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In the present study, the effect of aging conditions on the microstructure, mechanical properties, and shape
memory behavior of a solution-treated Fe-17Mn-5Si-5Cr-4Ni-0.2Ti-0.1C shape memory alloy was investi-
gated. In addition, a revised mechanism for the precipitation-induced improvement of the shape memory
effect (SME) is proposed. The effect of increasing the aging temperature from 500 to 900 �C was evaluated
with a fixed time of 0.5 h, finding that the SME was initially improved upon increasing the temperature up
to 600 �C, whereas further increasing the aging temperature exerted a detrimental effect on the SME. This
was attributed to the change in the fractions of the e and c phases. The same increasing and decreasing
trends were observed when the aging time was increased while maintaining the temperature constant at
600 �C. In this case, no change in the fractions of the e and c phases was detected. Instead, a change in the
size and distribution of TiC precipitates might be the main reason for changes in properties. The presence
of finer and densely distributed precipitates in the sample aged for 3.0 h could lead to a higher integrated
pulling force, back stress, stacking faults, or e phase cutting through the precipitates, resulting in a more
effective back-transformation from e to c, compared with the sample aged for 6.0 h, which exhibits larger
and sparsely distributed precipitates. Continuously decreased and increased 0.2% proof and tensile stress
indicated an easier martensitic transformation in the early stage of deformation and precipitation hard-
ening. However, according to the different trend in the SME and 0.2% proof stress, not only an easier
martensitic transformation from c to e but also an integrated pulling force, which can be altered by tuning
the size and distribution of precipitates, should be considered to achieve high SME induced by carbide
precipitation.
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1. Introduction

Shape memory alloys (SMAs) are novel functional metallic
materials that can recover their original shape after deformation
by external stimuli. This shape recovery behavior originates
from a phase transformation between high-temperature austen-
ite and low-temperature martensite. Depending on their recov-
ery characteristics, the characteristics of SMAs can be roughly
classified into pseudo- or super-elasticity (PE or SE) and shape
memory effect (SME). The former recovers its shape immedi-

ately after removing the load. Because this deformation
behavior resembles the elastic behavior and the recoverable
strain is much greater than the original elastic limit, this
behavior is called PE or SE. In contrast, the latter requires an
external stimulus such as heat to recover.

Many types of SMAs have been developed to date,
including Ni-Ti-based (Ref 1-3), Cu-Mn-Al-based (Ref 4-6),
and Fe-based SMAs (Fe-SMAs) (Ref 7-9), among which Ni-Ti-
based SMAs have been the subject of most studies and have
found industrial application due to their excellent SME and PE
behavior. However, the extremely high raw material cost and
low machinability caused by their crystal structure limit their
applicability. Conversely, despite their relatively low SME
compared with that of Ni-Ti-based SMAs, Fe-Mn-Si-based Fe-
SMAs have significantly lower production costs and higher
machinability (Ref 7, 10), which render them suitable for large-
scale industrial applications such as civil and structural
engineering.

For instance, Lee et al. demonstrated that an Fe-17Mn-5Si-
10Cr-4Ni-(V, C) alloy showed high recovery stress during
shape recovery when subjected to precipitation hardening (Ref
11). Izadi et al. used the same type of alloy as a pre-stressing
strengthening unit in concrete structures (Ref 12). In addition,
Kajiwara et al. reported that second-phase precipitation could
also contribute to achieve good SME via the formation of
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stacking faults in the vicinity of the matrix–precipitate interface
without any training process, i.e., repetitive deformation at
ambient temperature and heating above Af temperature, to form
high stacking fault density (Ref 13).

Fe-SMAs could also find application as a bias component of
linear actuators. Unlike civil engineering applications, which
focus on recovery stress rather than SME, linear actuator
applications require both high recovery stress and SME. To
achieve high recovery stress and an appropriate SME, high
yield strength is essential (Ref 14). In this regard, Kim et al.
reported that a hot-rolled Fe-17Mn-5Si-5Cr-4Ni-0.2Ti-0.1C
alloy exhibited a high SME of 3.21% under a pre-strain of
5.26% and a high 0.2% proof yield stress of 443 MPa (Ref 15).
They also investigated the effect of the heat treatment
temperature on the shape memory properties, finding that the
SME increased slightly upon increasing the heat treatment
temperature up to 600 �C and then dropped sharply when
heating above 800 �C. Although the SME was increased at
relatively low heat treatment temperature, the SME of an as-
rolled sample not subjected to heat treatment was comparable
to the highest SME achieved upon heat treatment. The authors
claimed that the high SME in the as-rolled sample might be
ascribed to the training effect and the formation of TiC
precipitates during the repeated hot-rolling process. Therefore,
the contribution of the TiC precipitation could not be indepen-
dently confirmed. In this context, a solution-treated Fe-17Mn-
5Si-5Cr-4Ni-0.2Ti-0.1C alloy was prepared to investigate the
effect of the aging conditions on the microstructure and shape
memory properties. Although Stanford et al. previously
reported the effect of heat treatment on the shape memory
properties of a TiC-containing SMA, further work is still
required to unveil the property–microstructure relationship (Ref
16).

