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bstract

The effects of thermo-mechanical training on a Fe59Mn30Si6Cr5 (numbers indicate wt.%) shape memory alloy are studied in this study. The
hermo-mechanical training is carried out by controlling the training parameters of applied strain, annealing temperature and cyclic number.
xperimental results show that the thermo-mechanical training can raise the stacking fault probability and reduce the critical stress of inducing
martensite. Therefore, the ε martensite is easily stress induced from the γ matrix. The cyclic hardening phenomenon occurs at low annealing

emperature due to the accumulation of Shockley partial dislocations and stacking faults introduced during the training cycles. Meanwhile, the cyclic

ardening phenomenon is more significant at higher tensile strain. At higher annealing temperature, the cyclic hardening effect can be reduced
y eliminating the density of the dislocations and the ε martensite can be recovered to the γ phase completely during the reverse transformation
rocess. These features will improve the shape memory ability of Fe59Mn30Si6Cr5 alloy.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In light of their low cost and excellent workability, the Fe-
ased shape memory alloys, which are composed of Fe–Mn–Si
ompositions, have attracted much attention recently. For exam-
le, the Fe–Mn–Si alloys, which contain 28–34 wt.% Mn and
–6.5 wt.% Si, exhibit a nearly perfect shape memory effect
SME) [1–4]. The addition of Cr and Ni to the Fe–Mn–Si
lloys improves their SME and corrosion resistance [5,6]. In
ontrast to the TiNi and Cu-based shape memory alloys, the
e–Mn–Si alloys exhibit a non-thermoelastic martensitic trans-
ormation. Their SME arises from the reverse transformation
f stress-induced ε martensite (HCP structure) into γ parent
ustenite (fcc structure) upon heating [1]. In the past decade,
xtensive studies of the Fe–Mn–Si alloys were made focus-
ng on the transformation behavior [1,7–9], physical properties

7–10] and composition dependence of SME and corrosion resis-
ance [5,11–14]. Also, effort is made to increase the use of these
lloys, especially the “heat-to-shrink” pipe coupling [15]. More
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uced martensite

ecently, the thermo-mechanical training was demonstrated to
e able to improve the SME of the Fe–Mn–Si alloys [16–18].
owever, the actual effects of thermo-mechanical training on

hese alloys have not been clarified yet. More experiments should
e carried out in order to well understand this valuable tech-
ique. Therefore, in the present study, we aim to investigate
ystematically the effects of thermo-mechanical training on a
e59Mn30Si6Cr5 shape memory alloy. Meanwhile, the effects
f the training parameters of applied strain, annealing tempera-
ure and cyclic number will also be discussed.

. Experimental procedure

A vacuum melting technique was employed to prepare the
e59Mn30Si6Cr5 (wt.%) alloy. The as-cast ingot was homog-
nized at 1200 ◦C for 24 h and then hot-rolled at 1200 ◦C into
-mm thickness plate. Specimens for the experiments of thermo-
echanical training were carefully cut from this as-hot-rolled

late. The experiments of thermo-mechanical training were car-

ied out on a multi-functional tensile tester equipped with a
eating furnace. During the thermo-mechanical training, the
pecimens were treated by the repetition of small amounts of
ensile deformation (ε = 2–4%) at room temperature, released

mailto:hclinntu@ntu.edu.tw
dx.doi.org/10.1016/j.msea.2006.02.119
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Fig. 3(a) and (b) shows the maximum flow stress as a func-
92 H.C. Lin et al. / Materials Science an

he applied stress, and then followed by a subsequent anneal-
ng at 200–600 ◦C for 10 min. The recording of experimental
ata is completely automatic; calculation and plotting points for
he stress–strain curves were carried out by a digit computer.
hus the results with a rather good resolution can be obtained.
-ray diffraction (XRD) analysis was carried out at room tem-
erature with a Philips PW1710 X-ray diffractometer under the
onditions of Cu K� radiation, 30 kV tube voltage, and 20 mA
urrent. Specimens for transmission electron microscopy (TEM)
ere prepared by jet electro-polishing at −25 ◦C with an elec-

rolyte consisting of 3% HClO4 and 97% C2H5OH by volume.
EM examination was carried out by using a JEOL-1200 EX
icroscope at an operating voltage of 120 kV.

