEM-2200FS JEOL). The SEM specimens
were prepared by grinding and polishing with a 50 nm SiO2 suspension
without chemical etching. For TEM, all specimens were ground and
polished to a thickness of ~160 μm. Then, 3 mm round disks were
punched from the polished specimens and finally thinned by electro
polishing (Standard A2 Struers solution) at approximately − 6 ◦ C with
~24 V. The aged specimens chosen for SEM and TEM are indicated with
checkmarks in Table 2.

3.1. Thermomechanical properties of the FeMnSi-SMAs
Fig. 3 shows the results from the thermomechanical experiments of
the specimens aged at 774 and 600 ◦ C (the results for the specimens aged
at 700, 660, and 632 ◦ C can be seen in Fig. I in the supplementary data.)
The YS0.1 , εpe , and σ rec of the specimens aged at 774 ◦ C as a function of
the aging time are shown in Fig. 3 (a). The YS0.1 of the solutionized
specimen without aging was approximately 340 MPa. As the aging time
increased, both the YS0.1 (black star) and the σrec (black triangle) were
almost constant until 0.5 h and then decreased slightly with further
aging. The YS0.1 values were between 277 and 349 MPa, and the σrec
values were between 306 and 350 MPa. The εpe (red circle) increased
from 0.15% after aging for 10 min to 0.30% after aging for 24 h. Fig. 3
3

Y. Yang et al.

Materials Science & Engineering A 802 (2021) 140694

Fig. 3. Results for the specimens aged at 774 and 600 ◦ C. YS0.1 (black star), σrec (black triangle), and εpe (red circle) of the specimens aged at (a) 774 ◦ C and (b)
600 ◦ C. Stress-temperature curves during the activation of the specimens aged at (c) 774 ◦ C and (d) 600 ◦ C. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

(c) shows the axial stress vs. temperature during the activation of the
specimens aged at 774 ◦ C. The axial stress at 160 ◦ C, σ160 , during the
activation increased with aging time. While the samples annealed for
10–30 min show a continuous increase of the σ rec during cooling, it
remained almost constant between 100 ◦ C and RT for the samples
annealed for longer times.
Fig. 3 (b) shows the results for the specimens aged at 600 ◦ C for
1–288 h. By increasing the aging time to 72 h (3 days), the YS0.1
increased to 610 MPa, a 79% increase compared to the YS0.1 of the

solutionized samples. After this peak, it decreased to 533 MPa for 288 h
of aging. The σ rec increased with aging time initially, reached its
maximum of 514 MPa at 144 h of aging, and decreased with further
aging. On the other hand, the εpe remained at a low value (below 0.11%)
until 72 h and then increased significantly to more than 0.2% at 144 and
288 h. Fig. 3 (d) shows the stress-temperature curves during the acti
vation. The σ160 during the activation increased with aging time. For 1 h
of aging (red line), the curve bent remarkably during the cooling pro
cess, while for 72 h of aging (green line), the curve was almost straight
Fig. 4. (a) Stress-strain curves for the
FeMnSi-SMAs. Specimens 1–3 were aged for
144 h at 600 ◦ C and elongated until failure,
while the as-received specimen was elon
gated to 30% and then stopped because of
the experimental program. (b) Stresstemperature curves for the samples aged for
144 h at 600 ◦ C during activation with
maximum temperatures of 160 ◦ C (red line)
and 195 ◦ C (black line). (For interpretation
of the references to color in this figure
legend, the reader is referred to the Web
version of this article.)
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during the cooling process, resulting in a larger σ rec . For 144 and 288 h of
aging, although the σ 160 were much higher than that for 72 h of aging,
the final σrec only increased slightly because of the more pronounced
bending during the cooling process.
Fig. 4 (a) shows the stress-strain curves from the tensile experiments
performed until failure for the as-received specimen and specimens aged
for 144 h at 600 ◦ C. The as-received specimen (black dashed line)
showed excellent ductility and did not fracture, even at 30% strain (the
experiment stopped at 30% strain because of the experimental pro
gram). In contrast, the specimens aged for 144 h at 600 ◦ C had a higher
YS0.1 ; however, the average fracture strain was approximately 9.5%.
Fig. 4 (b) shows that the σrec of the specimen aged for 144 h at 600 ◦ C
was enhanced with increasing the maximum temperature during the
activation. For a maximum heating temperature of 195 ◦ C (black line),
the σrec increased to 584 MPa. This improvement was caused by a larger
fraction of the martensite transforming back into austenite during
heating to a higher maximum temperature.