In this study, solution-treated Fe-SMA samples with a
composition of Fe-17Mn-5Si-5Cr-4Ni-0.2Ti-0.1C (hereinafter
referred to as Fe-SMA unless otherwise stated) were aged at
different temperatures and times to investigate the microstruc-
tural changes in terms of phase fraction and precipitation
behavior as a function of the heat treatment conditions. The
findings revealed the influence of each factor on the SME and
mechanical properties. In addition, a revised back-stress
mechanism generated by precipitates is proposed.

2. Experimental Details

The chemical composition of Fe-SMA provided by manu-
facturer (Hankook Vacuum Metallurgy Co., Ltd., Republic of
Korea) is listed in Table 1. First, Fe-SMA was melted in an
induction melting pot under vacuum, and approximately 50 kg
of the melt was cast into a cylinder-shaped graphite crucible.
After casting, the ingot was homogenized via heat treatment at
1250 �C for 6.0 h. After the homogenization treatment, the

alloy ingot was forged to a thickness of 80 mm and step-wisely
hot-rolled at 1000 �C until the thickness of the alloy became
5 mm (15 passes). The hot-rolled plates were solution-treated at
1100 �C for 2 h to obtain solution-treated samples (hereinafter
referred to as AST). To characterize the effect of the aging
temperature following solution treatment, the AST samples
were heat-treated at 500, 600, 700, 800, and 900 �C for 30 min
and air-cooled, affording aged samples 500HT, 600HT, 700HT,
800HT, and 900HT, respectively. To investigate the effect of
the aging time, the AST samples were heat-treated at 500, 600,
and 700 �C at various times (Table 2). To avoid oxidation, all
the samples were wrapped in stainless steel foil during the heat
treatment.

A differential scanning calorimetry (DSC, DSC 8000,
PerkinElmer, US) analysis was conducted to confirm the phase
transformation temperature in a temperature range of � 70 to
350 �C at a heating and cooling rate of 5 �C/min. The peak
martensite transformation (Mp) and austenite transformation
temperature (Ap) were determined by tangent method as
presented in Fig. 1. Microstructural characterization of the Fe-
SMA samples was performed using an optical microscope
(Eclipse E200, Nikon, Japan) and a scanning electron micro-
scope (SEM, JSM-7200F, JEOL Inc., JAPAN). Electron
backscatter diffraction (EBSD, Nordlysnano, Oxford Instru-
ment, UK) was used for further phase characterization with a
step size of 0.4 lm. The samples for the microstructural
analyses were mechanically ground using SiC papers and
subsequently polished with alumina and 0.04 lm silica col-
loidal suspensions. The samples were color-etched using a
0.5% NH4HF2 and 1.2% K2S2O5 (wt.) solution in distilled
water.

Thermo-Calc software (Thermo-Calc AB, Stockholm, Swe-
den) was used to model the equilibrium phase diagram and
associated phase fractions.

The shape recovery performance of Fe-SMA was investi-
gated by conducting a strip bending and recovery test. To
evaluate the SME via bending and heating tests, strips with
dimensions of 100 (l) 9 3 (w) 9 0.8 (t) mm3 were cut from
blocks using electric discharge machining. For the bending test,
the specimen was bent around a mold with a radius of 7.6 mm
at 27 �C to be subjected to a bending pre-strain of � 5.26%.
Details on the bending and recovery test procedures can be
found in our previous study (Ref 17). A transmission electron
microscopy (TEM) analysis was performed on the microstruc-
tures of the samples aged at 600 �C for 3.0 and 6.0 h using a
Titan Themiz Z Thermofisher, USA microscope with an
accelerated voltage of 200 kV. For the TEM analysis, thin
foils were prepared using the focused ion beam (FIB) lift-out
technique with a FIB, Helios G4 UC, Thermofisher, USA.

