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The iron-based shape memory alloys have found applications in the pharma-
ceutical and aerospace industries for their light weight and excellent shape
memory effects. The shape memory effects and corrosion properties are signif-
icantly influenced by additives and heat treatments. Vacuum arc remelting was
employed to prepare Fe-10Mn-6Si-4Ni-7Cr-0.3C-mTi/nNb (m = 0.1, 0.3, 0.5,
0.7, n = 0.05, 0.1, 0.3, 0.5) shape memory alloys. The samples were hot-rolled at
1100�C and solution heat-treated at 1150�C for 1 h. The shape memory effect,
microstructure, and corrosion performance of Fe-10Mn-6Si-4Ni-7Cr-0.3C-mTi/
nNb were analyzed at higher aging temperatures. The microstructural inves-
tigations indicate that large amounts of TiC, NbC, Cr23C6, and Cr7C3 phases are
precipitated when aged at 800�C, leading to improvement of the shape memory
effect of the alloys. The shape recovery ratio reaches 89.9%, 89.5%, 91.1%, and
74.4% for the alloys with 0.1 Ti, 0.3 Ti, 0.5 Ti, and 0.7Ti additions, respectively,
at 800�C aging temperature under 3% bending strain. The aging at 500�C in-
creased the shape memory effect by 20–30%, while further aging at 700�C only
improved it by a further 10–20%. The shape recovery ratio of alloys with 0.05 Nb
and 0.1 Nb reached a maximum of 88.6% and 88.4%, respectively, when aged at
900�C, while, when aged at 800�C, 0.3 Nb and 0.5 Nb reached 83.7%, and 82.9%,
respectively. The shape recovery ratio of the alloys with Nb was increased by
about 5–30% compared to that with no Nb. The addition of Ti/nNb and aging at
higher temperatures improved the corrosion resistance in 3.5-wt.% NaCl solu-
tion owing to the formation of Ti/Nb carbide more easily than Cr carbide, leaving
a higher content of Cr in the matrix of the alloys.

INTRODUCTION

Significant importance is given to functional and
structural materials with development in science
and technology.1,2 Shape memory alloys (SMAs) are
considered as functional materials for shape recov-
ery applications.3,4 The most commonly used SMAs
are Ni-Ti-based, Fe-based, and Cu-based for their

better corrosion resistance, good plasticity, and
relatively low cost.5,6 Fe-based shape memory alloys
are relatively less expensive and have higher
strength.7 There are several iron-based SMAs,
including FeNiCoTi, FeNiC, FePd, FePt, and
FeMnSi.8 FeMnSi-based SMAs are improved from
the FeMn alloy, and the shape memory mechanism
is mainly produced by the mutual conversion of c
austenite and e martensite.9 If both e martensite
and a¢ martensite exist in the alloy, a¢ martensite
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will hinder the reverse phase transformation of e
martensite fi c austenite and the shape memory
effect is reduced.10

The shape memory effect of the SMAs can be
controlled by changing the composition to meet the
requirement of the application. FeMnSi-based
SMAs are being developed, and the Ms temperature
can be reduced to room temperature by additives
and heat treatments while maintaining the excel-
lent shape memory effect.11 The Ms and Af temper-
atures of the SMAs increase with the increase in the
number of cycles, and the shape memory effect will
be greatly reduce.12 Rare-earth elements (Ti, V, Nb,
and Mn) are added to improve the thermal stability
of Fe-SMAs.13–15 Although the addition of rare-
earth elements improves the thermal stability, Fe-
based SMAs still have shortcomings, such as grain
boundary brittleness and the poor fatigue charac-
teristics of polycrystalline alloys, resulting in lim-
ited applications.3,16–18

FeMnSi-based SMAs have been developed with the
best composition of Fe-10Mn-6Si-4Ni-7Cr-0.3C and
aged heat-treated at the different higher tempera-
tures. Fe-10Mn-6Si-4Ni-7Cr-0.3C presented the
excellent shape recovery ratio of 85% at 800�C. The
shape recovery ratio of the Fe-10Mn-6Si-4Ni-7Cr-
0.3C alloy can be further improved by adding rare-
earth metals such Ti and Nb to increase their Ms
temperature and Neel temperature (Tn).19,20 The Tn
temperature indicates the magnetism and is defined
as the transition temperature from paramagnetic to
diamagnetism. The diamagnetism is more likely to
produce an ordered structure to stabilize the matrix
structure, making the alloy less easy to trans-
form.21,22 The addition of Cr, Ti, Nb, and Ni to the
alloy can also reduce the Tn temperature, strengthen
the c parent phase, and reduce the stress required to
induce emartensite.23 The heat treatment and severe
plastic deformation improve the shape memory effect
by grain refinement and emartensite repositioning.24