specimens aged at other temperatures revealed that the nanometer-sized
features, such as fine precipitates and stacking faults, could not be
resolved using SEM because of its limited spatial resolution. Therefore,
TEM studies were performed to investigate the distribution of fine pre
cipitates and stacking faults in the specimens that exhibited the
maximum recovery stress at their corresponding aging temperature, i.e.,
the specimens aged at 600 ◦ C for 144 h, 660 ◦ C for 9 h, and 774 ◦ C for
0.5 h. The TEM results are shown in the subsequent section.
3.3. TEM observations of precipitates and stacking faults
The maximum σrec for the FeMnSi-SMAs aged at 774 ◦ C occurred for
the FeMnSi-SMA aged for 0.5 h. Hence, the microstructure of this
specimen was examined in the present study using bright field (BF) TEM
images along the [110]γ zone axis (Fig. 6). In general, the precipitates
were primarily distributed in the vicinity of stacking faults (Fig. 6 (a)).
These stacking faults lay on the γ-austenite slip planes, namely, (111)γ,
(111)γ, (111)γ and (111)γ,. Because (111)γ and (111)γ were parallel to
the [110]γ direction, the stacking faults on these two planes were viewed
edge-on, showing as straight lines, as denoted by the arrows in Fig. 6 (a)
[29]. Fig. 6 (b) shows an enlarged image of the framed area A in Fig. 6
(a). A band of precipitates clustered on the stacking faults show a moiré
pattern, which arose from the difference in the lattice spacing between
the austenite matrix and the precipitates [42]. Fig. 6 (c) shows an
enlarged image of the framed area B, where the precipitates distributed
on the edge-on stacking faults.
Fig. 7 shows the images obtained along the [111]γ zone axis of the
FeMnSi-SMA aged for 0.5 h at 774 ◦ C. Stacking faults and nanoscale
precipitates are seen in Fig. 7 (a). Fig. 7 (b) shows the detailed moiré

3.2. SEM microstructural observations
In Fig. 5, the microstructures of the specimens aged at 774 ◦ C
observed by SEM are shown. The average grain size was approximately
60 μm. The yellow arrows in Fig. 5 (a) indicate annealing twins, which
commonly exist in austenitic steels with low stacking fault energies. The
higher magnification image in Fig. 5 (b) shows that the precipitates
(black dots indicated by the red arrows) were distributed along grain
boundaries. In contrast, precipitates appeared both on the grain
boundary and in the austenite matrix in the specimen after 8 h aging, as
shown in Fig. 5 (c) and (d). Examination of the microstructure in the

Fig. 5. SEM images of the FeMnSi-SMAs aged at 774 ◦ C for (a, b) 0.5 h and (c, d) 8 h. The yellow and red arrows indicate the annealing twins and precipitates along
the grain boundaries, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
5

Y. Yang et al.

Materials Science & Engineering A 802 (2021) 140694

Fig. 6. BF TEM images ([110]γ zone axis) of the FeMnSi-SMA aged at 774 ◦ C for 0.5 h. (b, c) Enlarged images of the framed areas A and B in (a), respectively.