Table 1 Chemical composition of Fe-SMA

Element Fe Mn Si Cr Ni Ti C

Target, wt.% Bal. 17.00 5.00 5.00 4.00 0.20 0.10
Actual, wt.% Bal. 15.78 5.02 4.68 3.73 0.22 0.09

Table 2 Heat treatment condition to investigate the effect
of aging time

Temperature, �C
Time, h

500 2.0 4.0
6.0 8.0

600 1.5 3.0
4.5 6.0

700 1.0 2.0
3.0
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Tensile stress–strain curves of the samples were obtained
according to the KS-B801 standard (Ref 18) using a flat-type
dog-bone-shaped specimen with a gauge length of 13.2 mm, a
width of 2 mm, and a thickness of 2 mm. Tensile tests were
performed using a universal testing machine (RB 301
UNITECH-T, R&B Inc., Daejeon, Republic of Korea) with a
constant loading rate of 1 mm/min. Strain gauges were attached
to the specimens for elongation measurements.

3. Result and Discussion

3.1 Effect of Aging Temperature at a Fixed Time

Figure 2 shows representative optical microscope images of
AST and samples aged at different temperatures for 0.5 h. For
the optical microscopic analysis, the samples were etched using
a color-etching solution, resulting in e-martensite (hexagonal
close-packed) and c-austenite (face-centered cubic) phases
appearing in white and brown colors, respectively. All samples
showed large polygonal grains, implying that they were fully
recrystallized and grown, and annealing twins (black dashed
lines in Fig. 2). Annealing twins are commonly observed in
solution-treated face-centered cubic metals and alloys having
low stacking fault energy (Ref 19, 20). All sample showed
extremely high fraction of e phase with small fraction of c
phase. However, because the resolution of Fig. 2 is not enough
to estimate the phase fractions of c and e, an EBSD phase
analysis was conducted to quantify each phase fractions.

Figure 3 shows the EBSD phase maps of the solution-treated
and aged samples. The quantitative values of the phase
fractions are summarized in Table 3. Although the phase maps
are not completely representative owing to the relatively high

magnification, Fig. 3 and Table 3 show clear increasing and
decreasing trends in each phase. The AST sample showed an
extremely high e phase fraction of 96.91%, which was
dramatically reduced upon heat treatment to 500�C and
600�C, whereas the c phase fraction increased. However, upon
further increasing the aging temperature, the change in the
phase fractions followed the opposite trend.

First, the exceptionally high e phase fraction in AST could
be ascribed to thermal contraction during water quenching
following solution treatment at 1100 �C. Stanford et al.
reported the formation of stress-induced e-martensite via not
only isothermal deformation but also compressive contraction
stress during cooling (Ref 21). This thermal contraction stress
during cooling increases with the heat treatment temperature. In
addition, the aged samples were cooled in air, whereas AST
was subjected to water cooling, which could induce larger
contraction stress due to a more rapid cooling rate, resulting in a
more pronounced shear-induced phase transformation, i.e., c-
to-e martensitic transformation. Meanwhile, the Mp tempera-
ture of AST (Table 4) was much higher than that of a similar
alloy having a composition of Fe-17Mn-5Si-10Cr-(V, C)
(�75�C), indicating that the alloy of the present study
undergoes much more easily the martensitic transformation
(Ref 22). In addition, the Ms (martenstie transformation
starting) temperature for e-martensite (Mes) of AST sample
calculated by following empirical equation (Ref 23):

Mes Kð Þ ¼ 576� 489 wt:%Cð Þ � 9:1 wt:%Mnð Þ � 17:6 wt:%Nið Þ
� 9:2 wt:%Crð Þ þ 21:3 wt:%Alð Þ þ 4:1 wt:%Sið Þ � 19:4 wt:%Moð Þ
� 1 wt:%Coð Þ � 41:3 wt:%Cuð Þ � 50 wt:%Nbð Þ
� 86 wt:%Tið Þ � 4 wt:%Vð Þ � 13 wt:%Wð Þ;

ðEq 1Þ

Fig. 1 Typical DSC curve and �tangent method� to determine peak transformation temperatures
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was 13.2 �C. This higher Ms temperature can be explained
in terms of its different chemical composition. The present
alloy has lower Cr and C content, which is known to decrease
the Ms temperature, resulting in reduced stability of the c phase
during cooling to room temperature (Ref 24, 25). As a result,
the exceptionally high fraction of the e phase in AST can be

attributed to the combined effect of large thermal contraction
stress caused by the rapid cooling rate and reduced thermal
stability. Even though the possible reasons for the high fraction
of e phase are listed above, both measured Mp and calculated
Ms temperatures were lower than room temperature, making
that the above reasons are not enough. However, because

