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bstract

The relaxation phenomena arising from both the static-constrained stress and the cyclic variation of atmospheric temperature of Fe59Mn30Si6Cr5

hape memory alloy were studied. Experimental results show that the amount of relaxation decreases with increasing initial compressive loading.
he cyclic variation of atmospheric temperature has a smaller effect on the relaxation than the static-constrained stress does. The relaxation
henomenon is more obvious both in the earlier cycles and at higher cyclic heating temperatures. The static-constrained stress relaxation is

scribed to the combination and rearrangement of the stress-induced thin platelets of � martensite. The contribution of cyclic heating on the stress
elaxation originates from the formation of new-oriented � martensite. The � ↔ � transformation, thermal stress and shape-recovery stress during
he thermal cycling are considered to have significant influences on the formation of new-oriented � martensite.

2007 Elsevier B.V. All rights reserved.

n; Th

t
I
w
p
b
n
a
w
a
p
s
b
p
l
a
v
b

eywords: Fe59Mn30Si6Cr5 shape memory alloy; Compressive stress relaxatio

. 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 to the Fe–Mn–Si alloys
mproves their SME and corrosion resistance [5,6]. In contrast to
he TiNi and Cu-based shape memory alloys, the Fe–Mn–Si–Cr
lloys exhibit a non-thermoelastic martensitic transformation.
heir SME arises from the reverse transformation of stress-

nduced � martensite (HCP structure) into � parent austenite (fcc
tructure) upon heating [1]. In the past decade, extensive studies
f the Fe–Mn–Si–Cr alloys were made focusing on the trans-
ormation behavior [1,7–9], physical properties [7–10], effects
f thermo-mechanical training [11–14] and composition depen-

ence of SME and corrosion resistance [5,15–21]. Also, effort
s made to increase the use of these alloys, especially the “heat-
o-shrink” pipe coupling [22]. The fitting technique by using
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hese alloys is a brand-new method to connect engineering pipes.
t exhibits much merit than conventional welding and can be
idely applied in various engineering fields. However, some
roblems of Fe–Mn–Si–Cr shape memory alloys should still
e investigated and resolved, such as, the stress relaxation phe-
omena due to the long-time sustaining of constrained stress
nd cyclic variation of atmospheric temperature. These features
ill reduce the usage life of the fitting pipes and impede their

pplications. Hence, the understanding of the stress relaxation
henomena of Fe–Mn–Si–Cr alloys is important. In the present
tudy, we aim at investigating the stress relaxation systematically
y simulating the compressive stress state in the application of
ipe fitting. The relaxation phenomena arising from both the
ong-time sustaining of constrained stress and the cyclic vari-
tion of atmospheric temperature are studied. Meanwhile, the
ariation of microstructures during the stress relaxation will also
e discussed.

. Experimental procedure
A vacuum melting technique was employed to prepare the Fe59Mn30Si6Cr5

wt%) alloy. The as-cast ingot was homogenized at 1200 ◦C for 24 h, hot-rolled
t 1200 ◦C into 35 mm-thickness plate and then annealed at 1200 ◦C for 1.5 h.
pecimens with dimensions of Ø 10 mm × L15 mm were carefully cut from this
late using a CNC wire electro-discharge machine. The experiments of stress
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Fig. 1. The schematic diagram of the stress relaxation curve.

Fig. 2. (a) XRD pattern and (b) TEM observation at room temperature for the
as-annealed Fe59Mn30Si6Cr5 alloy.
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ig. 3. The compressive load versus strain for the Fe59Mn30Si6Cr5 alloy.

elaxation were carried out on a multi-functional MTS (Model: CY-6040A4,
ade in Taiwan) tester equipped with a heating furnace. During the stress relax-

tion with cyclic variation of atmospheric temperature, the specimen was set to
ustain a constant strain and subjected to the repetition of temperature variation,
h at room temperature, followed by a subsequent heating to a set high tem-
erature for 10 min and then cooled to room temperature again. The data were
utomatically recorded, and stress–strain curves were then calculated from the
aw data. The transformation temperatures of this alloy were measured by using
technique of four-probe electrical resistivity. The shape memory effect for the
re-strained specimen, in a state of stress relief, was automatically calculated
rom the data of recovery strain on heating to a setting temperature. The XRD
nalysis was carried out at room temperature using a Philips PW1710 X-ray
iffractometer with Cu K� radiation, 30 kV tube voltage, and 20 mA current.
he specimens for transmission electron microscope (TEM) were prepared by

et electro-polishing at −25 ◦C with an electrolyte consisting of 3% HClO4

nd 97% C2H5OH by volume. TEM observation was carried out by using a
EOL-2000 EX microscope at an operating voltage of 200 kV.

