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The mechanism of reversible transformation-induced plasticity of an Fe–30Mn–6Si (mass %) shape memory alloy, under tensile
stress and subsequent compression, has been observed by optical and atomic force microscopy. The tensile stress-induced e (hexag-
onal close-packed) martensite reverts into c (face-centered cubic) austenite after compression to zero strain. Further compression to
negative strains induces a different e martensite variant from that of the tensile-stress-induced e martensite.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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After the discovery of the one-way shape memory ef-
fect (SME) in Fe–30Mn–1Si (mass %) single crystals by
Sato et al. [1], polycrystalline alloys with almost perfect
SME were developed by Murakami et al. based on Fe–
30Mn–6Si (hereafter all compositions are in mass %),
undergoing the c (face-centered cubic: fcc) M e (hexago-
nal close-packed: hcp) martensitic transformation [2].

Aiming to further develop these shape memory alloys
(SMAs), considerable efforts were made to induce corro-
sion resistance, by alloying with Cr and Ni [3], and to
improve the SME, by microalloying [4–6], training [7]
or NbC precipitation [8,9]. In this way, SMAs with good
workability and reasonable cost have been developed.
The alloys are suitable for constrained recovery applica-
tions [10], such as pipe joints [11] and rail couplings [12].

Recently, some of the present authors reported that
an Fe–28Mn–6Si–5Cr–0.5NbC SMA showed significant
damping capacity when subjected to cyclic tension–com-
pression loading with strain amplitudes larger than
10�3. The result indicates the capability of the SMA
for new potential vibration-absorbing applications such
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as anti-seismic dampers for large structural bodies.
Buildings and other structures can be protected against
earthquakes by anti-seismic dampers made from low
yield point (LYP) steels [13]; however, Fe–Mn–Si-based
SMAs would be superior since they have lower cyclic
hardening rate, probably due to the reversible c M e
transformation during cyclic tension–compression load-
ing [14]. Quantitative X-ray diffraction analysis and
atomic force microscopy (AFM) performed in our previ-
ous report [14] proved that reverse martensitic transfor-
mation of tensile-stress-induced martensite took place
when the specimen was compressed back to zero strain.
However, deformation behavior and microstructure
evolution after further compression to negative strains
are still unclear.

The present study aims to establish a detailed defor-
mation mechanism of Fe–Mn–Si SMAs under tension–
compression loading. Taking into account that the
reversible character of c/e interface movement, during
tension and compression, was previously observed by
some of the present authors in the specific case of an
Fe–28Mn–6Si–5Cr–0.5NbC SMA, the presence of the
above reversibility was confirmed for the ‘‘conven-
tional” Fe–30Mn–6Si SMA. The evolution of the defor-
sevier Ltd. All rights reserved.
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Figure 1. Differential-interference OPM micrographs illustrating the
evolution of e stress-induced martensite plates, at three consecutive
plastic deformation stages during a tension–compression cycle: (a)
elongated by 3.3%; (b) compressed back to �0.2%; (c) further
compressed to �2.0%.
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mation microstructure of the SMA, during the deforma-
tion path from a tensile strain through zero strain to a
compressive strain, was observed by combined use of
optical microscopy and AFM.

After induction melting, hot forging, hot rolling and
solution treatment (1270 K/3 h/water) under argon
atmosphere, specimens with gauge dimensions
3 � 4 � 20 � 10�3 m (for tension–compression tests),
as well as internal friction (IF) specimens, with dimen-
sions 1 � 5 � 50 � 10�3 m were cut by spark-erosion.
The chemical composition was determined by spectro-
gravimetry as: 30.08% Mn, 6.08% Si, 0.007% C,
0.002% P, 0.008% S, 37 ppm N, bal. Fe.

IF and storage modulus measurements were per-
formed by means of a dynamic mechanical analyzer
(DMA) in order to determine critical temperatures for
both martensitic and antiferromagnetic transformations,
between 570 and 130 K. DMA measurements revealed a
forward martensitic transformation, c ? e, on cooling be-
low Ms = 342 K, critical temperature for transformation
start and a reverse martensitic transformation, e ? c, on
heating between As = 393 K and Af = 459 K, critical tem-
peratures for reversion start and finish, respectively. In
addition, an obvious paramagnetic ? antiferromagnetic
transition was noticed, characterized by a Néel tempera-
ture (TN = 256 K) estimated by the starting point of mod-
ulus decrease on cooling [15].