Fig. 7. TEM images ([111]γ zone axis) of the FeMnSi-SMA aged for 0.5 h at 774 ◦ C. (a) Nanoscale VC and stacking faults, (b) high-resolution TEM image of the VC
showing the moiré pattern, and (c) the corresponding diffraction pattern: the spots caused by VC are the dim spots indicated by the yellow arrow.

patterns of the precipitate. Fig. 7 (c) shows the corresponding diffraction
pattern of the [111]γ zone axis. In addition to the primary diffraction
spots (indicated by the red arrow) from the austenite matrix, additional
faint spots from the precipitates were observed (indicated by the yellow
arrow). The precipitate was NaCl-type VC and had a cube-cube orien
tation relationship by the austenite matrix [43].
The BF TEM images obtained along the [110]γ zone axis of the
FeMnSi-SMA aged for 144 h at 600 ◦ C are shown in Fig. 8. It can be seen
from Fig. 8 (a) that the fine precipitates were dispersed in the austenite
matrix. Fig. 8 (b) shows fine coherent precipitates with coffee-beanshaped contrast, which is caused by the displacement field of a
coherent precipitate [42]. In Fig. 8 (c), a stacking fault is located in the
middle of the image, which clearly shows that the precipitates were
equally distributed both in the austenite matrix and on the stacking

faults.
Fig. 9 compares the microstructure of the specimens aged for 144 h at
600 ◦ C (Fig. 9 (a)), for 9 h at 660 ◦ C (Fig. 9 (b), and for 0.5 h at 774 ◦ C
(Fig. 9(c–f)). From Figs. 8 and 9, and Fig. II in the supplementary data, it
can be seen that the precipitates in the FeMnSi-SMA aged at 600◦ and
660 ◦ C were distributed randomly both in the austenite matrix and on
the stacking faults. The precipitate size distributions for these two aging
conditions are given in Fig. 10. The average precipitate diameter was
approximately 6.5 nm for the FeMnSi-SMA aged for 144 h at 600 ◦ C,
which was slightly smaller than that of the FeMnSi-SMA aged for 9 h at
660 ◦ C (approximately 9 nm). In contrast, the average precipitate
number density of the FeMnSi-SMA aged for 144 h at 600 ◦ C was twice
that of the FeMnSi-SMA aged for 9 h at 660 ◦ C. The precipitate number
density in m− 3 was estimated by counting the precipitates on the TEM

Fig. 8. BF TEM images (zone axis [110]γ) of the FeMnSi-SMA aged for 144 h at 600 ◦ C.
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Fig. 9. BF TEM images along the [110]γ zone axis of the FeMnSi-SMAs aged (a) for 144 h at 600 ◦ C, (b) for 9 h at 660 ◦ C, and (c) for 0.5 h at 774 ◦ C. (e, f) STEM
images of the specimens aged 774 ◦ C for 0.5 h.

Fig. 10. Size distribution of the precipitates in the specimens aged for 144 h at 600 ◦ C and for 9 h at 660 ◦ C. Ave. D denotes average diameter; and Ave. NrDensity
denotes average number density.

images and by assuming that the thickness of the TEM sample in the
electron transparent regions was approximately 200 nm [44]. The
average volume percentage of the precipitates in the two aging condi
tions was almost identical. Fig. 9(c–f) shows that the precipitates in the
FeMnSi-SMAs aged for 0.5 h at 774 ◦ C were not homogenously dispersed
in the matrix but primarily clustered on and near the stacking faults,
which was markedly different from the behavior observed in the spec
imens aged at 600 and 660 ◦ C. In addition, the number of stacking faults
observed in the specimens aged at 774 ◦ C was larger than that observed
in the specimens aged at 600 and 660 ◦ C, and many of them were
associated with precipitates.