Fig. 1 shows the schematic diagram of the stress relaxation. The initial stress
σo) decreases rapidly in region I, and then gradually approaches to a relaxation
imit (σe) in region II. The amount of stress relaxation is defined as Eq. (1).

elaxation (%) = σo − σe

σo
× 100 (1)

. Results and discussion

.1. Basic properties for Fe59Mn30Si6Cr5 alloy

Fig. 2(a) and (b) shows the XRD pattern and TEM observation
t room temperature for the as-annealed Fe59Mn30Si6Cr5 alloy.

he Ms, Mf, As and Af temperatures for this alloy have been mea-
ured to be about 32, −56, 160 and 245 ◦C, respectively. Hence,
he � and � phases coexist within the alloy at room temperature,
s presented in the XRD patterns of Fig. 2(a). The coexistence

able 1
he engineering stress and strain for the testing specimens with various com-
ressive loads

oad (kgf) Stress (kgf/mm2) Strain (%)

500 31.83 2.4
700 35.01 3.0
000 38.20 3.9
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Fig. 4. (a) TEM bright field image and (b) SADP of the specimen subj

Fig. 5. (a) The static-constrained stress relaxation curve with an initial 3000 kgf
loading at room temperature, and (b) the thermal-cycled stress relaxation curve
with an initial 3000 kgf loading and 6 times of cyclic heating to 260 ◦C, for the
Fe59Mn30Si6Cr5 alloy.
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ected to a compressive loading of 3000 kgf at room temperature.

f � and � phases within the alloy can also be clearly observed in
he TEM observation in Fig. 2(b) for the Fe59Mn30Si6Cr5 spec-
men. It is known that the pre-strained specimens will exhibit a
hape memory effect if they are heated up to a temperature higher
han As (or even Af). This shape memory effect is considered to
ave some influence on the thermal-cycled stress relaxation. In
his study, the heating temperatures are 170, 260 and 360 ◦C (as
iscussed later), which are around or slightly above the As and

f temperatures. The shape-recovery ratios for the specimens
ith 2–4% pre-strains are measured to be about 10, 25 and 60%
n heating up to 170, 260 and 360 ◦C, respectively.

ig. 6. TEM bright field image of the specimen with a long-time sustaining of
000 kgf loading at room temperature.
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is related to the initial loading. As can be seen from Fig. 5(a), the
static-constrained stress relaxation completes more than 90%
within 30 min. Therefore, in stage 2, the stress relaxation is
ig. 7. The cumulative relaxation at various initial loadings versus cyclic number
ith heating temperatures of (a) 170 ◦C, (b) 260 ◦C and (c) 360 ◦C.

.2. Static-constrained and thermal-cycled stress relaxation

Fig. 3 shows the compressive load versus strain for the
e59Mn30Si6Cr5 alloy. It is known that the recoverable strain of

he polycrystalline Fe59Mn30Si6Cr5 alloy is about 2–4%. Hence,
he constrained strains for the experiments of stress relaxation

re set to be in the range of 2–4%, as indicated by a, b, and
in Fig. 3. The compressive loads, engineering stresses and

trains for these points are presented in Table 1. Meanwhile, the
lastic and plastic deformations are found to occur simultane-

F
w
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usly in the stress region of a, b, and c. The plastic deformation
an be introduced by both stress-induced martensitic transfor-
ation and dislocation movement. Fig. 4(a) and (b) shows the
EM bright field image and SADP, respectively, of the spec-

men subjected to a compressive loading of 3000 kgf at room
emperature. As can be seen in Fig. 4(a), many dense and thin
latelets of � martensite appear within the deformed specimen.
ased on the analysis of SADP in Fig. 4(b), these thin platelets
f � martensite exhibit a HCP structure.