The nucleation position of e martensite can be
increased to enhance the amount of phase transfor-
mation of c fi e to obtain the shape.14

FeMnSi-based SMAs were investigated, and Fe-
10Mn-6Si-4Ni-7Cr-0.3C was observed to be the best
alloy, having an excellent shape memory effect at
800�C aging temperature. Fe-10Mn-6Si-4Ni-7Cr-
0.3C alloys with different Ti and Nb compositions
were manufactured using vacuum arc melting (VAR)
followed by hot rolling and higher temperature aging.
The microstructure and shape memory effect of the
SMAs were investigated at the higher temperature.
The corrosion resistance performance of the alloy
with the best shape memory effect was analyzed.

EXPERIMENTAL PROCEDURES
AND METHODS

Fe-10Mn-6Si-4Ni-7Cr-0.3C SMAs with different
concentrations of titanium (Ti) and niobium (Nb)
were prepared using the VAR process. The (SMAs

were subsequently hot-rolled at a rolling speed of
0.7 m/min at 1100�C, with a thickness reduction of
0.5 mm after each pass. The hot-rolled samples
were homogenized at 1150�C for 1 h, followed by
water quenching. The quenched samples were then
aged for 1 h at 500–900�C and quenched in water.
Standard metallographic techniques were employed
to prepared specimens for microstructural observa-
tions. The polished samples were etched in 20%
Nital solution. A variable vacuum scanning electron
microscope (Hitachi S3400N) equipped with energy
dispersive spectrometer (EDS) was employed for
microstructural analysis. An X-ray diffractometer
(XRD; Bruker D2) using the characteristic wave-
length k = 1.542 Å, scanning rate of 1.2�/min and
diffraction angle of 2h ranging from 20� to 80� was
employed to analyze the phase composition. The
operating voltage of D2 phaser was set to 30 kV and
the operating current was 10 mA.

An electronic probe microanalyzer (EPMA; JEOL
JXA-8200) was used to observe the distribution of
elements in the alloy and to infer the composition of
the second-phase precipitates. A double-jet elec-
tropolishing machine (EAFischione-120) using the
corrosive liquid, 10% perchloric acid, at the operat-
ing temperature of – 30�C to – 40�C was employed
for electropolishing prior to transmission electron
microscopy (TEM; Tecnai G2) analysis to observe
and analyze the structure and composition of the
material. Bright-field, darkfield, and selection area
electron diffraction (SADP) images were obtained
for analysis.

The shape memory effect of the SMAs was
analyzed using bending tests by measuring the
shape recovery ratio at different temperatures.
Strip specimens with dimensions of 2.0 mm 9 2.0
mm 9 60 mm were used in the bending tests. A
schematic of the bending test is shown in Fig. 1. The
specimens were bent to the appropriate angle of hi

using a special mold and then heated in a high-
temperature furnace to Af (600�C) for 10 min. The
specimen returned to another angle, hf. The shape
recovery rate of the SMAs was determined using:

Fig. 1. Schematic of the bending test.
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RSME %ð Þ ¼ hi�hfð Þ=hi � 100 ð1Þ

The electrochemical corrosion was carried out
using a standard three-electrode potentiostat in
3.5-wt.% NaCl solution. Saturated calomel was used
as the reference electrode, platinum as the counter

electrode, and the sample as the working electrode.
The potentiodynamic current–potential curves
(Tafel curves) were recorded from – 2 V to + 2 V at
the scan rate of 5 mV/min. The open-circuit poten-
tial was recorded after immersion of the electrode in
the solution for 1 h (versus Ag/AgCl). The corrosion

Fig. 2. SEM images of each alloy after solution treatment: (a) 10Mn7Cr 0.1Ti, (b) 10Mn7Cr 0.3Ti, (c) 10Mn7Cr 0.5Ti, (d) 10Mn7Cr 0.7Ti, (e)
10Mn7Cr 0.05Nb, (f) 10Mn7Cr 0.1Nb, (g) 10Mn7Cr 0.3Nb, and (h) 10Mn7Cr 0.5Nb.
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current density and corrosion potential were mea-
sured on the potentiodynamic curves using the
tangent line method.