4. Discussion
4.1. Effect of aging conditions on precipitate formation in the FeMnSiSMAs
The different precipitate number densities and sizes in the FeMnSiSMAs aged at 600 and 660 ◦ C can be explained by considering the ki
netics of precipitate formation. The formation of precipitates involves
nucleation and growth, which are significantly affected by the aging
temperature [37]. At higher aging temperatures, the nucleation rate is
generally lower because of the smaller driving force for precipitation
[45], resulting in a lower number density of precipitates. On the other
hand, interstitial carbon diffuses faster than vanadium. Therefore, the
VC growth is limited by vanadium diffusing from the austenite matrix to
the precipitate [46], whose diffusion coefficient is an exponential
function of temperature [47]. Accordingly, higher temperatures result in
fewer carbides with larger sizes, and vice versa.
7
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The precipitate number densities are estimated values as we
considered a homogeneous sample thickness of 200 nm. However, the
thickness might vary in one sample and between the different samples
because conventionally prepared, wedge shaped TEM samples were
used. Nevertheless, the same approach was used for estimating the
precipitate number density in all samples, and even though the calcu
lated values might deviate from the actual values, the results are still
comparable.
Compared to the FeMnSi-SMAs aged at 600 and 660 ◦ C, the different
precipitate and stacking fault distribution in the specimens aged at
774 ◦ C can be explained as follows. At 774 ◦ C, the diffusion rates of the
alloying elements were significantly higher than those at 600 and
660 ◦ C, which enabled solute atoms to quickly segregate to the stacking
faults. As a result, the local stacking fault energy reduced significantly
and, therefore, resulted in the generation of more stacking faults [29,
48]. Conversely, the nucleation rate of precipitates was lower because of
smaller driving force at the higher aging temperature. Compared to in
the austenite matrix, precipitation at defects requires less energy; in
addition, the higher concentration of solute atoms on the stacking faults
due to the Suzuki effect make them more suitable for precipitate for
mation than the austenite matrix [28], which explains why most pre
cipitates clustered on the stacking faults. It should be noted that stacking
faults decorated with precipitates were observed in an Fe–Cr–Ni-based
austenitic-stainless steel, as reported by Silcock and Tunstall [49]. They
proposed that the precipitates that formed on a stacking fault could also
facilitate the growth of the stacking fault, which in turn could result in
the formation of more precipitates on the stacking fault and so on.

FeMnSi-SMA aged for 0.5 h at 774 ◦ C, which implies that the amount of
γ→ϵ transformation during pre-straining was similar for the two speci
mens. However, the microstructure investigation showed that,
compared with the FeMnSi-SMA aged for 0.5 h at 774 ◦ C, there were
fewer stacking faults and a larger number of fine precipitates in the
FeMnSi-SMA aged for 144 h at 600 ◦ C. The similar amount of the γ→ϵ
transformation that occurred during pre-straining for the two specimens
was presumably caused by the much larger stress applied to the FeMnSiSMA aged for 144 h at 600 ◦ C (833 MPa) than that applied to the
specimen aged at 774 ◦ C for 0.5 h (508 MPa) (Fig. III in supplementary
data).
4.3. Effect of aging conditions on the recovery stress and the yield stress
For conventional steels without the SME, the yield stress corresponds
to the start of irreversible plastic deformation due to dislocation slip
during loading. Precipitates can act as obstacles to the movement of
dislocations and, therefore, increase the yield stress of steel. However,
for FeMnSi-SMAs, the yielding phenomenon present in the stress-strain
curve during pre-straining is more complex and involves the movement
of (partial) dislocations as well as the γ→ϵ transformation, which is
accomplished by the slip of both perfect dislocations and Shockley
partial dislocations or the generation of equivalent stacking faults on
every second layer of the {111}γ planes [16]. Leinenbach et al. found
that the deformation mechanism of FeMnSi-SMAs is significantly
affected by the grain-orientation-dependent Schmid factors for the
{111} <112> partial dislocation slip system and the {111} <110>
perfect dislocation slip system [15]. Indeed, a higher yield stress for an
FeMnSi-SMA not only indicates a larger resistance to the movement of
dislocations, but also indicates that the slip of Shockley partial dislo
cations is more difficult.
The effect of VC precipitates on the yield stress of FeMnSi-SMAs in
volves two aspects. One is that the particles can act as obstacles that
hinders the movement of perfect dislocations via the Orowan mecha
nism [53], i.e., precipitation hardening. The increased strength due to
the Orowan mechanism can be estimated by the Ashby-Orowan Equa
tion [54]. The other one is that precipitates can confine leading and
trailing Shockley partial dislocations depending on the orientation of the
stress and its magnitude. The contribution of the confined partial dis
locations to the yield stress is approximately calculated by Ref. [55]:
](
[
)
3.6MGbs
d
1
Δσ = M τ = 0.84
ln
,
(1)
2.45bs cos(α + θL ) + cos(α − θT )
2π λ