As mentioned in Section 1, the relaxation phenomena may
rise from both the static-constrained stress relaxation (with
ong-time sustaining of constrained stress) and thermal-cycled
tress relaxation (with constrained stress and cyclic variation of
tmospheric temperature). Fig. 5(a) and (b) shows the static-
onstrained stress relaxation curve with an initial 3000 kgf
oading at room temperature, and the thermal-cycled stress relax-
tion curve with an initial 3000 kgf loading and 6 times of cyclic
eating to 260 ◦C, respectively, for the Fe59Mn30Si6Cr5 alloy.
ig. 5(a) shows a typical curve of static-constrained stress relax-
tion, namely, and the limit of static-constrained stress relaxation
s about 11.5% for the 3000 kgf loading.

Fig. 6 shows the TEM bright field image of the specimen
ith a long-time sustaining of 3000 kgf loading at room temper-

ture. Compared to Fig. 4(a), the thin platelets of � martensite
ave accommodatingly combined to be thicker ones after the
tress relaxation during the long-time sustaining. This indicates
hat the static-constrained stress relaxation may be ascribed to
he combination of stress-induced thin platelets of � marten-
ite. Meanwhile, the platelets of � martensite will also rearrange
o accommodate the constrained loading, and hence the con-
trained stress is reduced after a long-time sustaining.

In Fig. 5(b), the thermal-cycled stress relaxation can be
ivided into two stages. In the first stage, the stress relaxation is
ainly contributed from the static-constrained relaxation, which
ig. 8. The net cumulative cyclic relaxation versus cyclic number for specimens
ith 3000 kgf loading and cyclic heating temperatures of 170, 260 and 360 ◦C.
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ainly associated with the effect of cyclic variation of atmo-
pheric temperature, although the relaxation value is small and
s related to the cyclic heating temperature and cyclic number. In
he real application of pipe coupling, both long-time sustaining
f constrained stress and cyclic variation of atmospheric temper-
ture must occur at the same time. Hence, the following part of
his paper will mainly discuss the phenomena of thermal-cycled
tress relaxation of the Fe59Mn30Si6Cr5 alloy, which involves
imultaneously both contributions of static-constrained stress
nd cyclic variation of atmospheric temperature.

.3. The effect of initial loading and cyclic heating
emperature

Fig. 7(a)–(c) shows the cumulative relaxation at various ini-
ial loadings versus cyclic number with heating temperatures of

70, 260 and 360 ◦C, respectively. The temperatures between
70 and 360 ◦C, being around and slightly above the � → �
ransformation temperatures, were selected as the heating tem-
eratures in this study. In Fig. 7(a)–(c), one can find that the

c
3
a

ig. 9. TEM bright field images for the specimens subjected to an initial 3000 kgf loa
70 ◦C, (b) 260 ◦C and (c) 360 ◦C.
ompounds 466 (2008) 119–125 123

umulative relaxation decreases with increasing initial load-
ngs, namely, 3000 kgf < 2750 kgf < 2500 kgf. This feature can
e explained as below. As presented in Table 1, the engineering
trains under the loading of 3000, 2750 and 2500 kgf are 3.9, 3.0
nd 2.4%, respectively. Fig. 3 also indicates that the ratio of elas-
ic strain/plastic strain under higher loading is smaller than that
nder lower loading. Hence, less amount of elastic strain under
igher loading will be transferred to plastic strain by internal
ccommodation during the stress relaxation. These accommo-
ation mechanisms may involve the vacancy diffusion, newly
ormation of � martensite and movement of martensite/austenite
nterfaces. In Fig. 7(a)–(c), one can also find that the relax-
tion phenomenon is more obvious in the earlier cycles and
hen gradually approaches to a saturated value. Besides, there
ccurs a higher cumulative relaxation at a higher cyclic heating
emperature.
To understand the effect of cyclic heating temperature, the net
umulative relaxation versus cyclic number for specimens with
000 kgf loading and cyclic heating temperatures of 170, 260
nd 360 ◦C are plotted in Fig. 8. The net cumulative relaxation

ding at room temperature, being kept the strain and then a heating cycle to (a)
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s related only to the cyclic variation of atmospheric tempera-
ure and is calculated by deducting 11.5% (the static-constrained
elaxation at room temperature) from the total cumulative relax-
tion. As shown in Fig. 8, the net cyclic relaxation with 6 times of
hermal cycling is only 5.2% at a heating temperature of 360 ◦C,
nd even less than 2.1% at 260 and 170 ◦C. This indicates that
he cyclic variation of atmospheric temperature has a smaller
ffect on the relaxation than the static-constrained stress.

