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Abstract

We report stress-induced martensitic transformation in tensile loaded Fe-30.5 at.% Pd polycrystals, mainly using
optical microscopy. Reverse transformation occurs during unloading. Thermodynamic relationships between applied
stress, transformation strain and the latent heat of transformation are examined. © 2002 Acta Materialia Inc. Published

by Elsevier Science Ltd. All rights reserved.
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1. Introduction

A topic of recent interest in martensitic trans-
formation is concerned with ferromagnetic shape
memory alloys [1-8]. In these alloys, the transfor-
mation and associated straining can, in principle,
be controlled by a magnetic field. Mechanical ac-
tuation by a magnetic field is a useful application
of this phenomenon. A magnetic field can supply
work to the alloys for this purpose. Superelasticity
and shape memory must be assessed to explore the
usefulness of ferromagnetic shape memory alloys
for magneto-mechanical applications.

*Corresponding author. Permanent address: Mechanical
Science and Engineering, Hokkaido University, Sapporo 060-
8628, Japan. Tel.: +1-206-685-2850; fax: +1-206-685-8047.

E-mail address: tayam@u.washington.edu (H. Kato).

Beginning with the work of Sohmura, Oshima
and Fujita, an Osaka University group studied
extensively thermoelastic martensitic transforma-
tion in Fe—Pd [9,10]. Both austenite and martensite
in Fe—Pd are ferromagnetic. Even though thermo-
elasticity implies the existence of stress-induced
transformation and the shape memory effect, these
properties have not yet been fully examined in
Fe-Pd. Fe-Pd exhibits lattice softening: Young’s
modulus decreases as temperature is lowered
towards Ms [11,12]. If stress-induced transforma-
tion occurs, the additional strain from the trans-
formation reduces overall stiffness. Low stiffness is
advantageous for an application that requires a
large displacement from a small load. This paper
presents evidence for stress-induced martensitic
transformation (SIM) in Fe-Pd. The transforma-
tion is discussed on the basis of thermodynamics
and geometrical analysis.
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2. Experimentals

The present study examines the FCC to FCT
martensitic transformation of Fe-30.5 at.% Pd
polycrystals. This alloy has an onset transforma-
tion temperature, Ms, just below room tempera-
ture [10-13]. An Fe-Pd ingot having this
composition was made of granular iron (99.98%)
and palladium powder (99.95%), which were mel-
ted in an arc furnace. The ingot was first homo-
genized and then cold rolled into a 1 mm thick
sheet. Shaped specimens were annealed at 1250 °C
for 12 h in vacuum and quenched into iced water.
Some specimens were electrolytically polished for
metallographic observations. The martensitic
transformation was confirmed by optical micro-
scopy, electrical resistivity measurements and cal-
orimetry (differential scanning calorimetry, DSC,
Perkins—Elmer). Tensile tests were performed on
an Instron type machine.
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3. Results and discussion

Transformation temperatures, Ms, Mf, As and
Af, determined by the resistivity measurements
were 2, =9, =7 and 5 °C, respectively. The trans-
formation temperature determined by optical mi-
croscopy varied from grain to grain, presumably
due in part to the inhomogeniety of composition:
in particular, Ms depends strongly on the com-
position, ~10% °C/at.% Pd [10]. In spite of mac-
roscopic fluctuation from grain to grain, the
hysteresis observed in individual grains was very
small compared with the reported value of 10 °C
in single crystals [13]. For example, two marten-
site plates in a grain nucleated at —0.6 °C grew
across the grain at —0.9 °C, as shown by the ar-
rows A and B in Fig. 1(a). At —2.9 °C the whole
grain was covered by other martensite plates,
(b). Upon heating, the two plates disappeared
at 0.3 °C. Thus, the hysteresis of this grain is
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Fig. 1. (a,b) Optical structures. (c) A DSC curve.
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0.9 °C. Other grains exhibited similarly small
hysteresis.

Some researchers have reported that the mar-
tensitic transformation in Fe-Pd is nearly of sec-
ond order [13]. However, the present study found
the clear existence of latent heat of the transfor-
mation. Endo- and exothermic peaks in heating
and cooling runs (DSC) shown in Fig. 1(c) give the
latent heat of the transformation of 0.53 J/g. Thus,
the transformation is of first order.

Stress-induced martensite was observed micro-
scopically in several grains during uniaxial loading
of a sheet specimen (60 x 3 x 1 mm?®) at several
temperatures. The martensite structures, formed in
a grain, are shown in Fig. 2. Fig. 2(a) shows for

martensite plates formed by cooling to —10 °C.
These plates disappeared during heating at a
temperature of 4 °C. Martensite plates with bright
contrast were formed when the specimen was
stressed to 12 MPa at 6 °C, (b). As the stress was
increased to 48 MPa, the width of the plates in-
creased, (c). These martensite plates completely
disappeared after unloading at 6 °C, (d). That is,
as far as individual martensite plates are con-
cerned, the stress-induced transformation is com-
pletely reversible. However, the strain caused by
loading did not recover during unloading. Fig. 3(a)
is the stress—strain curve of a specimen deformed
at 16 °C. At points A, B and C, the specimen was
unloaded and reloaded as indicated in the figure.
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Fig. 3. (a) A stress—strain curve at 16 °C. (b)—(d) The micrographs taken along the path AA’ shown in (a).
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During these cycles, the martensite content in-
creased with load, but the martensite plates, thus
formed, disappeared completely upon unloading.
An example is shown in Fig. 3(b)—(d) where (b)
indicates the onset of twinned martensite plates
(in dark stripe) which spread over the entire dark
region, (c). Even though, the stress—strain curve in
Fig. 3(a) does not show clearly superelasticity, the
SIM occurred under increasing stress as evidenced
by Fig. 3(b) and (c). We believe that dislocations in
the austenite were also mobile during this experi-
ment. The dislocation plasticity obscures the su-
perelasticity which is caused by forward and
reverse transformation occurring during loading
and unloading.