. Results and discussion

Fig. 1 shows the stress–strain curves of the one to six train-
ng cycles with 3% tensile strain and 200 ◦C annealing for the
e59Mn30Si6Cr5 alloy. In Fig. 1, the stress–strain curve of the
rst training cycle exhibits a steeper slope but lower flow stress

han those of the subsequent training cycles. These phenomena
an be explained as below. It is well known that the ε marten-
ite can be induced from the γ austenite by the applied stress,
hrough the formation and movement of Shockley’s partial dis-
ocations and associated stacking faults. After a critical quantity
f ε martensite has been produced, the plastic deformation may
ome from the slip of perfect dislocations introduced in the γ

ustenite. Therefore, the steeper slope of stress–strain curve,
hich indicates a higher shear modulus, means that a higher
riving force is necessary to start the formation of ε marten-
ite by the applied stress in the first training cycle. However,
he stress-induced ε martensite (or the Shockley partial dislo-
ations and stacking faults) cannot be completely recovered to
austenite during the following 200 ◦C for 10 min annealing.
his suggestion is reasonable because that the finish tempera-
ure of reverse transformation from ε martensite to γ austenite
or the Fe59Mn30Si6Cr5 alloy is even higher than 500 ◦C. These
esidual Shockley partial dislocations and stacking faults can

ig. 1. The stress–strain curves of the one to six training cycles with 3% tensile
train and 200 ◦C annealing for the Fe59Mn30Si6Cr5 alloy.
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e used as the effective nuclei to induce the ε martensite in
he subsequent deformation. Namely, these effective nuclei will
ncrease the stacking fault probability and reduce the critical
tress of inducing ε martensite from the γ austenite. Therefore,
he slope of stress–strain curve is smaller in the subsequent train-
ng cycles. But after the starting of stress-induced ε martensite,
he further formation of ε martensite is more difficult than that
ccurs in the region around the nuclei. Besides, the residual
hockley’s partial dislocations and stacking faults may inhibit

he further formation of new Shockley partial dislocations and
tacking faults. This feature will hinder the formation of stress-
nduced ε martensite and more perfect dislocations will occur if
he applies stress is higher than a critical one. Hence, the flow
tress for inducing ε martensite or perfect dislocations rises up
n this stage. In Fig. 1, one can find that the flow stress increases
ith increasing training cycles. This behavior is similar to that

s-called “cyclic hardening phenomenon”. This interesting phe-
omenon for the Fe59Mn30Si6Cr5 alloy is more discussed as
ollows. Fig. 2 shows the flow stress (ε = 3%) as a function of
raining cycle for the Fe59Mn30Si6Cr5 alloy, which has been
ubjected to thermo-mechanical training with 3% tensile strain
nd 200–600 ◦C annealing. As mentioned above, the residual
hockley partial dislocations and stacking faults after 200 ◦C for
0 min annealing will inhibit the further formation of ε marten-
ite and raise the critical stress for inducing ε martensite and
he subsequent slip of perfect dislocations. The more the train-
ng cycles, the higher the flow stresses, and the cyclic hardening
henomenon occurs. But at higher annealing temperatures, most
hockley partial dislocations and stacking faults introduced by

hermo-mechanical training will be annealed out although the
ffective nuclei can still exist in the γ austenite matrix. Hence,
he cyclic hardening phenomenon will be less obvious at higher
nnealing temperatures, as shown in Fig. 2.
ion of training cycle for the Fe59Mn30Si6Cr5 alloy with 2–4%
train and subsequent annealing at 200 and 600 ◦C, respec-
ively. As can be seen in Fig. 3(a), the maximum flow stress

ig. 2. The flow stress (ε = 3%) as a function of training cycle for the
e59Mn30Si6Cr5 alloy, which has been subjected to thermo-mechanical training
ith 3% tensile strain and 200–600 ◦C annealing.
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sities of ε1 0 1̄ 1/γ1 1 1 are 0.46, 1.20 and 0.59 for the as-hot-rolled,
200 ◦C-annealed and 600 ◦C-annealed specimens, respectively.
These features can be explained as below. As mentioned above,
the stress-induced ε martensite by thermo-mechanical training
ig. 3. The maximum flow stress as a function of training cycle for the Fe59Mn
train and (a) 200 ◦C annealing, (b) 600 ◦C annealing.