Fig. 9(a)–(c) shows the TEM bright field images for the
pecimens subjected to an initial 3000 kgf loading at room tem-
erature, being kept the strain and then a heating cycle to 170,
60 and 360 ◦C for 10 min, respectively. As clearly shown in
ig. 9(b) and (c), in addition to the preferential platelets of �
artensite, there appear other groups of � martensite with dif-
erent orientations. The more the thermal cycling, the more the
uantity of the other groups of � martensite, as shown in Fig. 10
or the same specimens as Fig. 9(a)–(c), but now with 6 times
f thermal cycling. The TEM observations demonstrate that the

w
a
e
i

Fig. 10. TEM bright field images of the same specimens as Fig. 9(a–c)
ompounds 466 (2008) 119–125

ffect of cyclic heating on the stress relaxation originates mainly
rom the formation of new-oriented � martensite. This feature
s believed to be related to the reverse transformation of � → �
uring heating and the forward transformation of � → � during
he following cooling process. Meanwhile, the thermal stress
nd shape-recovery stress (due to the shape memory effect)
nder the fixed constrained strain during the heating process
ill also be expected to enhance the formation of new-oriented
martensite. At a lower cyclic heating temperature of 170 ◦C,
hich is slightly above the As temperature, only a small part
f � → � transformation can occur during the heating process.
ence, no obvious new-oriented � martensite can be observed

fter the cyclic heating, as shown in Figs. 9(a) and 10(a). With
ncreasing the cyclic heating temperature to 260 and 360 ◦C,

hich are higher than the Af temperature, more thermal stress

nd shape-recovery stress during the cyclic heating process will
nhance the formation of new-oriented � martensite, as shown
n Figs. 9(b and c) and 10(b and c). It is worthy to mention

, but now they have been subjected to 6 times of thermal cycling.
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hat the net relaxation amount per cycle decreases gradually
ith increasing cyclic number, as shown in Fig. 8. This indi-

ates that the formation rate of new-oriented � martensite will
ecrease with increasing cyclic number. This feature is reason-
ble because the formation of new-oriented � martensite will be
ore difficult in the later thermal cycles.
It is interesting to compare the stress relaxation of this

e–Mn–Si–Cr shape memory alloy to other metals and alloys. In
eneral, the stress relaxation of metals and alloys is due to the vis-
ous flow at elevated temperature [23–26], including the vacancy
iffusion, grain boundary sliding and dislocation creep. Mean-
hile, the an-elastic behavior [27], such as carbon diffusion in
CC iron under stress state, will also exhibit a phenomenon of

tress relaxation. In the present study, the Fe–Mn–Si–Cr alloy
an exhibit a stress-induced � → � transformation and a reverse
→ � transformation on heating process. As mentioned above,

he mechanism of stress relaxation for this alloy are mainly due
o the accommodating combination of � platelets and the forma-
ion of new-oriented � martensite. This mechanism is similar to
hat reported for sputtered shape memory TiNi film, in which the
esidual stress existing within the film can be partially relaxed
ue to the reversible martensitic transformation [28].

. Conclusions

The stress relaxation of Fe59Mn30Si6Cr5 shape memory alloy
as studied by using a compressive test. The important conclu-

ions are as follows:

. At higher initial loading, small amount of elastic strain will
be transferred to plastic strain by internal accommodation.
Hence, the relaxation amount decreases with increasing ini-
tial loading.

. The cyclic variation of atmospheric temperature has a smaller
effect on the relaxation than the static-constrained stress. A
higher amount of relaxation occurs at a higher cyclic heating
temperature. The relaxation phenomenon is more obvious in
the earlier cycles and then gradually approaches to a saturated
value.

. The static-constrained stress relaxation is ascribed to the
combination of stress-induced thin platelets of � martensite.
The platelets of � martensite will also rearrange to accom-

modate the constrained loading, and hence the constrained
stress is reduced.

. The effect of cyclic heating on the stress relaxation is orig-
inated from the formation of new-oriented � martensite.

[

[

[
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The � ↔ � transformation, thermal stress and shape-recovery
stress during the thermal cycling are considered to have
significant influences on the formation of new-oriented �
martensite.
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