RESULTS AND DISCUSSION

Microstructural Observations

The SEM images of Fe-10Mn-6Si-4Ni-7Cr-
0.3C-mTi/nNb alloys after solution treatment are
presented in Fig. 2. It can be observed that second-
phase precipitates appear in the alloy with Ti and
Nb. It is inferred that the precipitates are formed at
higher temperatures and had not been dissolved.
The parent c austenite (FCC) phase and e marten-
site (HCP) phase coexist after solid-solution treat-
ment. The results are also consistent with the XRD
data in which e martensite signal peaks appear in
all the samples. The addition of Cr lowers the Ms
temperature and strengthens the parent c austenite
phase. The higher peak intensity in the XRD
diffraction pattern endorses that the Cr addition
strengthens the c austenite phase.

Figure 3 presents the SEM images of Fe-10Mn-
6Si-4Ni-7Cr-0.3C-xTi alloys aged at 800�C. A large
number of precipitates are formed, which leads to
enhancement in the shape memory effects. The
addition of Ti in Fe-10Mn-6Si-4Ni-7Cr-0.3C alloys
has formed TiC phases after aging at 800�C. The
TiC precipitates are irregular granular and the Cr
carbides are rod-like-shaped at lower aging temper-
atures. The higher aging temperature indicates that
all the carbides (Ti carbides and Cr carbides) appear

in granular shapes and coexist. Larger proportions
of Cr carbides appeared, leading to the enhance-
ment of the shape memory effects.9,17 The best
composition alloy, 10Mn7Cr0.5Ti, was selected for
EPMA analysis (Fig. 4) to investigate the distribu-
tion of particles at 800�C. It can be found from Fig. 4
that two kinds of carbides have been observed at the
800�C aging temperature. A large amount of Cr23C6

is precipitated on the grain boundary and Cr7C3 in
the base. The TiC is also present because the
melting point of TiC is higher than the solution
treatment temperature and cannot form a residue
in the alloy. The shape of Cr7C3 tends to be rod-like
and elongated, while the shape of TiC is irregular
granular.

Figure 5 presents the SEM images of Fe-10Mn-
6Si-4Ni-7Cr-0.3C-nNb alloys after 800�C aging heat
treatment. It can be seen that a large amount of
chromium carbide and a small amount of NbC are
precipitated. The second phase of Cr carbides is
Cr23C6, and Cr7C3 is also precipitated. It can also be
seen in Fig. 5 that Cr23C6 and Cr7C3 are rod-
shaped, and that NbC is irregular granular. The
precipitation of Cr is also significantly reduced after
aging at 800�C with the addition of 0.3 Nb and
0.5 Nb. The Cr carbides are significantly decreased
with the increase of Nb contents.25 The excess
addition of Nb and higher-temperature aging will
inhibit the formation of Cr23C6 and Cr7C3. The
EPMA analysis of the 10Mn7Cr0.05Nb alloy after
800�C aging treatment is presented in Fig. 6. Both
Nb and Cr carbides are formed. The Cr carbides are

Fig. 3. SEM images of: (a) 10Mn7Cr 0.1Ti, (b) 10Mn7Cr 0.3Ti, (c) 10Mn7Cr 0.5Ti, and (d) 10Mn7Cr 0.7Ti alloys after aging at 800�C.
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precipitated at the grain boundaries, and Cr23C6

and Cr7C3 are formed at higher temperatures. The
NbC does not dissolve at higher aging temperatures
and has a strong influence on the shape memory
effect.

