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Reversible and repeatable strain without external bias stress was induced by applied magnetic
field-induced martensite variant rearrangement �VR� and compressive stress-induced martensite VR
for Fe–Pd single crystals. The amounts of the reversible strain induced by the magnetic field and the
compressive stress were 0.4% and 5.0%, respectively, where the Fe–Pd specimen was
martensitically transformed from austenite to martensite which consist of two large correspondence
variants �CVs�. The motion of the twinning boundary between the two CVs moved by applying the
magnetic field or the compressive stress, and its movement was found to be reversible and
repeatable. © 2007 American Institute of Physics. �DOI: 10.1063/1.2749718�

Shape memory alloys, such as TiNi intermetallic com-
pounds, have been studied for the past several decades and
they are considered to be candidates for actuator materials,
because they can produce large recovery strain and force by
martensitic phase transformation.1 However, one of the
bottlenecks for application of those conventional shape
memory alloys to actuators is the fact that martensitic trans-
formation is caused only by conduction of heat to use them
and its speed of actuation is limited. On the other hand,
ferromagnetic shape memory alloys, such as Fe–Pd, Fe3Pt,
and Ni–Mn–Ga, have also attracted strong interest among
actuator designers as possible fast-responsive actuator mate-
rials. Although our previous studies2–4 revealed that marten-
sitic reverse transformation requires high intensity of mag-
netic field under which the induced strain remains modest,
they are still attractive materials because single crystals of
these alloys exhibit martensite variant rearrangement �VR�
accompanied by large amount of strain by applying low in-
tensity of magnetic field.5–8 Reversible strain obtained in
Ni–Mn–Ga ternary alloy single crystals by magnetic field is
reported to exhibit as high as 2% under external bias stress,
which helps converted variants return to initial ones upon
removal of magnetic field; however, no reversible strain has
been observed without bias stress.9,10

Fe–Pd austenite with face centered cubic �fcc� structure
transforms to face centered tetragonal �fct� martensite with
decreasing temperature as well as In–Tl binary alloys.11–13

The VR is observed in Fe–Pd fct martensite specimens
which transformed from fcc austenite single crystals. The VR
is caused by twinning and detwinning of correspondence
variants �CVs� in the fct martensite. The strain � accompa-
nied by the VR is geometrically calculated and expressed as
a function of the c /a ratio of fct martensite.14 The strain � is
usually irreversible without external bias stress. However, we
found reversible VR without external bias stress in the pre-
vious study.14 Such reversible strain is attractive for use in
actuators. In the present letter, we studied the reversible VR
and twinning pseudoelasticity of Fe–Pd fct martensite trans-

formed from fcc austenite single crystals and measured the
amount of the reversible strain without external bias stress.

The specimen used in this study was the same parallel-
epiped rectangular single crystal used in the previous study.14

The specimen was cut from a single crystal ingot grown by
the Bridgman method using Fe–30.5Pd �at. % � Ar arc-
melted ingots. The dimension of the specimen is 2.0�2.2
�5.0 mm3 and all the edges are parallel to the �100� direc-
tions of austenite. Martensite transformation start and finish
temperatures, Ms and Mf, and reverse transformation start
and finish temperatures, As and Af, of the specimen are 6 and
0 °C, and 10 and 16 °C, respectively. Thus, according to the
phase diagram of martensite of Fe–Pd system, it is estimated
that the c /a ratio at −20 °C and the composition of the
specimen are approximately 0.970 and Fe–30.0Pd �at. % �,
respectively.12,13

Magnetic field-induced strain was measured by using a
laser displacement sensor at −20 °C, lower temperature than
Mf. The experimental setup for the measurement is shown in
Fig. 1. The specimen was located at the center of the gap
between the yokes of an electromagnet. One end of the
specimen was clamped and the other was contacted by a
T-shaped lever made of aluminum. The specimen was indi-
rectly cooled by pieces of dry ice, by way of a copper col-
umn. Constant magnetic field was applied along the longest
side of the specimen by the electromagnet. To fix the copper
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column under magnetic field, clay was placed between the
column and the yokes of the electromagnet. A little clay
�4.44 g� was put on the end of the lever to keep the lever
contacting to the specimen by its rotation moment. The stress
applied by the clay is less than 0.1 MPa, therefore, the influ-
ence of the stress on the measurement is negligible. The
displacement induced by magnetic field was monitored every
0.2 s, with increasing and decreasing magnetic flux density.
As one measurement was completed within 120 s, the influ-
ence of temperature change is considerably small.