Fig. 2 Optical microscope images at low magnification (9100) of (a) solution-treated sample (AST) and samples aged at (b) 500 �C (500HT),
(c) 600 �C (600HT), (d) 700 �C (700HT), (e) 800 �C (800HT), and (f) 900 �C (900HT). The black dashed lines indicate an annealing twin

Fig. 3 EBSD phase maps of (a) solution-treated sample (AST) and (b)-(f) aged samples (500HT-900HT). The e and c phases are shown as
yellow and blue colors, respectively (Color figure online)
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investigation of the origin of the extremely high e fraction in
AST sample is beyond the aim of this work, we remained it for
future works.

Second, the respective increase and decrease in the fraction
of c and e phases upon increasing the aging temperature to
600 �C can be explained by the thermal stability of each phase.
As shown in Table 4, the Ap temperatures of all samples were
much lower than the aging temperatures, implying that the
reverse e-to-c phase transformation occurred during aging
treatment. Conversely, the fraction of the e phase increased
again at higher aging temperatures. Kim et al. reported an
increase in the e phase fraction with increasing the heat
treatment temperature, which stemmed from c-austenite grain
growth (Ref 15). Sahu et al. also reported that grain growth of
the c phase lowered its thermal stability (Ref 26, 27). However,
in our case, the aging temperatures were much lower than the
solution treatment temperature, which would hinder further
grain growth. Instead, a larger thermal contraction stress during
cooling compared with the case of lower aging temperatures
might lead to the observed increase in the e phase fraction.

Table 4 shows that the Mp temperature increased gradually
with increasing the aging temperature above 700 �C, which
might be attributed to a compositional change in the c matrix as
precipitation progressed. Fig. 4 shows magnified SEM images
of AST and samples aged at increased temperatures for 0.5 h.
No clear precipitates were observed in the images of AST,
500HT, and 600HT, suggesting that precipitation either did not
occur at below 600 �C due to low diffusivity of the solute
atoms or afforded too fine particles to be observed via SEM
(Ref 28). Meanwhile, dispersed precipitates were observed
when the aging temperature was higher than 600 �C. The
thermodynamic simulation in Fig. 5 indicates that TiC, M23C6,
and M7C3 carbides are potential precipitates. The M7C3 carbide
can be disregarded because it only exists within a small
temperature range of 720-760 �C and has an exceedingly low
phase fraction of less than 0.2%. The M23C6 carbide, which is
often Cr23C6, is known to be more likely to be seen on grain
boundaries, according to publications concerning similar alloys
(Ref 29). Additionally, the formation of Cr23C6 is greatly
reduced by the presence of Ti (Ref 30). As a result, TiC
precipitates may be present. Our previous study that described
shape memory properties and microstructure of the same alloy
also confirmed that the TiC can be precipitated in this alloy
system (Ref 15). The precipitation became more pronounced

with increasing the aging temperature. According to the
literature, carbide-forming elements such as Ti, V, or Nb do
not solely form carbides like TiC, VC, or NbC, respectively.
Cautaerts et al. found a relatively higher Cr content in carbides
than in the matrix, as well as abundant Ti and C (Ref 31).
Hence, it can be concluded that the increased precipitation of
carbides consumed more Cr and C, resulting in increases in the
Mp temperature and e phase fraction in 800HT and 900HT.

Figure 6 shows the shape memory properties of the prepared
Fe-SMA samples. The white, red, and green columns represent
epse, erec, and etot, respectively. Here, epre, epse, erec, and etot are
pre-deformation strain, pseudo-elastic strain, shape recovery
strain after heating and total recovery strain resulting from a
summation of the epse and erec, respectively. The sample aged at
500 �C for 0.5 h showed lower epse than AST. Upon further
increasing the aging temperature, the epse value increased
slightly. Meanwhile, erec and etot initially increased and then
decreased upon increasing the aging temperature, resembling
the trend of the c phase fraction. The variation of etot highly
depended on erec because epse was much lower than erec,
indicating that the SME is more pronounced than PE in this
kind of Fe-SMAs. Therefore, this study mainly focused on the
effect of the aging conditions on the SME.