The XRD patterns of Fe-10Mn-6Si-4Ni-7Cr-0.3C-
mTi alloys aged at 800�C are presented in Fig. 7.
The main peaks are indicated at 42–45�. It can be
visualized that the Cr7C3 (421) and Cr7C3 (112)
peaks are consistent.26 Small peak intensities of
Cr23C6 (422) and a¢ martensite are also present at
higher temperatures. The formation of a¢ martensite
depletes the shape memory effect of the alloy. Both
Cr carbides (Cr23C6 and Cr7C3) are present in the
alloy when aged at 800�C. There is also a weak
signal peak between 35� and 38�, which is found to
be TiC (111). The formation of TiC and Cr carbides
under high-temperature aging improves the shape
memory effect.27

Figure 8 presents the XRD analysis of Fe-10Mn-
6Si-4Ni-7Cr-0.3C-nNb alloys at different tempera-
tures. It can be seen that there are two obvious
signal peaks between 41� and 43� and 44–45�. The
signal peaks present at 45–49�, are consistent with

Cr23C6 (422) and Cr23C6 (511). It can also be seen
that the Cr7C3 (112) signal is significantly weak-
ened at 800�C, indicating that the Cr7C3 in the alloy
is also relatively reduced. The reduction of Cr7C3

will reduce the shape memory effect, while the
precipitation of NbC can improve the shape memory
effect. The NbC peaks are significantly increased at
900�C. If the volume fraction of NbC in the alloy is
less than 15%, the signal will not be easily gener-
ated. Therefore, when the amount of added Nb is
reduced, the NbC signal will be undetectable.22

It has been observed from the XRD and SEM
analyses that Cr7C3 and Cr23C6 phases are formed
at high-temperature aging. The 10Mn7Cr with 0.5
Ti alloy indicated the best shape memory effect and
was selected for TEM observations. The formation
temperature of TiC was 900�C.

In order to further analyze the morphology and
distribution of TiC in the alloy, a TEM brightfield
image of the 10Mn7Cr0.5Ti alloy aged at 900�C is
presented in Fig. 9, from which it can be seen that
the morphology of TiC is irregular and granular, as
described in the SEM images (Fig. 3). The XRD
analysis indicated that the TiC crystal structure is a

Fig. 4. EPMA element mapping of 10Mn7Cr0.5Ti alloy aged at 800�C.
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common cubic FCC structure with a lattice constant
of 0.43 nm. TEM observations confirmed that it has
an FCC structure with a lattice constant of 0.44 nm,
indicating that the second precipitated phase is TiC,
and also proving that it exists after high-tempera-
ture (900�C) aging.21,28 The slight error in the
lattice constant may be caused by: (1) because the
JCPD card data is a standard carbide of Ti and C,
and that the alloy in this study is added with Fe, Cr,
Ti, and other metal elements, and (2) SAPD is
obtained by manually importing the analysis pro-
gram, and there may be some errors in the
interpretation.29

Shape Memory Effect

The shape recovery ratios (RSME) of Fe-10Mn-
6Si-4Ni-7Cr-0.3C-mTi alloys measured at 3% bend-
ing strain is presented in Fig. 10 and summarized in
Table I, from which it can be seen that the RSMEs of
all the alloys increase with the increase in aging
temperature, reaching the maximum at 800�C. The
best RSME for Fe-10Mn-6Si-4Ni-7Cr-0.3C alloys
with 0 Ti, 0.1 Ti, 0.3 Ti, 0.5 Ti, and 0.7 Ti were
85.0%, 89.9%, 89.5%, 91.1%, and 74.4% at 800�C
respectively. The increase in Ti contents improves
the RSME of the alloy and reaches the maximum
(91.1%) with 0.5 Ti addition. The further addition of
Ti will decrease the RSME. The 10Mn7Cr0.5Ti alloy
after aging at 800�C gave the best RSME of 91.1%.
The 0.5 Ti addition has increased by 6.1 % RSME
when compared with the Fe-10Mn-6Si-4Ni-7Cr-

0.3C alloy. A large amount of Cr carbides (Cr23C6,
Cr7C3) are generated inside the alloy when aged at
high temperature (‡ 800�C). These carbides effec-
tively separate the parent phase, readily forming a
single variant of e martensite, which subsequently
facilitates a high ratio of shape recovery.30,31 The Ti
addition also improves the shape memory effect at
lower aging temperatures. The 0.5 Ti has improved
the RSME by 20–30% at 500�C and 600�C aging
temperatures. The recovery ratio can also be
increased by 10–20% when aged at 700�C.8,25,32

It is also indicated from the XRD analysis (Fig. 7)
that the alloy aged at 800�C has a higher proportion
of Cr7C3, while the alloy aged at 900�C has a higher
proportion of Cr23C6. The higher proportion of Cr7C3

has a better shape memory effect.1,17 TiC phase
formation makes a¢ martensite less likely to be
generated and effectively improves the RSME.1 It
can be seen that TiC mostly contributes the increase
in RSME after aging at lower temperatures, but the
improved RSME is limited.33