ncreases with increasing training cycles at annealing temper-
ture of 200 ◦C. Namely, the cyclic hardening phenomenon
ccurs due to the accumulation of residual Shockley partial dis-
ocations and stacking faults because the annealing temperature
s so low that these defects cannot be completely annealed out.
esides, it can also be found in Fig. 3(a) that the cyclic harden-

ng phenomenon is more significant at higher tensile strains. In
ig. 3(b), the cyclic hardening phenomenon is not obvious for

he Fe59Mn30Si6Cr5 alloy with 3–4% tensile strains and sub-
equent annealing at 600 ◦C. Even contrarily, there occurs the
yclic softening phenomenon for the specimens with 2% tensile
train and subsequent annealing at 600 ◦C. These phenomena
ndicate that the annealing at 600 ◦C can almost anneal out the
ntroduced defects, and hence, the critical stress to induce the ε

artensite is nearly the same at various training cycles. Espe-
ially for the specimens with 2% tensile strain, the effective
uclei retained in the matrix will increase the stacking fault prob-
bility and significantly reduce the critical stress of inducing ε

artensite. Therefore, the maximum flow stress even decreases
ith increasing training cycles, as shown in Fig. 3(b).
Fig. 4 shows the shape recovery ratio as a function of train-

ng cycle for the Fe59Mn30Si6Cr5 alloy, which has been sub-
ected to thermo-mechanical training with 3% tensile strain and
00–600 ◦C annealing. As can be seen in Fig. 4, the shape recov-
ry ratio increases with increasing training cycles at annealing
emperature of 400–600 ◦C, but decreases with increasing train-
ng cycles at annealing temperature of 200 ◦C. As mentioned
bove, the stress-induced ε martensite by thermo-mechanical
raining cannot be completely recovered to γ austenite at 200 ◦C
or 10 min annealing. The residual ε martensite will hinder the
ormation of new ε martensite during the shape memory test.
ence, the shape recovery ability was depressed because the
lastic deformation during the shape memory test was mainly
ontributed by the slip of perfect dislocations. Due to the accu-
ulation of the irreversible ε martensite after cyclic training, the
hape recovery ratio decreases with increasing training cycles,
s shown in Fig. 4. However, at higher annealing temperatures of
00–600 ◦C, the shape recovery ratio increases with increasing
raining cycles. This comes from the fact that the stress-induced

F
F
w

Cr5 alloy, which has been subjected to thermo-mechanical training with 2–4%

martensite by thermo-mechanical training can be almost recov-
red to γ austenite and the new ε martensite during the shape
emory test can be easily induced by the applied stress. Besides,

he retained effective nuclei of ε martensite can also promote the
ormation of new ε martensite. All these features will improve
he specimen’s shape memory ability. Hence, the shape recovery
atio can significantly increase with increasing training cycles.
he shape recovery ratio can even reach 95–96% for the speci-
ens with six training cycles and annealing at 500–600 ◦C.
Fig. 5 shows the XRD patterns for the Fe59Mn30Si6Cr5 alloy,

hich has been subjected to six times of thermo-mechanical
raining with 3% strain and annealing at 200 and 600 ◦C. In
rder to understand the existing quantities of ε martensite and
austenite, the relative intensities of the ε1 0 1̄ 1 and γ1 1 1 peak

eights are compared. As can be seen in Fig. 5, the relative inten-
ig. 4. The shape recovery ratio as a function of training cycle for the
e59Mn30Si6Cr5 alloy, which has been subjected to thermo-mechanical training
ith 3% tensile strain and 200–600 ◦C annealing.
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Fig. 5. The XRD patterns for the Fe59Mn30Si6Cr5 alloy, which has been sub-
jected to six times of thermo-mechanical training with 3% tensile strain and
annealing at 200 and 600 ◦C.

c
1
s
p
t
d
a
s
t

F
t
i
t
s
r
t
t

Fig. 6. XRD patterns for the Fe59Mn30Si6Cr5 alloy, which has been subjected to s
annealing, (b) 600 ◦C annealing.