The change in the SME can be explained by considering the
change in the phase fractions. The increase in erec for 500HT
and 600HT was associated with an increase in the c phase
fraction. Because the origin of the SME is the reversible phase
transformation between the stress-induced e phase and the
parent c phase, the amount of transformable parent phase is
decreased when there is a high fraction of the e phase before
deformation. Additionally, a substantial quantity of pre-existing
e phase is anticipated to form a� phase (body-centered cubic or
tetragonal) during collision with stress-induced martensite,
resulting in an irrecoverable strain component. In fact, the
change in the SME and the c phase fraction followed the same
trend. This can also explain the decrease in erec at higher aging
temperatures resulting in a higher fraction of the e phase.
Therefore, the initial increase in the SME at low aging
temperatures of 500�C and 600�C was highly affected by the
increase in the c phase fraction.

Although the phase fraction of 800HTwas just 2.47% lower
than that of 700HT, the erec of 800HT decreased to 2.33% from
the value of 2.87% for 700HT. This decrease in erec was nearly
identical to that observed for 600HT and 700HT. Considering

Table 4 Phase transformation temperatures obtained via DSC analysis

Sample AST 500HT 600HT 700HT 800HT 900HT

Mp, �C � 11.65 � 20 � 10 � 11 3.61 7.37
Ap, �C 160.5 148.49 158.69 156.05 155.13 158.43

Table 3 Phase fractions obtained via EBSD phase analysis

Sample
AST 500HT 600HT 700HT 800HT 900HT

Phase fraction, % c 9.94 51.86 53.78 32.68 30.21 21.72
e 86.91 47.48 45.32 66.24 68.59 77.09
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the large difference in the c phase fraction between 600HT and
700HT, there should be another factor affecting the SME. As
shown in Table 4, the Mp temperature began to increase at an
aging temperature of 800�C. Since the Mp temperature is
highly affected by the chemical composition, a pronounced
compositional change can be expected in this case. As
aforementioned, the more pronounced precipitation in 800HT

compared with 700HT might consume more Cr, resulting in
depletion of the Cr content in c matrix. According to Guerrero
et al., the addition of Cr has a positive effect on the SME
because it decreases the volume change during the transfor-
mation between c and e phases (Ref 25). In this case, the
decrease in Cr content in the c matrix could reduce the
reversibility of the transformation between c and e phases.

Fig. 4 SEM images of a solution-treated sample (AST) and samples aged at different temperatures for 0.5 h. (a) AST, (b) 500HT, (c) 600HT,
(d) 700HT, (e) 800HT, and (f) 900HT

Fig. 5 (a) Equilibrium phase diagram for Fe-17Mn-5Si-5Cr-4Ni-0.2Ti-xC (wt. %) (b) Equilibrium phase fraction of Fe-17Mn-5Si-5Cr-4Ni-
0.2Ti-0.1C as a function of temperature with an inset showing the phase fraction of carbides. Both were calculated by Thermo-calc software
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Although more pronounced precipitation was confirmed at
higher aging temperatures, the effect of precipitation could not
be independently evaluated because it was accompanied by a
large change in the phase fraction and chemical composition.
To gain more insight into the effect of precipitation, solution-
treated samples were aged at the same temperature for various
times.

4. Effect of Aging Time at the Same Temperature

Figure 7 shows SME (erec) of the AST and samples aged at
three different temperatures for various times. As the aging time
increased, the SME initially increased up to a peak value and
then decreased for all aging temperatures. The highest and
lowest peak values were obtained by aging at 600 �C and

Fig. 6 Shape memory properties of a series of Fe-based shape memory alloys (AST: solution-treated sample; 500HT, 600HT, 700HT, 800HT,
and 900HT: samples aged at different temperatures)

Fig. 7 SME (erec) of the Fe-SMA samples aged at three aging temperatures for various times
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700 �C, respectively. The SME change trend at the times
corresponding to peak values was the same with that of the
samples aged for a fixed time (0.5 h), which might be due to the
difference in c and e phase fractions. Leaving the SME change
as a function of the aging temperature aside, the SME trend of
initially increasing and then decreasing indicates the occurrence
of important microstructural changes during the aging treatment
for different times. To reveal the effect of the aging time, a set
of samples aged at 600 �C for four different times, i.e., 1.5, 3.0,
4.5, and 6.0 h, were investigated.

The EBSD phase maps of the samples aged at 600 �C for
different times are presented in Fig. 8, and the corresponding
phase fractions are summarized in Table 5. Although the c
phase fraction decreased slightly and that of e increased as the
aging time became longer, these changes were less pronounced
compared with those observed when varying the aging
temperature. The Mp and Ap temperatures presented in Table 6
also show no significant differences as a function of the aging
time, indicating that compositional changes were limited during
aging.