The shape recover rate of the 10Mn7Cr alloy with
different compositions of Nb are presented in
Fig. 11 and summarized in Table I. The best RSME
(88.6%) was observed in the 10Mn7Cr alloy with
0.005 Nb at 900�C, which is 3.6% higher than the
10Mn7Cr alloy.6,34 It can also be observed from
Fig. 11 that the RSME of the 10Mn7Cr alloy is
increased with the addition of the small amount of
Nb, but the recovery ratio will obviously decrease
when the addition amount is greater than 0.1 wt.%

Fig. 5. SEM images of: (a) 10Mn7Cr 0.05Nb, (b) 10Mn7Cr 0.1Nb, (c) 10Mn7Cr 0.3Nb, and (d) 10Mn7Cr 0.5Nb alloys after aging 800�C.
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Nb.35,36 The RSME of the alloys is increased at
lower aging temperatures of 500–700�C by about 5–
30%, indicating that the addition of Nb at lower
aging temperatures can still improve the
RSME.37,38 The formation of NbC at lower aging
temperatures makes a¢ martensite generation diffi-
cult and increases the RSME. The enhancement in
the RSME of the alloys is contributed to by NbC.39,40

It can be seen from Table I that each alloy has the
best RSME at 800�C or 900�C. The formation of NbC
and the precipitation of Cr23C6 and Cr7C3 is the
main reason for improving the RSME.18 The pre-
cipitation of Cr is also significantly reduced after
aging at 800�C with the addition of 0.3 Nb and
0.5 Nb alloys.41 The addition of too much Nb and
aging at high temperatures will inhibit the forma-
tion of Cr carbides (Cr23C6 and Cr7C3), resulting in a
decrease in the shape memory effect.19

Chemical Corrosion Analysis

The samples with the conditions presenting the
maximum RSME were selected for corrosion anal-
ysis. Only three samples with the composition of

10Mn7Cr, 10Mn7Cr0.5Ti, and 10Mn7Cr0.05Nb
were selected for the chemical corrosion analysis.
The Tafel curves are presented in Fig. 12 and the
electrochemical properties are summarized in
Table II. Higher corrosion resistance is represented
by a higher corrosion potential and lower current
density. The addition of 0.5 Ti in 10Mn7Cr followed
by aging at 800�C has improved the RSME from
85% to 91.1%, and the corrosion potential is
enhanced from – 1.521 V to – 1.242 V.42 This indi-
cates that Ti is an efficient additive and that 800�C
is the effective aging temperature to improve the
RSME and the corrosion resistance. The presence of
Cr contents improves the corrosion resistance more
effectively. Smooth Tafel curves have been observed
(Fig. 12) which indicates the absence of pitting.43–45

The 0.5 Ti addition n the 10Mn7Cr alloys followed
by aging at 800�C leads to the formation and
coexistence of Cr7C3 rod-like elongated Cr7C3 and
irregular granular-shaped TiC (Figs. 3, 4). These
carbides lead to an enhancement in corrosion resis-
tance. Another reason for the corrosion resistance
improvement is the formation of noble and passive

Fig. 6. EPMA element mapping of 10Mn7Cr0.05Nb alloy aged at aged at 800�C.
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titanium oxide film on the surface. The presence of
compact and stable film is the potential reason
against pitting corrosion.

The addition of the slight amount of Nb in
10mn7Cr and aging at 900�C is more efficient than
Ti in corrosion resistance improvement. The corro-
sion potential of 10Mn7Cr0.05Nb samples after
aging at 900�C increased to – 1.446 V, indicating
the highest corrosion resistance among the alloyed
samples.46 The addition of Nb leads to the formation
of Cr23C6, Cr7C3, and NbC within the grain bound-
aries (Figs. 5, 6). The maximum carbides are
present in 10Mn7Cr0.05Nb which causes the
improvement in corrosion resistance. The further
addition of Nb causes a decrease in carbide

precipitates and consequently decreases the corro-
sion resistance. NbC is also formed during the hot-
rolling process and causes the precipitation-hard-
ening of the carbide phases. The higher Nb contents
have a negative impact on the RSME at all aging
conditions; thus, they have not been selected for
corrosion analysis. Similar Tafel curves in all the
samples indicate that a similar corrosion mecha-
nism occurred in all the alloys.42 The higher corro-
sion resistance in 10Mn7Cr0.05Nb can also be
attributed to the improved homogeneity of austenite
due to the long aging time. The b-Mn-phase has
been dissolved and the c-phase developed at a
higher aging temperature, which eventually act as
cathodes in galvanic corrosion to improve the