Tensile testing specimens were elongated to a perma-
nent strain of 3.3%, at room temperature (RT), on a
tensile testing machine, in order to obtain tensile-stress-
induced e martensite, designated as e(T). Then, lateral
fixing extremities were cut and the specimens were first
compressed back to a permanent strain of�0.2% and fur-
ther to �2.0% strain, where compressive-stress-induced
martensite, e(C), would be formed. The characteristics of
stress-induced martensite plates in the three above-men-
tioned states, (i) 3.3% extended, (ii) compressed back to
�0.2% and (iii)�2.0% compressed, were analyzed, by dif-
ferential-interference optical microscopy (OPM) and
AFM in order to reveal the reversible character of
stress-induced martensite plate movement, during plastic
tension–compression. Details for DMA, OPM and AFM
experiments were provided previously [14,16,17].

Differential-interference OPM revealed the reversibil-
ity of stress-induced martensitic transformation in the
Fe–30Mn–6Si SMA, demonstrating that, when chang-
ing deformation character from tension to compression,
e-martensite plates also modify their thickness and ori-
entation, as shown in Figure 1. In Figure 1a, the OPM
micrograph of a central grain is shown in elongated state
characterized by a permanent tensile strain of 3.3%. The
grain includes two twins which were previously observed
by OPM on mechanically polished and subsequently
etched surface. Considering their widths, of the order
of tens of micrometers, and the fact that no grain
boundary distortion is noticeable at their level, it is as-
sumed that they were not formed by deformation but
by annealing [18]. It is obvious that, as a consequence
of plastic deformation by extension, plate-like tensile-
stress-induced martensite e(T) was formed, both in par-
ent and in annealed twin crystals. It is worth noting that,
in the parent areas of the crystal, the plates belong
mostly to a single crystallographic variant of martensite
with a unique {111}c habit plane, which from the point
of view of Schmid’s law is most preferably oriented with
respect to deformation axis. In the twinned area of the
crystal, secondary e(T) variants with a different {111}c

habit plane are also visible. After compression back to
�0.2% strain, Figure 1b shows that the thickness of
e(T) plates was remarkably reduced. Thus, it is rather
obvious that three martensite plates, designated as 1, 2
and 3 and located between the markers a and b in the
crystal area below the upper annealed twin, become nar-
rower in Figure 1b than in Figure 1a. Moreover, the
change in contrast indicates a change in orientation both
in parent and twinned crystals. Further compression to
�2.0% strain causes a new increase of plate thickness,
in Figure 1c. Since the color of martensite plates is dif-
ferent between Figure 2a and c, because light is differ-
ently reflected by differently oriented surfaces, it may
be assumed that martensite plates have changed their
surface relief from tensile-induced to compression-in-
duced, transforming from e(T) to e(C), respectively. In
other words it is assumed that, within the above-men-



Figure 2. AFM micrographs illustrating the reversible movement of
three e stress-induced martensite plates, at the same stages represented
in Figure 1, during a tension–compression cycle: (a) elongated by 3.3%;
(b) compressed back to �0.2%; (c) further compressed to �2.0%.

828 T. Sawaguchi et al. / Scripta Materialia 59 (2008) 826–829
tioned strain limits, Fe–30Mn–6Si SMA shows revers-
ible plastic deformation associated with reversible
stress-induced martensitic transformation.

The reversible character of the transformation-in-
duced plasticity in Fe–30Mn–6Si is further demonstrated
in Figure 2 by three AFM micrographs. By means of an
analytical method detailed elsewhere [19], the plate-like
products corresponding to tension-induced, e(T), and
compression-induced, e(C), martensite plates as well as
to c-austenite were identified. Figure 2a shows the sur-
face relief image of the specimen elongated to 3.3%.
Along the line S–F in Figure 2a there are three wide c-
plates, light in color, and three visible tension-induced
martensite plates, e1(T), e2(T) and e3(T), dark in color.
After compression back to �0.2% strain, the general col-
or of surface relief changed in Figure 2b, indicating a
common rotation of the entire area. However, the left-
hand side parts of the plates designated by the coeffi-
cients 1 and 2 maintained their general dark contrast
so it may be assumed that these parts preserved their ini-
tial orientation. Therefore they are further designated as
e1(T) and e2(T). Nevertheless, the color of the central parts
of the plates became identical with austenite matrix while
their right-hand side parts changed contrast and became
bright colored. This suggests that the right-hand side
parts of the initial e1(T) and e2(T) plates underwent a
marked orientation change and turned to e1(C) and
e2(C), respectively. A similar change occurred in the case
of right-hand side plate, designated with subscript 3. Its
left-hand side part changed color to become almost iden-
tical to the austenitic matrix, while its right-hand side
part completely changed color and became bright-col-
ored. Therefore, it is assumed that, as a result of com-
pressing back to 0% strain, the right-hand side parts of
the three tension-induced e1(T), e2(T) and e3(T) martensite
plates, changed into compression-induced e1(C), e2(C)