High-magnification SEM images of the samples aged at
600 �C for various lengths of time are shown in Fig. 9.

Fig. 8 EBSD phase maps of samples aged at 600 �C for (a) 1.5 h, (b) 3.0 h, (c) 4.5 h, and (d) 6.0 h

Table 5 Phase fraction of samples aged at 600 �C for
different times obtained via EBSD phase analysis

Aging time, h
1.5 3.0 4.5 6.0

Phase fraction, % c 50.86 47.02 45.26 44.78
e 48.37 51.76 53.80 54.21

Table 6 Phase transformation temperatures of samples
aged at 600 �C for different times obtained via DSC
analysis

Aging time, h 1.5 3.0 4.5 6.0

Mp, �C � 16.44 � 9.43 � 12.42 � 6.73
Ap, �C 158.69 155.11 152.99 151.37
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Although small white spots that may represent TiC precipitates
resembling Fig. 3 can be detected in Fig. 8 (c) and (d),
precipitates were hardly discernible in Fig. 8. However, Fig. 10
(b) and (d) shows that tensile strength gradually increased with
aging time, indicating that more precipitation strengthening
occurred throughout aging treatment. In addition, more con-
spicuous white dots in Fig. 9(d) indicate the growth of
precipitates. This might be ascribed to a diffusion process.
Upon increasing the aging time, more carbide-forming ele-
ments diffuse, promoting the growth of precipitates. The
growth of precipitates as the aging time increases has been
reported for many types of alloys (Ref 32, 33).

5. Mechanical Properties

Figure 10 shows the mechanical properties of aged Fe-SMA
samples, and Table 7 summarizes the quantitative values. The
AST sample exhibited the highest 0.2% proof stress and the
lowest fracture elongation and tensile stress. The poor mechan-
ical property of the AST sample could be attributed to the
extremely high fraction of the e phase having only a few slip
systems. Furthermore, a low c phase fraction led to a decrease
in the potential transformation-induced plasticity, resulting in
poor strength, and fracture elongation. When the Fe-SMA

samples were aged at elevated temperatures for a fixed time, the
0.2% proof stress decreased with increasing the tensile stress by
heating at 700 �C, as shown in Fig. 10 (a, c). Because the onset
of the transition from the elastic to plastic regime has been
considered as the onset of martensitic transformation for this
type of alloys with low stacking fault energy, the decrease in the
0.2% proof stress indicates that stress-induced martensitic
transformation can occur at lower stress values, i.e., the phase
transformation from c to e proceeds more easily (14).

Furthermore, the increase in tensile stress can be attributed
to precipitation hardening. These can support the fact that
precipitation hardening with much finer precipitates may occur
even at relatively lower temperature, 500 and 600 �C even
though the precipitates are not observed in Fig. 4 (b) and (c),
and it also explains the slight increase of erec in 600HT
compared to 500HT. The decrease and increase in 0.2% proof
and tensile stress in 600HT compared to 500HT are evidence of
more pronounced precipitation behavior.

When the aging temperature was 800 �C, the 0.2% proof
stress suddenly increased most likely due to the difference in
the size of the precipitates Stacking faults cut through the
precipitates when the size of the precipitates is extremely fine
(Ref 34). At aging temperatures below 800 �C, the precipitates
might not be sufficiently large to prevent the movement of
dislocations, indicating that the Orowan by-passing mechanism
does not operate effectively in the early stage of deformation.

Fig. 9 High-magnification SEM images of samples aged at 600 �C for (a) 1.5 h, (b) 3.0 h, (c) 4.5 h, and (d) 6.0 h
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As a result, the effect of the easy martensitic transformation is
more predominant than the strengthening effect, resulting in a
lowering of the 0.2% proof stress. In contrast, if precipitates
formed during aging at 800 �C for 0.5 h are sufficiently large to
inhibit the cutting through of stacking faults, the movement of
partial dislocations could be effectively disturbed by the
Orowan by-passing mechanism in the early stage of deforma-
tion. This increase in the 0.2% proof stress for 800HT could be
also related to its lower SME compared with that of 700HT,

although both samples have similar e and c phases fractions. As
discussed above, a high 0.2% proof stress is indicative of a
difficult martensite transformation. The significantly increased
fracture elongation of 800HT, meantime, remained unclear.
This exceptionality was not determined to be an experimental
error thanks to the repeated test. The deformation process and
interactions of the dislocation with carbides or grain boundaries
are responsible for the change in strength and ductility.
However, further investigation of such behavior should be