Because the stress required for the onset of SIM
(om) was not readily determined from the stress—
strain curve, the external tensile stress required to
form the first band of SIM was measured in several
grains. The measurement was repeated and the
results are shown in Fig. 4. After a SIM band was
induced by loading, the specimen was heated
under loading until the band disappeared (closed
symbols). Then, the stress was increased again
until the identical SIM band reappeared (open
symbols) at a higher temperature. The two sets of
symbols are fitted with two parallel straight lines,
separated by less than 1 °C. The extrapolation of
the line to the temperature axis gives Af and Ms.
Curves with different slopes were obtained in other
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Fig. 4. Critical stress to induce martensite plates (open symbols)
and the temperatures, at which these plates disappear by
heating.

grains, possibly because the grains differed in ori-
entation. The slope of the diagram shown in Fig. 4
is 4.8 MPa/°C, which is the smallest among the
grains examined. This means that the transfor-
mation strain along the tensile direction of this
grain was the largest.

Since the transformation was confirmed as first
order, the tensile stress (o), transformation tem-
perature (7), transformation strain (¢), and latent
heat (H) should satisfy the Clapeyron—Clausius
relationship

dom/dT = —p - H/T¢, (1)

where p = 8.91 g/em? is the density of the FCC
phase and H = —0.53 J/g (DSC measurement).
Using the minimum value of doy/d7, the rela-
tionship gives the value of the axial strain as
3.5 x 1073, The transformation strain by a SIM
plate is given below, using an infinitesimal ap-
proach [14]. The lattice parameter of the cubic
austenite qp, that of the c-axis in the tetragonal
martensite ¢ and that of the ag-axis a are used to
calculate the transformation strain. The transfor-
mation strain of a Bain correspondence variant
which has the c-axis along the austenite [100] di-
rection (BCV(1)) is written as

e 0 0
e (1)=10 ¢ 0 ]. (2)
0 0 g

Here, ¢. = (¢ — ag)/ao, and ¢, = (a — ag)/ao. The
transformation strains of the other two variants
are similarly written. There exist six types of
twinned martensite plates. One of them has the
average transformation strain

&g+e 00
£E= 0 0 0 |, (3)
0 0 ¢,

with ¢, > 0 and ¢, + ¢, < 0. The average transfor-
mation strain of the other five plates is given by
permuting the diagonal components in (3). If a
tensile axis is in the standard triangle of [001]-
[011]H111], the variant having the strain (3)
causes the largest elongation, ¢, along the tensile
direction, given as,

&= g,c08” 0 + (¢, 4 &) sin® 0 - cos” ¢. (4)
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Fig. 5. Temperature dependence of initial slopes (up to 0.5%
strain) in the stress—strain curve.

Here, cosf is the direction cosine between the
tensile direction and [001], and sin @ - cos ¢ that
between the tensile direction and [100]. The
elongation ¢ is largest (e,), when the tensile axis is
along [100] and smallest ((2¢, +¢.)/3), along
[111], when the fraction of one Bain correspon-
dence variant is ¢,/(e, — ¢.). That is, ¢ ranges be-
tween ¢, and (2¢,+¢.)/3. Using the lattice
parameters, a = 0.3790 nm, ¢ = 0.3695 nm and
ap = 0.3750 nm from [10], &, and (2¢, + ¢&.)/3 are
estimated as 1.1 x 1072 and 2.2 x 1073, The strain
predicted from the Clapeyron—Clausius relation-
ship falls in this range. To attain further agreement,
a precise measurement of the lattice parameters,
which are temperature dependent [9,10], is re-
quired.

Since strain due to stress-induced transforma-
tion contributes to the stress—strain relationship at
temperatures close to Ms, the initial slopes (up to
0.5% strain) of stress—strain curves were measured
as shown in Fig. 5. The slopes decreased gradually
with decreasing temperature and showed a rapid
decrease just above Ms. This decrease in slope is
smaller than those reported previously [11,12].
Since our measurement used larger strain ampli-
tude than the previous studies, which employed
internal friction [11] and ultrasonic attenuation
[12], the effect of the formation of SIM appears to
overlap lattice softening just above Ms. Below Ms,
variant change of FCT martensite predominantly
occurs [9] and results in a smaller slope, shown in
Fig. 5.

4. Concluding remarks

At temperatures above Af, the FCC/FCT
transformation in an Fe-30.5 at.% Pd alloy is in-
duced by external loading and the reverse trans-
formation occurs during unloading. However,
strain produced by loading does not completely
recover by unloading. The initial slope (Young’s
modulus) of the stress—strain curve exhibits a
sudden decrease, as Fe-Pd is cooled towards Ms.
This is a consequence of lattice softening and is
also caused by the occurrence of the stress-induced
martensitic transformation.
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