Fig. 7. TEM images of Fe59Mn30Si6Cr5 specimens. (a) As-hot-rolled specimen, (b) 3%
training with 3% tensile strain and 600 ◦C annealing.
ineering A 438–440 (2006) 791–795

annot be completely recovered to γ austenite at 200 ◦C for
0 min annealing. The accumulation of the irreversible ε marten-
ite will increase the peak height of ε1 0 1̄ 1 and decrease the
eak height of γ1 1 1 after thermo-mechanical training. But for
he 600 ◦C-annealed specimen, the stress-induced ε martensite
ue to thermo-mechanical training can be almost recovered to γ

ustenite, and hence the relative intensity of ε1 0 1̄ 1/γ1 1 1 is only
lightly higher than that of the as-hot-rolled specimens after six
imes of training cycles.

Fig. 6(a) and (b) shows the XRD patterns for the
e59Mn30Si6Cr5 alloy, which has been subjected to six times of

hermo-mechanical training with 2–4% tensile strain and anneal-
ng at 200 and 600 ◦C, respectively. In Fig. 6(a), one can find
hat the value of ε1 0 1̄ 1/γ1 1 1 increases with increasing tensile

train for the 200 ◦C-annealed specimen. This phenomenon is
easonable because more irreversible ε martensite will retain in
he matrix at higher tensile strains. Besides, the higher quan-
ity of perfect dislocations introduced at higher tensile strains

ix times thermo-mechanical training with 2–4% tensile strain and (a) 200 ◦C

strained specimen which has been subjected to six times of thermo-mechanical
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[16] K. Tsuzaki, M. Ikegami, Y. Tomota, T. Maki, Trans. ISIJ 30 (1990) 666.
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ill more hinder the recovery of the stress-induced ε martensite
nto the γ austenite, and hence the ε1 0 1̄ 1/γ1 1 1 increases with
ncreasing tensile strain after six times of training cycles. But
or the 600 ◦C-annealed specimen, the stress-induced ε marten-
ite can almost recover to the γ austenite and hence the relative
ntensity of ε1 0 1̄ 1/γ1 1 1 is hardly changed although the tensile
train is increased.

Fig. 7(a) shows the TEM observation for the as-hot-rolled
e59Mn30Si6Cr5 specimen. Fig. 7(b) shows the TEM observa-

ion for the 3% strained Fe59Mn30Si6Cr5 specimen which has
een subjected to six times of thermo-mechanical training with
% tensile strain and annealing at 600 ◦C. As carefully com-
ared with Fig. 7(a) and (b), one can find that there are more
omogeneous variants of ε martensite. This indicates that the
hermo-mechanical training can indeed increase the stacking
ault probability and promote the formation of ε martensite by
ensile stress and improve their shape recovery ratio.

. Conclusions

The effects of thermo-mechanical training on a Fe59Mn30Si6
r5 shape memory alloy were investigated via the microstruc-

ural characterization, SME measurement, and tensile testing.
he thermo-mechanical training can raise the stacking fault
robability and reduce the critical stress of inducing ε marten-
ite. Therefore, the ε martensite is easily stress induced from
he γ matrix. The cyclic hardening phenomenon occurs at low
nnealing temperature due to the accumulation of Shockley’s
artial dislocations and stacking faults introduced during the
raining cycles. Meanwhile, the cyclic hardening phenomenon

s more significant at higher tensile strain. At higher anneal-
ng temperature, the cyclic hardening effect can be reduced by
liminating the density of the dislocations and the ε martensite
an be recovered to the γ phase completely during the reverse

[

[
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ransformation process. These features will improve the shape
emory ability of Fe59Mn30Si6Cr5 alloy, even up to 96% at a

% tensile strain.
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