Fig. 10 (a), (b) Typical engineering stress–strain curves and (c), (d) changes in 0.2% proof stress and tensile stress of a solution-treated sample
(AST) and Fe-based shape memory alloy samples (500HT–900HT) (a), (c) aged at various temperatures for 0.5 h and (b) aged at 600 �C for
various times, respectively

Table 7 Mechanical properties of aged Fe-SMA samples

Heat treatment condition 0.2% proof yield strength, MPa Tensile strength, MPa

No aging (AST) 159 561
500 �C, 0.5 h (500HT) 155 606
600 �C
0.5 h (600HT)
3.0 h
6.0 h

145 655
125 708
107 731

700 �C (700HT) 125 686
800 �C (800HT) 158 796
900 �C (900HT) 125 669
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required using more in-depth analysis. Therefore, a further
study will be conducted to learn more about the uncommon
behavior. However Upon further increasing the aging temper-
ature, both 0.2% proof and tensile stress for 900HT decreased
again. This could be due to the TiC precipitates formed during
aging at 900 �C for 0.5 h being large enough to lose coherency
with the matrix, resulting in a less effective interruption of the
movement of dislocations despite the highest e phase fraction
among the heat-treated samples (Ref 35). Because the 0.2%
proof stress is strongly related to the onset of phase transfor-
mation from c to e phase, the low 0.2 % proof stress of 900HT,
in spite of the highest e phase fraction, can be attributed to the
weakened c phase.

Figure 10 (b) and (d) show the mechanical properties of the
Fe-SMA samples aged at 600 �C for various times. In this case,
the 0.2% proof and tensile stress were monotonically decreased
and increased, respectively, similar to Fig. 10 (a) and (c), which
means that the martensitic transformation occurs more easily in
the early stage of deformation and precipitation hardening,
respectively. However, although the 0.2% proof stress was
monotonically decreased when the aging temperature was
increased up to 700 �C for 0.5 h and the aging time was
prolonged up to 6.0 h at 600 �C, the SME showed peak values
in both cases. This indicates that the size and distribution of
precipitates do not affect equally the SME and the mechanical
properties. Furthermore, this is inconsistent with the general
idea that an easier martensitic transformation, i.e., lower proof
stress, induced by precipitation can enhance the SME. Espe-
cially, because the samples aged at the same temperature for
different times have similar phase composition, there should be
another factor affecting the SME.

6. Discussion

According to Kajiwara et al., NbC precipitates can be not
only potential nucleation sites for stress-induced martensite but
also obstacles for martensite growth, causing back stress acting
on the approaching martensite tip due to an elastic field
generated by coherent lattice misfit (Ref 13). In addition, the
back stress promotes reverse motion of Shockley partial
dislocations during heating, i.e., reverse phase transformation
from e to c, resulting in a remarkable improvement of SME
without training. Lai et al. also reported an improved SME
induced by the precipitation of VC (Ref 34). However, they
claimed that single-variant and extremely thin martensite plates
were responsible for the improved SME rather than back stress
because the precipitates were cut through by Shockley partial
dislocations. In the present study, both samples aged at 600 �C
for 3.0 and 6.0 h had extremely thin e plates with a few nm as
presented in Fig. 10. Hence, the thickness of the e plates is not
sufficient to explain the difference in SME. Otherwise, the
lower density of stacking faults in the sample aged at 600 �C
for 6.0 h could be a possible reason for the lower SME due to
the fact that the high density of pre-existed stacking faults
promotes c to e phase transformation. However, the lowest 0.2
% proof stress implies taking place the phase transformation at
a low-stress level, that is, easy transformation. Consequently, it
could be concluded that the relatively lower staking fault
density was also not a critical factor for the lower SME.

On the other hand, although it was difficult to directly
confirm the presence of TiC precipitates in the former, the

results of mechanical testing indirectly indicate precipitation
behavior and it can be expected that the more fine precipitates
were distributed. Assuming that the back stress was still
effective despite the Shockley partial dislocations or e plates
cutting through the precipitate, the back stress generated by
more densely distributed precipitates could act more effectively
on the stress-induced e phase compared with that generated by
less dense precipitates. In the sample aged at 600 �C for 3.0 h,
coherent TiC precipitates of a few nm size are visible in Fig. 11
and are being cut through by the e phase. Despite the heavily
faulted structure in Fig. 12 (a) results in poor image quality, the
accompanying Fast Fourier Transformation image in Fig. 12 (b)
shows the presence of coherent precipitates. The inverse fast
Fourier transformation (IFFT) image in Fig. 12 (c) using the
spots corresponding to precipitates also shows the presence of
precipitates. In this case, the concept of back stress proposed by
Kajiwara et al. could be revised into a pulling stress acting on
the Shockley partial dislocation or e plates cutting through the
precipitates rather than a pushing stress against the approaching
martensite tip. The revised mechanism for the improved SME is
schematically illustrated in Fig. 13.