4.2. Effect of aging conditions on the martensite transformation and
pseudoelasticity
Pseudoelasticity, εpe , is the non-linear elastic behavior of a material
caused by the transformation of ϵ-martensite back into γ-austenite and
the reversible motion of Shockley partial dislocations during unloading
[15]. A larger εpe indicates that higher amount of martensite transforms
back into austenite during unloading. Samples with larger εpe (>0.2%)
also exhibit higher axial stresses at the maximum heating temperature
(160 ◦ C), σ 160 . The evolution of axial stress during the activation heating
process is determined by the combined effect of the FeMnSi-SMA ther
mal expansion and the martensite-to-austenite transformation. A
larger σ160 indicates that more martensite is transformed back to
austenite during the heating process, which also implies that more of the
austenite transforms into martensite during pre-straining [37]. There
fore, εpe and σ160 can be used to qualitatively estimate the amount of
martensite formed during pre-straining.
The γ→ϵ transformation during pre-straining is associated with the
magnitude of the applied stress, amount of stacking faults, and number
and size of precipitates. A larger applied stress is expected to result in the
formation of more martensite during pre-straining. On the other hand,
the atomic arrangement of a stacking fault in the FCC austenite lattice is
equivalent to a two atomic layer thick ϵ-martensite band, which can act
as a nucleus for the growth of ϵ-martensite [50,51]. A higher amount of
stacking faults promotes more martensite formation during
pre-straining. Furthermore, precipitates of a certain size that formed
during aging at a high temperature can promote more martensite for
mation, as introduced in Section 1.
For the specimens aged at 600 ◦ C, both εpe and σ 160 increased with
aging time (Fig. 3 (b) and (d)). The same trend was also observed for the
specimens aged at 774 ◦ C (Fig. 3 (a) and (c)). This indicates that, for both
aging temperatures, there was a more pronounced γ→ ϵ transformation
during the pre-straining process for the specimen with a longer aging
time. This is because both the size of the precipitates and the amount of
stacking faults increase with aging time [52].
It can be seen from Fig. 3 that the magnitudes of εpe and σ160 for the
FeMnSi-SMA aged for 144 h at 600 ◦ C were close to those for the