Next, observation of surface morphology and measure-
ment of stress-strain curves were performed while compres-
sive stress was applied to the specimen along the longest
edge by using an Instron machine at a strain rate of 10−4 s−1.
During this experiment, the specimen temperature was kept
at −20 °C by flowing dry nitrogen gas which was cooled by
liquid nitrogen and was introduced into a chamber with an
observation window, whose outside was kept wet to prevent
from getting the window fogged while the surface morphol-
ogy was observed by a charge coupled device camera.

Surface morphology change was observed by the same
experimental setup used in the previous study,14 during a
single crystal specimen being cooled. Figure 2 shows the
sequence of the pictures taken during cooling of the speci-
men. Specimen temperature was 5 °C for Fig. 2�a� and 3 °C
for Fig. 2�f�, respectively. Martensitic transformation started
from the left edge and wedge-shaped habit plane variants
�HPVs� were grown and spread in the specimen. After the
specimen was covered by HPVs, the specimen changed into
a pair of dark and bright regions and clicking sound was
heard. By trace analysis, it was found that the boundary be-
tween the two dark and bright regions corresponds to the
�101� plane of fct martensite.

After the temperature was decreased to −20 °C and the
specimen became the pair of CVs with a distinct twinning
boundary, magnetic field was applied to the specimen along
the longest edge. Although it was reported that application of
external bias stress is required to induce twinning and
detwinning,9,10 this specimen exhibited reversible and repeat-
able strain without such bias stress. After several cycles of
applying and removing the magnetic field, the strain induced

by the magnetic field was measured as a function of mag-
netic flux density and the results are shown in Fig. 3, where
arrow sign shows the sequence of loading. In Fig. 3, negative
magnetic flux density denotes the direction of the magnetic
field being opposite to the initial loading direction. 0.4% of
reversible and repeatable strain was obtained in this speci-
men by the magnetic field.

After the measurement of the reversible strain induced
by the magnetic field at −20 °C, the single crystal specimen
was once heated up to 50 °C, which is above Af. Then, it
was subjected to a compression test along the longest edge of
the specimen at −20 °C after the boundary became distinct
in order to measure the amount of the strain accompanied by
stress-induced VR. Figure 4 shows the stress-strain curves
for the first two cycles of loading and unloading, and the
surface morphology change during the first loading is also
depicted. For the first loading, the volume ratio of CV1 in-
creased at the expense of CV2 with gradual increase in the
compressive stress. When the stress reached 10 MPa, the
whole specimen became a single variant of CV1 and the VR
was completed �Fig. 4�e��. After the strain reached 5.2%, the
stress increased rapidly. For the first unloading cycle, the
volume ratio of CV1 and the stress decreased with decreas-
ing the stress. The stress during the first unloading was
slightly lower than that during the first loading, but the un-
loading path is almost the same as the loading path. At the
end of the first cycle of loading and unloading, 5.0% of

FIG. 2. Surface morphology change of the single crystal specimen during
martensitic transformation. The arrows indicate growing wedge-shaped
HPVs. The crystallographic orientations of the two fct martensite variants
are shown in �f�.

FIG. 3. Magnetic field-induced strain as a function of magnetic flux density
measured in Fe–Pd single crystal. The magnetic flux density was increased
and decreased in alphabetical order.

FIG. 4. ��a�–�e�� Change of volume ratio of CVs for the first loading and �f�
stress-strain curves for the first two cycles of loading and unloading.
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reversible strain and 0.3% of irreversible strain were ob-
served in the specimen. The stress during the second cycle
was almost the same as that during the first cycle for both
loading and unloading. For the second cycle the strain
caused by VR was completely reversible and the amount of
the repeatable strain was 5.0%. It should be noted here that
the hysteresis of the stress-strain curves during the loading
and unloading cycles is considerably smaller than that of
conventional shape memory alloys, because this reversible
and repeatable strain is not accompanied by phase transfor-
mation but twinning. This repeatable strain under compres-
sive stress could be utilized as a useful actuation mode if the
magnetic flux gradient �B that provides the stress is applied
to the specimen so as to induce the large strain by the above
VR mechanism. This is similar to the hybrid mechanism
used in fast actuation of polycrystalline Fe–Pd spring
actuator.15
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