and e3(C) martensite plates, respectively. At the same
time, the central parts of tension-induced e1(T), and
e2(T) as well as the left-hand side part of tension-induced
e3(T) reverted to austenite. The only parts that preserved
their initial orientation were the left-hand side parts of
tension-induced e1(T) and e2(T) martensite. On further
compression to �2% strain, Figure 2c shows that plate
e3(C) preserved its color and became wider. In addition,
the largest part of the e1 and e2 plates became light-col-
ored due to the orientation change from tension-induced
to compression-induced, while the overall austenitic ma-
trix became dark colored, indicating a marked orienta-
tion change between tensioned and compressed states.
Only e1(T) kept its initial tension-induced orientation.

These assumptions are confirmed by the correspond-
ing surface profiles from Figure 3. In the elongated
condition, Figure 3a allows the widths of the tension-in-
duced martensite plates e1(T), e2(T) and e3(T) to be
determined as 1720, 620 and 380 nm, respectively. By
comparing Figure 3a and b it is obvious that a large
portion of left-hand side part of plate e3(T) changed its
orientation and became parallel with the general profile
of the surface, which suggests its reversion from tensile-
stress-induced martensite to austenite. The adjacent re-
gion located in the right-hand side of the previous e3(T)

plate, in Figure 3b, changed its surface tilt angle to the
opposite sense to that of e 3(T), turning into compres-
sion-induced martensite e3(C) with a width of 130 nm.
The left-hand side part of e2(T) kept its orientation but
its width decreased from 620 to 360 nm. On the other
hand, the central part of the initial e2(T) became parallel
to the matrix while its right-hand side part changed its
tilt angle to the opposite sense to the initial orientation
and became compression-induced e2(C), with a width of
90 nm. Finally, the largest part of e1(T), located on the
left-hand side, also kept its orientation but its width



Figure 3. Surface relief corresponding to the three AFM micrographs
from Figure 2: (a) elongated with 3.3%; (b) compressed back to �0.2%;
(c) further compressed to �2.0%.

T. Sawaguchi et al. / Scripta Materialia 59 (2008) 826–829 829
decreased from 1720 to 1060 nm. The central part of
e1(T) became parallel to general surface profile while its
right-hand side part turned to compression-induced
e1(C) martensite with a width of 530 nm. Figure 3c shows
that further compression to �2% caused plate e3(C) to
maintain the same tilt profile while its width increased
to 220 nm. In addition, the widths of e1(C) and e2(C) plates
increased to 620 and 200 nm, respectively. The tension-
induced martensite plate e1(T) became fragmented while
e2(T) can not be distinguished from austenitic matrix.

In case of thermoelastic SMAs, like NiTi alloys, the
tension-induced martensite changes its crystallographic
variant by compression. In other words, compression
following extension causes direct martensite-to-martens-
ite transformation [20,21]. On the other hand, in the
present case of Fe–Mn–Si SMAs, variant transforma-
tion is accomplished in two steps consisting of the
reverse martensitic transformation of the tension-in-
duced martensite and new formation of compression-in-
duced martensite. It is considered that the driving force
of the reverse transformation, which in thermally in-
duced transformation is associated with overheating
above the thermodynamic equilibrium temperature, is
given in the case of deformation-induced reverse mar-
tensitic transformation by the compression, which is in
the preferable orientation for the reverse movement of
Shockley partial dislocations residing at the tips of the
tension-induced martensite.

In summary, the mechanism of reversible transforma-
tion-induced plasticity, during a tension–compression
cycle, has been introduced, on the basis that e martensite
plates were tensile-induced with one crystallographic
orientation, and then almost reverted to austenite after
compression back to zero strain. Newly compression-in-
duced martensite plates of a different crystallographic
variant were formed after further compression to ‘‘neg-
ative” strains. In agreement with previously reported re-
sults, it is assumed that compression-induced martensite
e(C) would also reversibly transform to austenite after
subsequent tension, in the same way that tension-in-
duced martensite e(T) reverts to austenite after compres-
sion [16]. These results support the conclusion that the
mechanism of reversible plasticity is based on reversible
tensile/compressive stress-induced martensitic transfor-
mation in the sequence e(T) M c M e(C).
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