where λ is the precipitate surface-to-surface distance; d is the precipitate
diameter; α is the angle between the perfect dislcation Burgers vector
and the applied stress; bs is the magnitude of the Shockley partial
dislocation; θT and θL are the angles between the perfect dislocations
andthe trailing and leading partial Burgers vectors, respectively; Mis the
Taylor factor; and G is the austenite shear modulus. Quantitative cal
culations of the increase in yield stress via Eq. (1) are beyond the scope
of the current study. However, Eq. (1) can indicate the contribution of
precipitates to the movement of Shockley partial dislocations. Namely,
the higher precipitate number density in the specimen aged at a lower
temperature can not only beneficially confine the perfect dislocations
but also hinder the slip of partial dislocations, resulting in a higher yield
stress for the FeMnSi-SMA.
It should be noted that the effect of precipitates on the yield stress
presented here does not contradict the studies introduced in Section 1
that showed that precipitates with a diameter exceeding a certain crit
ical size can promote the SME in FeMnSi-SMAs. Firstly, as the precipitate
size increases and number density decreases, which reduces the ability
of the precipitates to confine the perfect or partial dislocations. Sec
ondly, compared to solutionized FeMnSi-SMAs with low dislocation
densities, aged FeMnSi-SMAs contain many particles. These particles
can not only provide additional nucleation sites for stress-induced
8
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martensite during deformation [28], but also generate a back stress on
the martensite plate tips, which supports partial dislocations to move
back [24]. Finally, with the exception of the coarser precipitates that
formed during aging at high temperatures, there were always many
stacking faults in the microstructure [29], which can promote
stress-induced martensite formation. In other words, as the size of the
precipitates increases, their ability to confine the partial dislocations
weakens, and their ability to promote martensite formation increases,
resulting in increased stress-induced martensite formation during
pre-straining and an improved SME.
The YS0.1 of all the aged specimens are summarized in the
temperature-time-yield stress (TTY) diagram (Fig. 11 (a)). For the
specimens aged at 600 ◦ C, the YS0.1 increased significantly compared to
the solutionized specimen (YS0.1 : approximately 340 MPa). The TEM
image (Fig. 9 (a)) shows that the specimen aged at this temperature
contained numerous fine dispersed precipitates. The maximum YS0.1
was observed after 72 h of aging. For longer aging times (i.e., 144 and
288 h), however, the YS0.1 began to decrease. One reason is probably the
over-aging of the precipitates, which weakens its ability to restrict the
movement of perfect dislocations and Shockley partial dislocations.
Another reason might be the increase in the number and size of stacking
faults with aging time. Because stacking faults can facilitate the
martensite transformation, it is expected that the YS0.1 will be smaller
for longer aging time because the martensite transformation and
movement of partial dislocation is easier. This correlates with the
observation that both the εpe and σ160 increased significantly from 72 to
288 h (Fig. 3 (b)), which implies that more martensite formed during
pre-straining.
It can also be seen from Fig. 11 (a) that the maximum YS0.1 at each
aging temperature increased as the aging temperature decreased, which
can be explained by the different number densities and interparticle
spacings of the precipitates and stacking faults in the FeMnSi-SMAs aged
at different temperatures. For the specimens aged at lower temperatures
(e.g., 600 ◦ C for 144 h), the large number of precipitates that were
randomly dispersed in the matrix could result in very high YS0.1 . In
contrast, for the specimens aged at higher temperatures (e.g., 744 ◦ C for
0.5 h), the precipitates clustered on the stacking faults instead of being
homogenously distributed in the austenite matrix and could not effi
ciently act as obstacles for the movement of perfect or partial disloca
tions. The large amount of stacking faults formed at 774 ◦ C could
facilitate the martensite transformation, and consequently lead to a low
YS0.1 , which in some cases was even smaller than that of the solutionized
specimen.
The σ rec of all the aged specimens are summarized in the
temperature-time-recovery stress (TTR) diagram (Fig. 11 (b)). By
comparing Fig. 11 (a) and (b), it can be seen that the σ rec and the YS0.1
show similar trends as functions of aging time for different aging