Fig. 7. XRD patterns of: (a) 10Mn7Cr 0.1Ti, (b) 10Mn7Cr 0.3Ti, (c) 0.5Ti, and (d) 10Mn7Cr0.7Ti alloys after aging at 800�C.
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Fig. 8. XRD patterns of: (a) 10Mn7Cr0.05Nb, (b) 10Mn7Cr 0.1Nb, (c) 10Mn7Cr0.3Nb, and (d) 10Mn7Cr 0.5Nb alloys after aging at 900�C.

Fig. 9. (a) TEM brightfield image of 10Mn7Cr0.5Ti alloy, (b) SADP diagram of 10Mn7Cr0.5Ti aged at 900�C.
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corrosion resistance. The c-phase appears to be
more noble to restrict the corrosion damage.

The Ti is a better electrical conductor compared to
Nb and has a smaller energy barrier to start the
chemical reaction of corrosion. It has more cathodes
and anodes on the surface which leads to higher
corrosion relative to Nb-reinforced alloys.

CONCLUSION

VAR melting has been employed to process low-
manganese iron-based SMAs for experimental
investigations. The incorporation of titanium (Ti)
and niobium (Nb), coupled with the application of
suitable ageing treatments, has led to the achieve-
ment of noteworthy shape memory effects. The
significant experimental outcomes are outlined
below.

1. The addition of small amounts of Ti and Nb in
the 10Mn7Cr alloy and aging at 800�C pro-
duced a large amount of second-phase precip-
itates (TiC, NbC, Cr23C6, and Cr7C3) which

can improve the shape memory effect of the
alloy.

2. The best RSME for 10Mn7Cr0.5T and
10Mn7Cr0.005Nb was found to be 91.1% and
88.6% at 800�C and 900�C, respectively.

3. The increase in Ti concentration and aging at
higher temperatures gradually increased the
shape memory effect. The 0.5 Ti addition
improved the RSME by 6.1%, and 0.7 Ti will
decrease the RSME.

4. The Ti addition at lower aging temperatures
also enhanced the shape memory effect. The
RSME of alloys with Ti additions at 500–600�C
aging temperature increased by 20–30% and at
700�C by about 10–20%.

5. The highest corrosion resistance was observed
for the 10Mn7Cr0.5Ti and 10Mn7Cr0.05Nb
alloys for their higher corrosion potentials
of – 1.242 V and – 1.446 V, respectively.

6. It is evident that VAR melting is not a viable
option for industrial-scale mass production.
Consequently, the utilization of industrial-

Fig. 10. Shape recovery ratio of 10Mn7Cr alloy with mTi contents.

Table I. Shape recovery ratio of 10Mn7Cr alloy with mTi/xNb at different temperatures

Alloy Solution treatment 500�C 600�C 700�C 800�C 900�C

10Mn7Cr 0Ti 35.8 23.2 35.6 54.8 85.0 82.6
10Mn7Cr0.1Ti 42.3 49.3 51.1 62.8 89.9 87.2
10Mn7Cr0.3Ti 68.8 48.6 67.9 74.4 89.5 84.9
10Mn7Cr0.5Ti 66.9 61.2 74.4 84.8 91.1 88.6
10Mn7Cr0.7Ti 63.8 62.5 66.4 72.8 74.4 73.8
10Mn7Cr 0Nb 35.8 23.2 35.6 54.8 85.0 82.6
10Mn7Cr0.05Nb 41.2 29.8 39.0 57.1 87.0 88.6
10Mn7Cr0.1Nb 36.7 30.2 28.0 54.9 79.5 88.4
10Mn7Cr0.3Nb 54.4 45.8 51.2 71.5 83.7 74.8
10Mn7Cr0.5Nb 60.3 55.8 64.5 77.5 82.9 79.4

Fig. 11. Shape recovery ratio of 10Mn7Cr alloy with nNb contents.
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scale mass-production equipment is recom-
mended for the melting of high-quality low-
manganese Fe-based SMAs, with the objective
of facilitating their actual industrial applica-
tions.
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