During stage I, where more TiC with nm size precipitates as
a function of the aging time, more back stress can be generated
by densely distributed precipitates. As a consequence, the
integrated back stress generated by precipitates on the same e
plates cutting through them can more effectively pull the e plate
tip, improving the SME. Meanwhile, the precipitates agglom-
erate during stage II, resulting in sparsely distributed coarse
precipitates. Since the less densely distributed TiC particles
limit the number of sites for the generation of back stress, the
integrated pulling force acting on the e plate tip is weakened. It
is worth emphasizing at this point the importance of the back
stress acting on the stacking faults or e phases that cut through
the precipitates. Although larger precipitates can facilitate
martensitic phase transformation by lowering the 0.2% proof
stress, the reduced back stress due to a greater mean distance
between precipitates could not effectively induce the back-
transformation from e to c.

7. Conclusions

In this study, the effect of the aging conditions on the
microstructure, mechanical properties, and shape memory
behavior of a solution-treated Fe-17Mn-5Si-5Cr-5Ni-0.2Ti-
0.1C alloy was investigated. The findings revealed that the
initial e phase fraction and the TiC precipitation behavior
resulting from the aging treatment highly affected both the
shape memory and the mechanical properties. The main results
can be summarized as follows:

1) Solution-treated Fe-SMA showed the poorest shape
memory and mechanical properties due to an extremely
high e phase fraction (86.91 %).

2) As the aging temperature gradually increased up to
600 �C at a fixed time (0.5 h), the SME increased. The
improvement of the SME might be due to decreased pre-
existed e phase fraction (45.32 %). However, further
increasing the aging temperature caused a decrease in the
SME due to an increase in the e phase fraction up to
77.09 %. The changing trend of SME was the same as
that of the phase fraction.
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3) Upon gradually increasing the aging time up to 3.0 h at
a fixed temperature (600 �C), the SME increased,
whereas it decreased with further prolonging the aging
time. This behavior can be ascribed to changes in TiC
precipitates behavior. SEM analysis revealed growth of
the precipitates in the sample aged for 6.0 h, but there
was no evidence of precipitation in the sample aged for
3.0 h. However, the decreased 0.2 % proof stress and in-
creased tensile strength proved the occurrence of precipi-
tation, which is expected to have much finer particles
during the aging for 3.0 h. The finer precipitates could
apply higher integrated pulling force on stacking faults

and e phase cutting through the precipitates than larger
and sparser precipitates.

4) Except for 800HT and 900HT, the 0.2% proof stress and
tensile stress monotonically decreased and increased,
respectively, upon increasing the aging temperature at a
fixed time and upon increasing the aging time at a fixed
temperature. The increasing behavior in the tensile stress
stems from precipitation hardening. In contrast, the con-
tinuous decrease in the 0.2% proof yield stress is indica-
tive of an easier martensitic phase transformation, and
the SME showed peak values during the increase in
aging temperature and time. This indicates that there was

Fig. 11 TEM bright-field images and corresponding selected area diffraction patterns of the samples aged at 600 �C for 3 h and 6 h. (a), (b)
3 h, and (c), (d) 6 h
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a critical precipitate size to generate the maximum back
stress resulting in maximum SME even though the onset
of martensitic transformation was continuously lowered.

5) Therefore, to obtain high SME in this kind of precipita-
tion hardenable Fe-SMAs, finding the critical precipitate
size that affords the maximum SME is as important as
lowering the onset stress for martensitic phase transfor-
mation and the initial e phase fraction.

Although a revised mechanism was proposed and the effect
of aging conditions on shape memory and mechanical prop-
erties was investigated in this study, direct observations of
change in the size of the precipitates over time and interactions
between propagating martensite tip and precipitates are
required to demonstrate the proposed mechanism and quanti-
tative relationship between precipitation behavior and material

properties. The current authors will conduct the above inves-
tigations in more detail in the near future.
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