temperatures. Similar to the YS0.1 , the maximum σ rec increased as the
aging temperature decreased. This shows that these two properties are
closely related. It is interesting to note that for aging temperatures below
700 ◦ C, the maximum σ rec was observed for aging times that exceeded
those required to obtain the maximum YS0.1 .
During activation, the formation of the σrec involves the collective
effect of the thermal expansion/contraction, phase transformations, and
perfect dislocation movement. Assuming that the effects of thermal
expansion and contraction negate each other during heating and cool
ing, the formation of the σrec is affected by the phase transformations and
perfect dislocation movement. It is known that the σrec of FeMnSi-SMAs
during cooling can be sufficiently high to induce the transformation
from γ-austenite to ϵ-martensite again, and that the stresses are
accommodated by this transformation [56]. During cooling, the
stress-temperature curve begins to deviate from a straight line after
partial or perfect dislocations begin to move. As introduced before, fine
precipitates can not only effectively confine the perfect dislocations but
also hinder the slip of partial dislocations. At lower aging temperatures
(e.g., 600 ◦ C and 660 ◦ C), numerous randomly dispersed precipitates
result in a higher σ rec . At higher temperatures (e.g., 774 ◦ C), the large
amount of stacking faults as well as the precipitates on and near stacking
faults cannot efficiently act as obstacles for the movement of perfect or
partial dislocations, resulting in an earlier bending of the
stress-temperature curve and a lower σ rec .
For the specimens aged at 600 ◦ C, the stress-temperature curve
during the cooling part of the activation of the specimen aged for 72 h
was almost linear compared to the specimen that was only aged for 1 h
(Fig. 3 (d)), which was caused by the increase in the number density and
size of the precipitates from 1 to 72 h. In both cases, the σ160 was rela
tively low. As the aging time further increased, the continuous growth of
the precipitates and the formation of more stacking faults can facilitate
the γ→ϵ transformation. This results in more martensite in the sample,
which will transform back to austenite upon heating and lead to a higher
σ 160 . However, this will also lead to a more pronounced bending of the
stress-temperature curve during cooling. In a certain range of aging
times, the increase in σ160 was more pronounced than the decrease in σrec
due to the facilitated γ→ϵ transformation during cooling, leading to the
maximum σ rec occurring at aging times beyond those required to achieve
the maximum YS0.1 . This indicates that the optimum precipitate size to
obtain the highest σ rec is a slightly larger than the precipitate size
required to obtain the maximum YS0.1 . It is worth noting that the σ rec for
the specimen aged for 144 h can be further improved by increasing the
activation temperature, as shown in Fig. 4 (b). This is because the
increased activation temperature promotes more austenite trans
formation during heating and, therefore, raises the σ160 significantly.
The increase in YS0.1 and σrec . is correlated with a decrease of
ductility as shown in Fig. 4. While the as-delivered samples did not

Fig. 11. (a) Temperature-time-yield stress (TTY) diagram. (b) Temperature-time-recovery stress (TTR) diagram.
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exhibit fracture up to 30% total strain, the samples that showed the
highest YS0.1 and σrec .showed a fracture strain of less than 10%. The
focus of the present work was a fundamental study of the effect of aging
temperature and time on the precipitate formation and the YS0.1 , εpe and
σ rec and no further samples were tested until final fracture. However, this
ductility decrease needs to be considered when the material is applied
for civil engineering applications and a more detailed characterization
of the fracture behavior of restrained and pre-stressed FeMnSi-SMA
samples is considered in the future.
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structure analyses, the following conclusions can be drawn:
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i. Aging temperature has a great influence on the microstructure of
the FeMnSi-SMA. At lower temperatures (e.g., 600 ◦ C and
660 ◦ C), precipitates were randomly distributed both in the
austenite matrix and on/near stacking faults. Conversely, at
higher temperatures (e.g., 774 ◦ C), the significantly higher
diffusion rate of the alloying elements and smaller driving force
for precipitation in the matrix enabled the segregation of solute
atoms to stacking faults and precipitation on/near stacking faults,
which in turn also facilitated the growth of stacking faults. As a
result, most precipitates were distributed on/near large amounts
of stacking faults at higher temperatures.
ii. At the same aging temperature, the both εpe and σ 160 increased
with the aging time because the over-aging of the precipitates and
the increased amount of stacking faults promoted the formation
of more martensite during pre-straining and the ϵ→ γ trans
formation during activation.
iii. Because of the distinct microstructures that formed for different
aging conditions, the YS0.1 and σrec varied significantly.
Numerous randomly dispersed precipitates can remarkably
contribute to precipitation hardening and limit the movement of
partial dislocations, resulting in a high YS0.1 and promote a high
σ rec . In contrast, the precipitates clustered on/near stacking faults
as well as the large amount of stacking faults cannot efficiently
act as obstacles for the movement of perfect or partial disloca
tions, resulting in a lower YS0.1 and an earlier bending of the
stress-temperature curve, resulting in a lower σrec . σ rec of 524 and
584 MPa were observed for the specimens aged at 600 ◦ C for 144
h with activation temperatures of 160 and 195 ◦ C, respectively.
However, the increase of σ rec is correlated with a decrease of
ductility, which needs to be studied in more detail in the future.
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